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Why Study the Local Group? 
•  Nearest opportunity for study of fossil record of 

hierarchical structure formation in the Universe 
–  Best spatial resolution 

•  Many observational surveys 
–  2MASS/DENIS, SDSS, RAVE, GAIA, wide-field ground-based 

programs, etc. 

•  Many recent insights 
–  Continuous discovery of new dwarf galaxies, tidal streams, 

etc. 

•  Structure, Dynamics and Populations of Galaxies 
⇒ Formation and Evolution of Galaxies 
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⇒  Mass, History, Future 

[Grebel 2000] 

Orbits: proper motions 



Proper Motion Measurement 

•  Relevant proper motions are small 
•  For 0.05” pixel size, 0.01 pixel in 5 years corresponds 

to 100 micro-arcsec/yr, which is 
–      3 km/s at    6.4 kpc 
–    30 km/s at   64 kpc 
–  300 km/s at 640 kpc 

•  Space observations generally required: 
–  HST: can do this now! 
–  GAIA (2013-2018): bright stars in uncrowded regions 
–  SIM: discontinued  
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HST proper motions  
•  Essential properties: 

–  Long-term stability 
–  High spatial resolution 
–  High S/N on faint sources (collecting area +low background) 

•  Required tools (Jay Anderson): 
–  Accurate geometric distortion calibrations 
–  Accurate PSF models that allow for PSF variability 
–  Software to fit PSFs optimized for astrometry 
–  Understanding or correction for Charge Transfer Efficiency 

•  Observational design: 
–  Sub-pixel dithering 
–  Repeated observations 
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Example: Omega Cen 
•  Anderson & vdMarel (2010); vdMarel & Anderson (2010) 

–  D ~ 5 kpc , brightest Milky Way Globular Cluster 
–  ACS/WFC, few orbits, ~5 year time baseline 
–  170,000 proper motions (more than Hipparcos catalog) 
–  70 micro-arcsec/yr median accuracy (2 km/s) 

•  Note: 
–  Excellent agreement with the many  

existing line-of-sight velocity studies 
–  Constrains possible intermediate-mass 

black hole (IMBH) 
–  Opens up new science: equipartition? 

(ongoing modeling w/ Trenti) 
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Absolute Proper Motions 
•  Globular Cluster: 

–  Relative proper motions are OK 

•  Local Group Galaxies: 
–  Absolute proper motion required 

•  Stationary Reference Objects: 
–  Quasars 

•  Pro: point source 
•  Con: Need to be known in advance, only 1 per field 
•  Analysis similar as for globular cluster case 

–  Background galaxies 
•  Pro: ~100 in an HST field; big √N gain! 
•  Con: extended; astrometry much more difficult 
•  State-of-the-art analysis required (Sohn, Anderson) 11 
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Magellanic Clouds System: 
2MASS View 

MILKY WAY 
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SMC 

Sgr dwarf 

(50 kpc) 
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(25 kpc) 

Galactic Center 
(8 kpc) 

(Zaritsky & Harris) 

(van der Marel 
   & Cioni 00) 
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LMC/SMC proper motion 
(Kallivayalil et al. 2006) 
•  Imaged star fields centered on quasars, 

identified by MACHO, confirmed via 
spectra (Geha et al 02) 

•  21 LMC and 5 SMC quasars fields 
•  ACS/HRC 2-year baseline 
•  Determine shifts in positions of stars vs. 

quasars 
•  ~0.005 pix accuracy/field 
•  (Small) Field-dependent 

corrections for LMC 
geometry and rotation 
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LMC Proper Motion 
HST/ACS Results 
(Kallivayalil et al. 2006a,b) 

•  LMC:                                SMC 
   µW = -2.03 ± 0.08                -1.16 ± 0.18 mas/yr  
    µN =   0.44 ± 0.05                -1.17 ± 0.18 mas/yr 

Much improved accuracy 
with respect to previous work 

Confirmed by Piatek et al. (2008) through 
independent analysis of same data 
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LMC Proper Motion Rotation Field 

vdM et al. (2002) 
predictions 

Piatek et al. (2008) Measurements 
V ~ 100-120 km/s 

Ability to measure LMC rotation confirms measurement accuracy 



Extending the accuracy with WFC3 
•  WFC3/UVIS data of of 12 of the 

quasar fields 
–  6 year time baseline 
–  First preliminary results as expected 

(Kallivayalil et al. 2011, in prep.) 

