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Star formation & Filaments: the Herschel view

Polaris Flare -  Herschel Gould Belt survey

PACS 70 μm + SPIRE 250/500 μm 
 

IC5146 : Actively star-forming cloud

        SPIRE 250 μm 

Polaris : Non-star-forming “cirrus” cloud

Herschel has revealed a “universal” filamentary structure in the cold interstellar medium   

2 deg ~ 5 pc

 ~ 5 pc Arzoumanian et al. 2011

André+2010 ; Miville-Deschênes+2010

“Universal” = Ubiquitous + quasi-universal properties (e.g width)

M / L  > 15 M☉/pc ~

    ~ 75 % of prestellar cores form in filaments, 
above a (column) density threshold Σ

   
> 150 M☉/pc2 

  <=> 
~



Toward a ‘universal’ scenario for star formation ?

  Polaris – Herschel/SPIRE 250 μm

1) The dissipation of large-scale MHD ‘turbulence’ 
generates filaments

2) Gravity fragments the densest filaments into 
prestellar cores 

    Taurus B211/3 – SPIRE 250 μm

Protostellar
     Cores

Palmeirim + 2013
J. Kirk + 2013

   Ward-Thompson + 2010
Miville-Deschênes + 2010

   50’
~ 2 pc

   50’
~ 2 pc

M / L > Mline,crit = 2 cs
 /G 
2

18’’ resol.18’’ resol.

See related chapter for « Protostars & Planets VI » 
by André, Di Francesco, Ward-Thompson, Inutsuka, Pudritz, Pineda

Star formation & Filaments: the Herschel view



Av ~ 25 mag
Av ~ 50 mag

Av ~ 100 mag

Center Ridge

(Hill, Motte, Didelon et al. 2011)

Column density

South Nest

Vela C

HOBYS

Hill et al. 2011;  Minier et al. 2013

Disorganized networks (‘nests’) and dominating ‘ridges’ 

Ø Showing relative importance of turbulence vs. gravity (?)

Tracing filamentary networks with the DisPerSE 
algorithm  (Sousbie 2011)

 Role of filaments in massive star formation ?

Star formation & Filaments: the Herschel view



Rosette Molecular Cloud
70, 160, 250 μm

curvelet N(H2) map + 
DisPerSE-identified 

filaments

Rose%e	  Molecular	  Cloud	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (HOBYS)	  

•  massive star formation 
  and star clusters    

  found in dense “ridges” (Av > 100) 
at the junctions of (supercritical) filaments

•  massive accretion flows into junction regions       
  -> more clustered, more massive star 

formation ?

Hill et al. 2011
Schneider et al. 2012 

Hennemann et al. 2012

HOBYS
PI: F. Motte

 Role of filaments in massive star formation ?

Star formation & Filaments: the Herschel view



How do SMA observations 
help understanding the 
properties of:

• Filaments and clumps

• Embedded protostars

Star-formation related publications
=45% of SMA papers !



Clumps & Filaments

Disclaimer: 
I won’t discuss 

chemistry (see Jimenez-Serra’s review)
the galactic center (see Johnston’s talk)

magnetic fields (see Qiu’s talk)

... but might still exceed my allocated time !



Low mass star formation : kinematics of filaments
Evidence of flows along and onto dense filaments 

See Poster 1K008 
by H. Kirk et al.  

MOPRA observations of Serpens-South  
 

Evidence of radial infall motions 
         (HNC self-absorption) 

HNC 

H. Kirk, P. Myers et al. 2013, ApJ, 766, 115 

N2H+ (1-0) VLSR 

Inflow along main filament                             
(N2H+ velocity gradient) 

1.4 km/s/pc 

0.1 pc 

In Serpens-South:  
 
!  infall along main filament 
!  radial contraction of main filament 

Accretion of background material 
through subfilaments 

H. Kirk, P. Myers et al. 2013, ApJ, 766, 115 

Evidence of infall motions 

HNC 

Ph. André – Protostars & Planets VI – 15/07/2013 
See also Tanaka et al. (2013)

SMA data under analysis: Nakamura, Kristensen, Maury, Chen +



Stage 2 

Stage 4 

Stage 3 

Stage 2 

•  Clumpy pc-scale 
filamentary 
structure 

•  High-mass, 
compact cores 

70#μm#,#24#μm,##8#μm,#Herschel#N(H2)#contours#

Large;scale#radial#infall#onto#a#
massive#star;forming#filament.##

G32.03+0.05, Battersby, Myers, Keto, et al. in prep 

vinfall#~#2#km/s##
~#1000##
   M! pc-1 Myr-1#

ARO#12#m#observaJons#of#infall#
signature#in#self;absorbed#HCO+#

1pc

Massive star formation in massive star forming filaments



Hierarchical Fragmentation in the Snake IRDC

Hierarchical fragmentation
Clump masses are much larger than the thermal Jeans mass, 

indicating the importance of turbulence and/or magnetic fields 
in cloud fragmentation 

- or sub-fragmentation at smaller scales.

