
  

Massive star formation 
with the SMA

The SMA’s impact in studies of massive star 
formation since the last SAC meeting in 2007

Steve Longmore



  

Massive star formation: 2007

ARA&A review
• 3 competing concepts

– Turbulent core
• Predicts Monolithic 

collapse of 100 Msun cores

– Competitive accretion
• Predicts Initial Jeans 

fragmentation to cores of 1 
Msun

– Collisions/mergers
• Predicts  Dynamical 

interactions



  

Massive star formation: 2010

Conference 3 weeks ago
• Different picture emerging

– Summarize key developments in this 
talk

• SMA observations played a lead role in 
developing new picture
– ~20% (13/81) talks based on SMA data

• Why has SMA had such large impact?



  

SMA’s strengths
• Wide bandwidth  many spectral lines 

simultaneously
– Chemical clock
– Deriving physical conditions

• Specific “tracers”: cold gas/high-
densitygas/shocks/outflows/disks

• Full chemical modelling

• Flexible and high spectral resolution 
correlator

– Detailed gas kinematics

• Polarization
– Magnetic fields

• High frequency (345GHz is unique at 
present!) 

– High energy molecular transitions
• Probe densest/hottest gas closest to 

protostars 
– Radio recombination lines

• not pressure broadened
• optically-thin
• Trace ionised gas dynamics close to 

protostar

Evolutionary stages of high mass star formation

Chen et al 2010, accepted ApJ: Shi et al 2010, accepted ApJ: Palau et al 2009, accepted A&A: Wang et al 2010, ApJ, 713, 
1192: Qin et al 2010, ApJ, 711, 399: Takahashi et al 2009, ApJ, 704, 1459: Beuther et al 2009, AJ, 137, 406: Qin et al 2008, 
ApJ, 686, L21: Rathborne et al 2008, ApJ, 689, 1141:Beuther et al 2008, ApJ, 675, L33: Fontani et al 2008, A&A, 477, L45

SMA chemistry papers

Zhang et al 2009
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Evolutionary stages of high mass star formation

Izaskun (next talk): chemical modeling of hot molecular core

Roberto (subsequent talk): physics of massive star formation
once massive star begun ionizing surrounding environment
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HIGH ANGULAR 
RESOLUTION IS KEY!!

1. Trapezium 
stars separated 
by ~10,000AU

2. Ambipolar 
diffusion scale 
~2mpc (~400AU)

For typical distance 
(~4kpc) need resolution 
better than 2-3”



  

Testing the “three competing concepts”:
 The hunt for ~100 Msun, monolithically-collapsing cores

2009 Swift et al:
AAS press release
(Swift 2009, ApJ, 
705, 1456)



  

Time

Fragments more massive and closer together with time?

Longmore et al submitted ApJ

Core mass ~ 2-10 Msun Core mass ~ 10-30 Msun Core mass ~ 50-100 Msun

Contours = 1.2mm continuum emission

100Msun core  massive star 
forming through monolithic 
collapse?



  

Time

100Msun core  massive star 
forming through monolithic 
collapse?

At θ < 1” resolve 
100Msun core into 3 
much less massive sub 
fragments  

(14 Msun)

(5 Msun)

(7 Msun)

Longmore et al accepted ApJ



  

All ~100 Msun monolithic collapse 
candidates fragment at higher resolution

At 1” resolution core mass = 22 – 64 Msun

At 0.5” resolution core mass= 2 – 8 Msun

Zhang et al 2009, ApJ, 696, 268

SMA 0.85mm

Brogan et al 2009, ApJ, 707, 1

6”=
10,0 00A

U



  

Testing three-competing concepts: 
conclusions

100 M sun 
monolithically 
collapsing core?

Hundreds of 1 M sun 
fragments?

Predictions

Mergers or dynamic 
interactions?