•  Quantitative analysis will yield: 
–  Significantly reduced error bars 
–  Better constraints on LMC rotation 

and internal kinematics 
–  Rotational parallax distance 

•  Future 
–  Can be further improved with new 

data for more quasar fields 
(Cycle 19 prop) 16 



21 

Proper Motion Data-Model Comparison 
•  Observed Proper motion 

implies 
•  Vtan = 367 ± 18 km/s 
•  Vrad = 89 ± 4 km/s 
•  |v| = 378 ± 18 km/s 

•  Inconsistent with 
Magellanic Stream models 
•  Clouds assumed bound to MW 
•  Logarithmic dark halo potential 
•  Period ~ 2 Gyr ⇒ multiple 

previous passages 
•  vtan = 287 km/s 

•  Orbit 
•  Agreement that vrad << vtan 

⇒ Clouds just past pericenter 
•  Clouds move much faster 

than previously believed 

K1 

(Gardiner & Noguchi 96) 
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New Exploration of LMC/SMC Orbits 
around the Milky Way 
(Besla et al. 2007) 

•  Fixed Milky Way Potential 
–  Disk + Bulge + Hot Halo + Dark Halo  

(Lambda CMD motivated NFW, adiabatically contracted) 
–  More realistic than logarithmic potential 
–  Different dark halo masses explored 

•  Simple Point-Mass orbits for LMC/SMC 
–  Integrated backwards in time 
–  From current conditions 
–  Includes dynamical friction 

•  Implied Orbit 
–  Larger, longer period 



24 

Dependence on Milky Way Halo Mass 
1012 M ΛCMD Halo 
(First Passage) 

2 x 1012 M ΛCMD Halo 
(Loosely Bound) 

Note: MW-type halo should be half as massive ~8 Gyr ago (Wechsler et al.02) 
Note: Orbits not materially affected by M31 (Kallivayalil et al. in prep) 

(See also Shattow 
& Loeb 2008) 



Cosmological Context 
•  LMC/SMC type satellites of Milky Way type hosts in 

Millenium Simulation (Boylan-Kolchin et al. 2010): 
–  LMC analogs not uncommon, and preferentially accreted at 

late times 
–  Early accretion possible, but multiple pericenter passages 

only seen for roughly circular orbits 
–  Unbound orbits unlikely 

•  Conclusion: 
–  LMC/SMC on first passage on bound orbit around a high-

mass Milky Way 
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Local Group Context 
•  Gas: LMC/SMC only galaxies with high  

gas fractions at  small Galactocentric  
radii (van den Bergh 2006) 

•  Other evidence for Unusual orbits 
–  Leo I [e.g., Sohn et al. 2007] 

•  Distant (257 kpc) and Rapidly Moving (vrad = 162 km/s) 
•  Possibly unbound 
•  SFH hints at past interaction with a massive LG member 

–  NGC 205 [Howley et al. 2008] 
•  N-body simulations for isophote twisting and counterrotation: ⇒ 

10 kpc behind M31, 300-500 km/s radial orbit 

–  And XII, XIV [Chapman et al. 2007; Majewski et al. 2007] 

•  XII: Distant (115 kpc) and Rapidly Moving (vlos = -281 km/s) 
•  XIV: Distant (162 kpc) and Rapidly Moving (vlos = -206 km/s) 
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Are LMC/SMC bound to each other? 
•  Integrate orbits of LMC and 