Similar to what is found in IRDC clumps G28.34-P1 and 
G30.88-C2

Detection limit of 1-3.5 M⊙ : 23 condensations.

Mass spectrum of condensations : 
power law with slope α = 2.0±0.2 

 turnover at 2.7 M⊙ condensation mass. 

First study of the CMF.

Chemical differentiation : see Jimenez-Serra’s talk

Wang et al. (2013)



Galván-Madrid, R. et al. (2013)

RESOLVING THE NATAL MOLECULAR CLOUD
OF A FORMING YOUNG MASSIVE CLUSTER

Projected multi-scale mass maps of the Giant Molecular Cloud (left) and central clump (right) in W49A, 
obtained from CO-isotopologue line ratios.

In total, the W49 complex contains about 106 Msun in 60pc
- 

50000 Msun in central 3pc
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We have performed extensive mapping observations of molecu-
lar lines toward the W49A, using the Submillimeter Array (SMA), 
the Purple Mountain Observatory 14m Telescope (PMO-14m), 
and the IRAM-30m Telescope. Our observations aim to provide 
a comprehensive picture of gas structures and kinematics on 
multiple spatial scales. !e molecular line observations provide 
the unique value over dust continuum emission since they trace 
the gas motion, thus, avoid the confusion from the independent 
molecular clouds in the line of sight. !e derived molecular gas 
column density from our observations presents a strikingly or-
dered hierarchical network of "laments that is forming a YMC or 
a system of YMCs (Figure 1). 

!e PMO-14m images with ~3 pc resolution resolved several 10-
30 pc scale radially converging gas "laments (Figure 1 le!). !e 
most active cluster-forming region W49N coincides with the con-
vergence of these "laments. !e two less prominent neighbors 
W49S and W49SW appear to be formed in the two densest gas "l-
aments connecting to the southeast and southwest of W49N. !e 
larger-scale "laments are clumpy and could be forming stars at a 
rate lower than that of the central clusters. 

!e combined IRAM-30m + SMA images with ~ 0.1 pc resolution 
further trace a triple, centrally condensed "lamentary structure 
that peaks toward the central parsec scale ring of HC Hii regions 
in W49N, which is known to host dozens of deeply embedded 
(maybe still accreting) O-type stars (Figure 1 right). In addition, 
localized UC HII regions are also found in individual "laments. 
Our "nding suggests that the W49A starburst most likely formed 
from global gravitational contraction with localized collapse in a 

“hub–"lament” geometry.

From multi-scale observations of CO isotopologues, we derived 
a total neutral mass Mgas~1.1×106 M◉ within a radius of 60 pc, 
and Mgas~2×105 M◉ within the central 6 pc radius. In other words, 

~20% of gas mass is concentrated in ~0.1% of the volume. !e 
W49 GMC has enough mass to form a YMC as massive as a glob-
ular cluster (Figure 2). !e current ionization fraction in the cen-
tral region is only ~1%, which indicates that the feedback from 
the central YMCs is still insu&cient to disrupt the GMC. !ere is 
also no evidence on global scales for signi"cant disruption from 

photoionization. Likely, the resulting stellar content will remain 
as a gravitationally bound massive star cluster or a small system 
of bound star clusters.

!e W49A observations have been published in Galván-Madrid 
et al. (2013). Our molecular line mapping survey with PMO-14m, 
IRAM-30m, and SMA toward several L ~ 106 L◉ OB cluster form-
ing regions have revealed similar con"gurations (Liu 2012; see 
also Galván-Madrid et al. 2009, Liu et al. 2012a, 2012b). !e de-
tailed gas kinematics in these OB cluster-forming regions will be 
addressed in upcoming papers.

RE F E RE NC E
 � Galván-Madrid, R. et al. 2009, ApJ, 706, 1036
 � Galván-Madrid, R. et al. 2013, ApJ, 779, 121
 � Liu, H. B. et al. 2012a, ApJ, 745, 61
 � Liu, H. B. et al. 2012b, ApJ, 756, 10

 � Liu, H. B. 2012, PhD thesis, National Taiwan University
 � Portegies Zwart, S. F., McMillan, S. L. W., & Gieles, M. 2010, ARA&A, 48, 

431

Figure 2: (Figure 10 of Galván-Madrid, R. et al. 2013): Mass versus radius 
for Galactic molecular clouds that may form or are indeed forming 
massive clusters (M� > 104 M◉ in stellar mass). The filled red circles 
and blue squares show the total mass in the W49 giant molecular 
cloud as a function of radius. The black symbols are measurements 
compiled from the literature. The typical regimes of stellar mass and 
radius for Galactic young massive clusters and globular clusters are 
marked with boxes (Portegies Zwart et al. 2010).SMA reveals an intricate network of filaments feeding star-building material inward at 2 km/s.

