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                 Orion:   n-body dynamics, explosions
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            Massive Star Formation is in SOFIA “sweet spot”
                       5 => 100 µm, bright objects 
      Needed SOFIA Capabilities
                 High-R spectro-imaging or Multi-object spectra
                 Polarimetry:  line, continuum   



•  Giant Molecular Cloud Core 

•  Gravitational Collapse & Fragmentation 

•  Rotation & Magnetic Fields 

Raw material for star birth  

Proto-stars, proto-binaries, proto-clusters

Accretion disks, jets, & outflows 

 Shrink r  by 107;  increase n(H) by x 1021

•   Planets
C. Lada Most may form in clusters! 

Class 0 

Class I 

Class II 

Class III 



HH 46/47     NTT               [OΙΙ] Ηα  [SΙΙ]       0.38, 0.65, 0.67 µm 



HH 46/47  Spitzer                 H2  PAHs               3.6, 4.5, 8 µm 
 (Noriega-Crespo 04) 



         HH 46/47 
(Hartigan et al. 05, AJ) 

HST 1994 



HST 1997  

         HH 46/47 
(Hartigan et al. 05, AJ) 



NGC 1333 

IC 348 

IRAS 03235+3004 Miesch & Bally (94) 

Clustered low- intermediate-mass Star Formation 



      NGC 1333 

        Ha, [SII] 
Walawender, Bally,  
Reipurth (06) 
      Spitzer/IRAC 
Jorgensen et.  (06) 



Gulf of 
Mexico 

D. M. Cole et al. 
     Poster 5.6  



Clustered Star Formation in the Gulf of Mexico (NGC 7000) 
              Ha, [SII], H2 (2.12 µm) 







Orion  
Run-away stars: 

AE Aur 
µ Col 
53 Aries 
… 

Wei-Hao  
Wang 

ΑΕ Aur 
150 km/s 

µ Col 
117 km/s 

ι Ori 

PERSEUS 

  L1551 

ORION 



Hoogerwerf et al. 
2001, A&A, 365, 49 

Gualandris, Portegies-Zwart, 
Eggleton 2004, MNRAS, 350, 615  

NGC 1980 



NGC 3603 

Compact 
    cluster 

~ 50 OB stars 

τ  < 5 Myr 

HST 



Rosette 

Loose 
    cluster 

~ 10 OB stars 

τ  < 5 Myr 

NOAO 4m 



Orion 

OB Association 

~ 10 - 50 OB stars 

τ  < 15 Myr 

50 mm camera + Hα 



Infrared view of winter sky  (10 - 120 µm) 



30 Dor / Tarantula 

OB Association  
+ R136 cluster 

~ 200 - 500 OB stars 

τ  < 15 Myr 



Antennae 
Super Star Clusters (SSCs)  

500 - 5,000 OB stars 

Sizes = 1 - 10 pc 
M = 104 - 106 Mo 
τ  < 15 Myr 

HST 



Massive Star Formation
GMC =>Turbulent fragmentation=> clump => core => star

           Isolated Monolithic Collapse  
                   Scaled-up low-mass star formation
                 High-P , high surface density (> 1 g cm-2)
                       - Mc Kee, Krumholtz, Tan, Klein (2004 => …)

          Clustered Competitive Accretion 
                   Cores interact, compete for matter from reservoir
                 Most massive stars grow fastest, and in center
                      - Bonnell, Bate, Zinnecker (1998 => …)

           Co-Operative Accretion (in super star clusters) 
                   Near Eddington limit, effective gravity disappears
                 Secondary stars grow to Medd
                      - Keto (2003 => …), Peters et al. (2010)



IRDC / Dust Clump Evolution Sequence 

    Cara Battersby et al. (2010) 

“Hot Core” 



G34.43+0.24 

Spitzer/IRAC 
+ 1.2 mm MAMBO-2 

Spitzer/24 µm 
+ 1.2 mm MAMBO-2 



                          The Feedback Ladder

       Protostellar jets / outflows   - Low Mass
           Soft UV                            - Moderate Mass
              Stellar Winds                  - High Mass
                 Ionizing UV                        “
                    Stellar Winds                  “
                      Radiation Pressure        “  
                         Supernovae               “



α Ori:  20 km/s 
D = 136 - 260 pc 

β Ori: 
D = 236 pc 







   Trapezium 

(L = 105  Lo  

 t < 105 yr )

OMC 1  
Outflow (Η2) 
t = 500 yr)

(L = 105  Lo  
t << 105 yr)

ΒNKL

  OMC1-S 
(L = 104  Lo , 
t  <  105 yr) 