SMC back in time 
 

•  LMC/SMC orbits exist within 
the 1-sigma error ellipse that 
have had multiple previous 
pericenter passages, e.g 
–  @300 Myr (~ Mag bridge forms) 
–  @1.5 Gyr (~ Mag Stream forms) 

 

•  New 6yr baseline WFC3 data: 
–  Should establish with accuracy 

whether LMC/SMC are in fact 
bound 

HST 

[Besla et al. 2008] 
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Magellanic 
Stream 

[2MASS + Nidever] 

Observational constraints 
–  Position of Stream 
–  HI column density variation along Stream 
–  HI line-of-sight velocity variation along Stream 
–  Absence of stars in Stream 
–  Asymmetry between Leading and Trailing Stream 
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Magellanic Stream: 
Tidal Model 

Recent example: Connors et al. (2005) 
•  Stream formed ~1.5 Gyr ago from SMC gas during the last close 

LMC-SMC encounter 

model data 
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Magellanic Stream: 
Ram-Pressure Model 

Recent example: Mastropietro et al. (2005) 
•  Stream formed from LMC gas due to ram pressure stripping by a 

low-density ionized halo (SMC not modeled!) 

model data 
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New Magellanic Stream Models 
•  Past Models 

–  Tidal and Ram Pressure models do not work in a first-
passage scenario 

–  LMC-SMC interaction never self-consistently modeled before 
 

•  New scenario (Besla et al. 2010) 
–  First-passage 
–  Live SMC and LMC (with gas) 
–  Magellanic Stream formed from gas 

stripped in LMC-SMC interaction 
before entering Local Group 
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•  Observations 
Magellanic Stream 
is offset from past 
orbit, spatially 
(~ 7 degrees) and 
kinematically 
(~100 km/s at tip) 

•  Data-Model 
Comparison 
these features 
well reproduced 

Magellanic 
Stream 

data 
past orbit 

colors    N-body 

LMC 
SMC 

Magellanic longitude 
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M31 Transverse Velocity: 
 •  Can be estimated using indirect methods 

(vdM & Guhathakurta 2008) 
–  Line-of-sight velocities of M31 satellites (17x) 
–  Proper Motions of M31 satellites (2x) 
–  Line-of-sight  

velocities of  
Local Group  
satellites (5x) 
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M31 Transverse Velocity: 
Indirect Constraints Summary 

•  Different estimates consistent 
•  Weighted average 

–  vW = -78 ± 40 km/s 
–  vN  =  38 ± 34 km/s 

•  ~10 µas/yr accuracy 
•  Galactocentric rest frame 

–  Correct for solar reflex motion 
–  Vtan = 42 km/s (< 56 km/s @68%) 
–  Vrad = -130 km/s ± 8 km/s 

              (from observed vlos) 
•  Note: CMB dipole might yield another estimate, but currently 

limited by Zone of Avoidance (Loeb & Narayan 2008) 

Weighted 
Average 

Radial 
Orbit 
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M31 Transverse Velocity: 
Theoretical Estimates 
•  Modeling of Local Galaxy Dynamics 

–  Observational Constraints: 
•  Luminosity, Distance, Vlos 

–  Theoretical Constraints: at z → ∞ 
•  All galaxies → same position 
•  All peculiar velocities → 0 

•  Solvable using Least Action Principle 
–  Assumes mass follows light 
–  Many solutions because of 

unknown Vtrans 

•  M31 predictions (Peebles 01) 
–  Vtan ≤ 200 km/s 
–  Origin of Vtan: tidal torques 
–  Observational uncertainties small 

enough to constrain models 

[Pasetto & Chiosi 07] 

+ 
vtrans 
supergalactic coordinates 

observed model 
solutions 



M31 HST Proper Motion Measurement 
•  Unsuccessfully attempted 

since van Maanen (1918) 
 

•  Three fields observed to 
great depth with ACS 
2002-2004 to study MSTO 
(Brown et al.) 
–  Outer disk, Spheroid, Tidal 