  

Dynamical interactions
• One stunning example: Zapata et 

al 2009, ApJ, 704, L45 
H2 Bullets

Orion BN/KL

Trapezium

Orion South
Proper motion of 
three massive stars 
at center of outflow 
suggest common 
spatial location ~500 
years ago

Gómez et al 2005,2008

Lbol ~105 Lsun (Orion BN/KL)
M ~ 10 Msun

E ~ 1047 Erg
High vel. >100 km s-1

Very poor collimated (degree 
of collimation 200o – 300o)
Bright in optical and infrared 
bands 



  

BN

n
I

A Common center 

SMA CO(2-1)

Greyscale = H2

Red: 35 to 130 km s-1

Blue: -35 to -120 km s-1

Integrated
intensity

Gaussian fitting 
to velocity 
components

BN

I
N

V = 9.0 ± 2 km s-1

Origin of the CO filaments: 
Zapata et al. (2009)
05h 35m 14.37s, -05◦ 22′ 27.9′′  ± 1.5′′

Dynamical disintegration:
Rodríguez et al. (2005)
05h 35m 14.35s, -05◦ 22′ 27.7′′  ± 1′′

Very strong 
evidence that 
outflow in Orion 
BN/KL was 
generated by the 
disintegration of a   
massive triple stellar 
system ~500 years 
ago



  

Moving forward: developing the picture of massive star formation

Zhang et al 2009, ApJ, 696, 268 
SMA/CfA Press Release

KEY QUESTIONS
What is providing support for cores?
1. Magnetic field or turbulence dominated?
2. Evolution with time/size-scale?

How do cores with M ~10’s Msun form O-stars
  - coupling of parsec-scale gas  cores



  

Magnetic fields towards G31.41+0.31
[Girart et al 2009, Sci., 324, 1408]

Dust polarization shows classic “hourglass” B field morphology 
perpendicular to major axis of core

Rotation perpendicular to major axis

Optically-thick methanol lines with highest energy levels have smallest 
angular size

Decrease in measured spin velocity with radius so angular momentum 
not conserved  MAGNETIC BRAKING

8000AU8000AU8000AU

B field lines

Core mass ~500 Msun
8000AU

Offset (arcsec)

V
e

lo
ci

ty
 (

km
/s

)
Higher excitation transitions



  

A cure for “hour-glass-itis* ”!

• Science results from polarization observations 
been hampered by lack of quantitative analysis 
tools for interpreting magnetic fields which do not 
have hour-glass morphologies

• Dispersion function
– 2nd-order structure function
– Scale-dependent measure of change in orientation 

of field lines
– Scale = 0 limit gives ratio between 

turbulent/magnetic field strengths

Scale = 0 
Proportional to 
turbulent/magnetic 
field strength ratio

* “hour-glass-itis” – an affliction that affects astronomers when 

confronted with non-hour-glass polarization morphologies

Koch et al 2010, accepted ApJ, Tang et al  2009a, 2009b, 2010



  

SMA, θ=0.9”

SMA, θ=2.8”

BIMA, θ=3.4”

BIMA, θ=7”

Orion BN/KL dispersion function 
down to 2mpc (400AU)
 ambipolar diffusion scale

W51 e2 and e8 dispersion function:

2 observations 
• θ ~ 2.3’’  69 mpc (14,000AU)
• θ ~ 0.7’’  21 mpc (4300AU) 



  

Turbulence – magnetic field evolution

Size-scale (pc)

Orion BN/KL

W51 e2/e8

• close to constant turbulent / mean field ratio   0.4 (Orion) , ~ 1 (W51 e2 / e8)

•  hint of a decrease toward smaller scales

1. MAGNETIC SUPPORT AT LEAST AS IMPORTANT AS TURBULENCE

2. NONE OF THE CURRENT SIMULATIONS/THEORY INCORPORATES 
MAGNETIC FIELDS…

Massive star formation + SMA + Magnetic Fields: Conclusions



  

KEY QUESTION 2: Where does material come from that 
eventually ends up on the high-mass star?

Facts:
1. Cores with M ~10’s of Msun do not have enough 

mass to form O-star through direct collapse  to 
form O-stars, cores must be coupled to large 
reservoir of cluster-scale gas

2. Flattened rotating structures commonly observed 
towards massive star formation regions

– Sizes range from pc to 100AU scales

3. Disks a notable common feature in all massive star 
formation simulations

4. Outflows are ubiquitous phenomena towards 
massive star formation regions

SMA infall/disk-related papers

Furuya et al., accepted A&A
Sascha et al. accepted ApJ
Keto et al. 2010, accepted MNRAS
Okamoto et al, 2009, ApJ, 706, 1036
Galvan-Madrid et al. 2009, ApJ, 706, 1036
Klaassen et al. 2009, ApJ, 703, 1038
Fallscheer et al. 2009, A&A, 504, 127
Franco-Hernandez et al. 2009, ApJ, 701, 974
Zapata et al. 2009, ApJ, 698, 1422
Keto et al. 2008, 678, L109
Eisner et al 2008, ApJ, 683, 304
Zapata et al 2008, A&A, 479, L25