Hundreds of Proplyds 



0.5 – 2.2 µm 

104 AU 



11.7 µm 

104 AU 



Orion 
BN/KL 
H2 fingers 

E ~ 1048 erg 

Dynamical  
Decay of  
Sub-cluster of 
massive stars 

~ 500 years ago 

(N. Cuningham  
2006 PhD thesis) 



2.12 µm H2 (blue) 

11.7 µm (orange) 

Smith et al. (2005) 

+  

Cunningham (2008) 



Gemini N 
Laser AO 
[FeII] 
H2 

Scott Fischer (Gemini Observatory) 



Nathaniel 
Cunnigham 
PhD (2006) 

t = r/v ~ 500 yr 

t =  1,000 yr 

H2 Proper Motions 

N. Cunningham, (PhD thesis 2006) ; Bally et al. (in prep)



   High-velocity stars:  I ,  BN , n   
    (Gomez  et al. 2005, 2008) 

  BN: V~ 30 km s-1 

   I:    V~ 13 km s-1 

   n:    V~ 20 km s-1 

7 mm cont 

7 mm SiO I 



BN 

I (me) 

Zinnecker  



Kaifu et al.  
(00); 
Underhill et al.  
(01) 





BN polarization 
(Jiang 06, Nature) 

Source I:   
SiO 
H2O 
 7 mm continnum (H-) 
(Reid 07, ApJL) 





H2 



[OI] 



[SII] 





H2 
2007 
2.12 µm 



H2 
2007 
2.12 µm 

H2 
2008 
2.12 µm 



H2 
2007 
2.12 µm 

H2 
2009 
2.12 µm 



[FeII], H2 
2007 



[FeII], H2 
2008 





Orbit Decay: 
Massive stars orbiting in r-2 sphere of gas 

Bondi-Hoyle accretion + dynamic friction => migration of massive *s 

Nick Moeckel PhD Thesis (CU Boulder,2008) 









Cunningham, Moeckel, & Bally 



Cunningham, Moeckel, & Bally 



Ceph A  

Cunningham, Moeckel, & Bally 

 Patel (05) 
 Garay (99) 



Ceph A  precessing jet:  P ~ 2 x 103 yr ?  Cunningham, Moeckel, & Bally 



Moeckel  & Bally (2005, 2006, 2007)  SPH:   
   Massive star capture-formed binary:  Disk orientation change 



NGC 2071   H2  (2.12 µm)  
(C. Davis / UKIRT WFCAM) 





W43 

Suspected older 
OB association 

Green => hot dust 
   heated by massive 
   star 
Sh2-67 is in foreground  
    Vlsr ~ 18 km/s 
But, dust rim is mostly at 
    Vlsr ~ 86 - 106 km/s 





3.6 µm   (Spitzer)   

l 

b 



4.5 µm   (Spitzer)   

100 pc @ 5.5 kpc 



8.0 µm   (Spitzer)   

100 pc @ 5.5 kpc 



24 µm   (Spitzer)   

W43 

Older OB 

100 pc @ 5.5 kpc 



70 µm   (Herschel/Hi-GAL)   

100 pc @ 5.5 kpc 



170 µm   (Herschel/Hi-GAL) 
                      `Z-shaped’ filament 

                               confining IRDCs 
                               Cometary clouds   

100 pc @ 5.5 kpc 



250 µm   (Herschel/Hi-GAL)   

100 pc @ 5.5 kpc 



350 µm   (Herschel/Hi-GAL)   

100 pc @ 5.5 kpc 



500 µm   (Herschel/Hi-GAL)   

100 pc @ 5.5 kpc 



1.1 mm   (CSO/BGPS)   

100 pc @ 5.5 kpc 



20 cm   (VLA / MAGPIS)   

W43 

Older OB 

100 pc @ 5.5 kpc 



13CO   Vlsr =   84  86  88    (km/s)   

100 pc @ 5.5 kpc 



13CO   Vlsr =   88  90  92    (km/s)   

100 pc @ 5.5 kpc 



13CO   Vlsr =   94  96  98    (km/s)   

100 pc @ 5.5 kpc 



13CO   Vlsr =   100  102  104    (km/s)   

100 pc @ 5.5 kpc 



13CO   Vlsr =   106  108  110    (km/s)   

100 pc @ 5.5 kpc 





3.6 - 8 µm      1.1 mm      20 cm  

Adam Ginsburg:   NRAO 2008 photo-contest First Prize! 
                         NRAO submission for AAS Calendar,  2009 Feb 













Galactic Center
350 µm  SHARC-2 
CSO 

Darren Dowell 

50 km/s cloud 20 km/s cloud 

CND







The End 