Stream 

•  Reobserved in 2010 with 
ACS+WFC3 for 9 orbits to 
determine proper motions 
wrt background galaxies 
(vdM, Sohn, Anderson et 
al.) 47 
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Spheroid Field 
 * 300,000 stars 
 * ~400 usable 
      background 
      galaxies 
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M31-Milky Way Orbit 
•  Local Group Timing Argument 

(Kahn & Woltjer 1959) 
–  Local Group decoupled from Hubble Flow soon 

after Big Bang 
–  Milky Way and M31 were receeding, but their 

gravitational attraction produced the current 
approach 

•  Kepler orbit sufficient to describe motion 
–  Model parameters: M, a, η, e 
–  Observables: D, vrad, vtan, T0 

                                        (WMAP: 13.73 ± 0.15 Gyr) 

•  Results: 
–  Pericenter = a(1-e) = 23 kpc (< 41 kpc 68% conf) 
–  Period = 2 π (a3/GM)1/2 = 16.70 ± 0.26 Gyr 
–  Milky and M31 will merge in 3.0 ± 0.3 Gyr 

(Cox & Loeb 08) 
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M31-M33 Orbit 
•  Inferred M31 vtrans  indicates a 

tightly bound orbit with M33 
(see also Loeb et al. 2005) 
 

•  Kepler orbit 
–  Rperi = 28 kpc, Rapo = 220 kpc, 

T = 2.3 Gyr 
 

•  Previous interaction 
supported by observed tidal 
disturbances in RGB stars and 
HI (see also Bekki 2008) 

[Braun & Thilker 2004] 

M31 

M33 

[McConnachie et al. 2009] 
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Local-Group Outskirts 

•  Plot of galaxy 
velocity vs.  
distance (Local  
Group barycentric) 

•  Zero-Velocity 
(“turn-around”) 
surface at 
R = 0.94±0.10 Mpc  

[Karachentsev et al. 2002] 
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Local Group Mass 
•  0) Lower Limit: Mass to bind M31 and MW 

–  M > (1.7 ± 0.3) x 1012 M 

–  Unbound “chance encounter” very unlikely 

•  1) Mass implied by turn-around radius 
–  M = (1.3 ± 0.3) (2/[1+e])-3 x 1012 M 

•  2) Sum of M31+MW individual galaxy masses 
–  M ~ (2.6 - 4) x 1012 M 

•  3) Timing argument mass for M31+MW orbit 
–  M = (5.6 ± 0.8) x 1012 M 
–  Theoretical uncertainty ~41% (Li & White 2008) 

 
⇒ “Concensus Value”:  M ~ (3.5 ± 0.5) x 1012 M 
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Ongoing/Future HST PM Projects 
•  Leo I (Sohn et al. ongoing) 

–  Assess whether bound; impact on MW mass estimates 

•  Satellites at Local group Turnaround Radius 
(vdM et al. ongoing) 
–  Improve LG mass estimate from Turnaround Radius 

•  Sagittarius Stream (vdM et al. proposed) 
–  Improve understanding of MW dark halo shape 

•  Ultra-faint dSphs (Piatek et al. ongoing; Do et al. 
proposed) 
–  Verify high inferred M/L values 

•  Globular Clusters (Anderson, vdM, et al. ongoing) 
–  Dynamics, Intermediate-Mass Black Holes 

•  Hypervelocity Stars (Brown, Anderson et al. ongoing) 
–  Origin in Galactic Center? 
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Conclusions 

•  HST fantastic tool for Proper Motions and 
Local Group Dynamics 

•  Much improved understanding of orbits of 
main Local Group galaxies 
–  LMC+SMC: bound but Milky Way first passage 
–  Magellanic Stream: Milky Way unimportant 
–  M31-Milky Way orbit: nearly radial 
–  M31-M33 orbit: perturbations evident 

•  Local Group mass still uncertain to 
within factor ~2 

•  Other exciting ongoing+future 
applications 

 