SMA outflow-related papers

Shi et al., accepted ApJL
Zapata et al. 2010, A&A, 510, 2
Leurini et al. 2009, A&A, 507, L1443
Qiu et al. 2009, ApJ, 702, L66
Zapata et al. 2009, ApJ, 704, L45
Bruderer et al. 2009, A&A, 503, L13
Bruderer et al. 2009, ApJ, 700, 872
Qiu et al. 2009, ApJ, 696, 66
Beuther et al. 2008, ApJ, 679, L121



  

Parsec-scale accretion flows feeding massive accretion disks
Keto 2003, 
Keto 2007

Molecular 
gas = Blue

Ionized 
gas = Red

•Large, cloud-scale (pc) infalling, rotationally-
flattened molecular gas feeds material to star 
forming accretion disk at core scale (1000’s AU)

•Massive (potentially gravitationally-unstable) 
disk (100’s AU) feeds central (proto)star and 
pressure-driven/photo-ionized outflow

•Large gravitational potential combined with high 
accretion rate and self-shielding in disk plane 
allows star to continue gaining mass via ionized 
accretion flow once star reaches ~O9

•Ionised gas and radiation pressure escape 
through outflow cavities

100 AU
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Gas loses angular momentum 
and spirals inward

CH3CN (12-11) data

Envelope-only model

Model spectra

Envelope + disk model

H57α velocity gradient shows 
rotation in ionized gas

Contours=7mm continuum

Colour=H57α 1st moment

CO(2-1) outflow ┴ to 
gradient in ionized gas

Contours=7mm continuum

Blue-shifted
CO(2-1)

Red-shifted
CO(2-1)



  

Parsec-scale accretion flows feeding massive accretion disks
Keto 2003, 
Keto 2007

Molecular 
gas = Blue

Ionized 
gas = Red

Hunter et al 2008

•Large, cloud-scale (pc) infalling, rotationally-
flattened molecular gas feeds material to star 
forming accretion disk at core scale (1000’s AU)

•Massive (potentially gravitationally-unstable) 
disk (100’s AU) feeds central (proto)star and 
pressure-driven/photo-ionized outflow

•Large gravitational potential combined with high 
accretion rate and self-shielding in disk plane 
allows star to continue gaining mass via ionized 
accretion flow once star reaches ~O9

•Ionised gas and radiation pressure escape 
through outflow cavities

100 AU

Peters et al 
2010

D
ensity0.

1p
c

Sink 
particles

Ionized bipolar outflow cavity

Rotationally-flattened 
accretion flow



  

Morphological evolution of outflows traced 
by CO(2-1) [Keping Qiu’s Thesis]

Evolution (or luminosity)



  

Conclusions 

• SMA’s impact on massive star formation studies since 2007

– None of the “competing” models fully describe data 
• No cores with enough material to form massive stars through monolithic 

collapse  
• No Jeans-like thermal fragmentation to hundreds of 1Msun cores
• Only one (albeit spectacular!) example of interactions/mergers

– Magnetic fields important source of support. They are not currently 
incorporated into theoretical simulations.

– In order for observed cores to form O-stars they must gain mass 
from surrounding reservoir of parsec-scale gas

• Picture emerging where cores M ~ 10’s Msun fed by accretion from 
larger scales



  

The future

• Ultra-wide bandwidth
– Increased continuum sensitivity

• Where are the low-mass stars in high-mass star forming 
regions?

– Current core mass functions from SMA observations appear top 
heavy compared to stellar IMF. Is this an observational bias or 
are we reaching a size scale at which IMF breaks down as 
predicted in some models?

• Extend polarization observations to younger and larger 
samples of MSF regions 

– Transitions covering full range of excitiation conditions 
observed simultaneously 

• Build “complete” picture of cold, low-density gas + disk + 
outflow + shocks + ionised gas + … 



  

The end
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