Global gravitational contraction with localized collapse in a "hub-filament" geometry.
Potential to form a gravitationally bound massive star cluster

See also SMA observations of W33A by Galvan-Madrid et al. (2010)
... G28.34 by Zhang et al. (2009)



THE GALACTIC CENTER CLOUD G0.253+0.016: 
A DENSE CLOUD WITH LOW STAR FORMATION POTENTIAL

Kauffmann, Pillai & Zhang (2013)
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See also Longmore et al. (2012)
and

Johnston’s talk

Widespread SiO emission suggests that the 
cloud is currently forming in a collision of 

several clouds, thus implying a low cloud age

25 times denser than Orion

Star-formation rate 45 times lower than expected from 
such cloud densities 



 ALMA identification of a massive protostellar core at the center of 
a converging network of filaments 

 MH2(MM1) ~ 550 M⊙ in D=0.05 pc:   

One of the most massive protostellar core ever observed in the Galaxy !

A possible progenitor of an OB cluster similar to the Trapezium cluster in Orion 

Peretto, Fuller et al. 2013, A&A, 555, A112
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SDC335: Peretto et al. 
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Protostars

Disclaimer: 
I won’t discuss 

chemistry (see Jimenez-Serra’s review)
outflows in Orion (see Zapata’s talk)

multiplicity in Class 0 protostars (see Chen’s talk)
L1448-C (see Hirano’s talk)
IRAS16293 (see Rao’s talk)

magnetic fields (see Girart’s talk)

... but might still exceed my allocated time !



Opposing forces to gravity during collapse: 
Outward pressure in all directions / Centrifugal force in the equatorial plane

Conserving the angular momentum during collapse: 
consequences

Disks

Fragmentation

Natural results: 

‣ flattening of the envelope ie formation of disk with keplerian motions (viscosity)
‣ fragmentation of the envelope in components taking away their own angular momentum
‣ if magnetized: launching of a high-velocity jet



The early stages of star formation: 
properties of embedded protostars

At most limited sub-fragmentation within the cores identified with Herschel in nearby clouds

Pezzuto, Sadavoy et al., in prep. Maury et al. 2010

Herschel ~ 15’’ resolution at λ ~ 200 µm ó  ~ 0.02 pc  <  Jeans length @ d = 300 pc

 Progenitors of individual stars or binary systems, not “clusters”

L1448-C:   Herschel/SPIRE 250 μm 

ie 0.05 pc

L1448-C: IRAM-PdB interferometer 1.3mm

500 AU
2’

beam 18’’
beam 0.4’’



from the surrounding dense envelope; the lifetime of the
first core is calculated to be only 103 to 104 years [4, 5,
6]. Radiative hydrodynamical (RHD) simulations found
that the first core should have an extremely low bolo-
metric luminosity (< 0.1L�), and have no detectable in-
frared emission at wavelengths shorter than ⇠ 30µm with
current telescopes [4, 5]. Furthermore, recent magneto-
hydrodynamical (MHD) simulations found that the first
core can even drive a molecular outflow before the forma-
tion of the second core (i.e., protostar) [6, 7, 8]. There-
fore, the observational detection of the first core is of prime
importance for understanding the early evolution of star-
forming dense cores. It would not only confirm the pre-
dictions of RHD models but also set strong constraints on
MHD models of protostellar outflows. Encouraged by these
facts, searches for the first core have been undertaken over
the past decade, but without much success, due to its short
lifetime and extremely low luminosity. Using the SMA, we
found recently that L1448 IRS2E, a deeply embedded dense
core located in the star-forming region L1448 [9], is thus far
the most promising first hydrostatic core candidate.
Figure 2.8 shows the SCUBA 850 µm dust continuum con-
tours of the L1448 complex, plotted on the Spitzer im-
ages. The SCUBA contours show the arc-shaped filamen-
tary structure of L1448, in which the three well-studied
Class 0 protostars (i.e., L1448C, IRS3, and IRS2) are la-
belled. Located ⇠ 5000 to the east of source IRS2, the dense
core, referred to as IRS2E, is seen in the SCUBA image. No
compact infrared emission was detected from L1448 IRS2E
in any of the Spitzer bands (from 3.6 to 70 µm), suggesting
that this source is extremely cold.

Figure 2.8 a,b,c,d: (a) Spitzer IRAC band 3 (5.8 µm) image of
the L1448 complex, overlaid with JCMT/SCUBA 850 µm dust

continuum contours. White dashed arrows show the directions
of the jets driven by IRS1 and IRS2, respectively. (b) The SMA
1.3mm dust continuum contours (green) of L1448 IRS2E, plot-
ted on the Spitzer IRAC 8.0 µm image. The SMA contours
start at ⇠ 3 � (1 �⇠ 0.85mJy beam�1) with steps of ⇠ 1 �. The
synthesized SMA beam is shown as a green oval in the bottom
left corner. (c) The same as Figure 2.8 b, but plotted on the
Spitzer MIPS 24 µm image. (d) The same as Figure 2.8 b, but
for Spitzer MIPS 70 µm image.

In the SMA 1.3 mm dust continuum images, a weak con-
tinuum source (6± 2 mJy) is found within the IRS2E core.
Interestingly, the IRAC images (at all four bands) show a
diffuse jet-like feature to the south of IRS2E, with this SMA
dust continuum source located at the apex (see Figs. 2.8 a–
b). Based on the SMA 1.3 mm and SCUBA submm flux
densities, as well as the 3 � upper limits in the Spitzer
MIPS images, we construct the spectral energy distribu-
tions (SED) of L1448 IRS2E. The estimated bolometric
luminosity and temperature of L1448 IRS2E are less than
0.1L� and 20 K, respectively.
Figure 2.9 shows the velocity-integrated intensity map of
the SMA 12CO (2–1) emission of L1448 IRS2E. For com-
parison, the SMA 12CO (2–1) emission from L1448 IRS2
is also plotted here. For source IRS2E, CO emission is
detected to the south of the SMA continuum peak at ve-
locities from V

LSR

=⇠ 7 to ⇠ 30 km s�1, with the cloud sys-
temic velocity being ⇠ 4.1 km s�1 [10]. This redshifted CO
emission exhibits an elongated and narrow structure, which
is spatially coincident with the infrared jet detected in the
Spitzer IRAC images and the CO (3–2) red emission de-
tected at the JCMT. The orientation and morphology of
this CO lobe suggest that it is neither part of the cavity
wall of the IRS2 extended outflow nor part of the molec-
ular jet from IRS2 (see Fig. 2.9). These results indicate
that L1448 IRS2E, a cold core with no detectable infrared
emission, is driving a molecular outflow; L1448 IRS2E rep-
resents also the lowest luminosity source with a detectable
molecular outflow.
The observed low luminosity, temperature, and narrow
width of the NH

3

line (⇠ 0.16 km s�1; [10]) of L1448 IRS2E,
as well as the fact that no compact infrared emission is de-
tected from the source in the Spitzer images, resemble the
typical properties of prestellar cores [12]. However, as sug-
gested by the SMA CO (2–1) observations, L1448 IRS2E is
driving a molecular outflow, which implies ongoing accre-
tion onto a central condensation and has never been seen
before in prestellar cores. On the other hand, although the
collimated outflow from IRS2E possesses the typical prop-
erties of an outflow from a Class 0 protostar [13], an obvious
difference between L1448 IRS2E and known Class 0 proto-
stars (e.g., L1448C, IRS3, and IRS2) is that IRS2E is not
visible in the sensitive infrared images, has weak dust con-
tinuum emission, and consequently has an extremely low
bolometric luminosity (< 0.1L�). The estimated age of
L1448 IRS2E (a few⇥ 103 yr) is also much less than those
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Candidate First Hydrostatic Cores
of the Class 0 protostars, suggesting that IRS2E is younger
than Class 0 protostars.

Figure 2.9: Integrated intensity map of the SMA 12CO (2–
1) emission from L1448 IRS2E and IRS2, plotted on the
Spitzer 4.5 µm image. Red solid contours represent the
SMA CO(2–1) emission integrated over the velocity range
7 km s�1 < VLSR < 30 km s�1, which is redshifted with respect
to the cloud systemic velocity (⇠ 4.1 km s�1), while yellow
dashed contours represent the JCMT CO(3–2) emission in-
tegrated over the same velocity range (from Hatchell et al.
2007). Blue solid contours represent the SMA CO(2–1)
blueshifted emission from IRS2 integrated over the velocity
range �15 km s�1 < VLSR < 2 km s�1. The green and white con-
tours represent the SMA 1.3mm and the SCUBA 850 µm dust
continuum emission, respectively. The synthesized SMA beam
is shown as a green oval in the bottom right corner. Dashed
arrows show the direction of the IRS2 outflow (central jet), and
dashed lines show the positions of the outflow cavity walls.

Altogether, we find that source L1448 IRS2E has the fol-
lowing characteristics: (1) it is not visible in the sen-
sitive Spitzer infrared images (from 3.6 to 70 µm); (2)
has very weak (sub-)mm dust continuum emission, and
consequently has an extremely low bolometric luminosity
(< 0.1L�); and (3) appears to drive a molecular outflow.
Comparisons with prestellar cores and Class 0 protostars
suggest that L1448 IRS2E is more evolved than prestel-
lar cores but less evolved than Class 0 protostars, i.e., at
a stage intermediate between prestellar cores and Class 0
protostars. All these results are consistent with the theo-
retical predictions in the RHD/MHD models for the first
hydrostatic core, making L1448 IRS2E the most promis-

ing first hydrostatic core candidate thus far. However, it
must be noted that the nature of source L1448 IRS2E is
not definitive. More observations are needed to constrain
its SED and to refine its outflow maps. If the properties
of L1448 IRS2E are validated by further observations, this
would be the first confirmed detection of the first core stage
of star formation.
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Xuepeng Chen and Héctor G. Arce

3 Proposal Statistics (16 May 2010
– 15 November 2010)

The SMA received a total of 113 proposals (SAO: 81,
ASIAA: 24, UH: 8) requesting 341 nights of observing time
in the 2010A semester.
The 105 proposals received by the joint SAO and ASIAA
Time Allocation Committee are divided among science cat-
egories as follows:
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See also SMA observations of L1451-mm by Pineda et al. (2008)
SMA observations of B1-bN by Hirano & Liu (2014)



single-dish maps for the CH3OH and CS emission from the
JCMT. An important aspect of the further analysis will be
to incorporate these short-spacing data.

Figure 2.1: CO and CH3OH emission from SMA observa-
tions overlayed on Spitzer images of NGC 1333-IRAS2A (top),
NGC 1333-IRAS4A (middle) and NGC 1333-IRAS4B (bottom). In
each panel the red and blue contours indicate CO 2–1 emission
(red/blue shifted, respectively), the black (top panel) and white
(middle/bottom panels) indicate CH3OH 70 � 60 emission. The
Spitzer images from GTO and c2d observations (Gutermuth et
al., in prep.; Jørgensen et al., 2006) show 3.6 µm emission in
blue, 4.5 µm emission in green and 8.0 µm emission in red. The
beam size of the SMA observations is 1.5–300; the resolution of
the Spitzer images is ⇠ 1.200.

References:

(1) Bachiller, R., et al. 1995, A&A, 295, L51
(2) Cazaux, S., et al. 2003, ApJ, 593, L51
(3) Ceccarelli, C., et al. 2000, A&A, 355, 1129
(4) Chandler, C. J., et al. 2005, ApJ, 632, 371
(5) Jørgensen, J. K., et al. 2002, A&A, 389, 908
(6) Jørgensen, J. K., et al. 2004, A&A, 416, 603
(7) Jørgensen, J. K., et al. 2005, A&A, 437, 501
(8) Jørgensen, J. K., et al. 2006, ApJ, in press. (astro-
ph/0603547)
(9) Schöier, F. L., et al., 2002, A&A, 390, 1001

Jes Jørgensen

2.2 Hour-glass magnetic field around NGC
1333 IRAS4A

The polarization of radiation is one of the important sig-
natures of interstellar magnetic fields [1] which are be-
lieved to play a critical role in the star formation process
[2]. Much information can therefore be obtained by mea-
suring the structure and morphologies of magnetic fields in
star forming regions. One of the ways of studying the struc-
ture of the plane of the sky component of magnetic fields
in the interstellar medium is to observe linearly polarized
emission from grains which become aligned perpendicular
to the direction of the magnetic field. Such observations
need to be made with high angular resolution and good
sensitivity. Most of the previous observations of polarized
dust emission have been carried out with single dish tele-
scopes such as the JCMT and CSO and with the BIMA and
OVRO millimeter arrays. The JCMT observations are quite
sensitive to the dust emission, which peaks at submillime-
ter wavelengths, but lack adequate resolution. Observa-
tions made by mm-wave arrays have good angular resolu-
tion, but operate at wavelengths where the dust emission is
much weaker. The SMA was recently equipped with polar-
ization hardware and it is currently the only interferometer
that can conduct observations with adequate sensitivity at
high angular resolution [3].

Using the SMA, we have made high angular resolution
(1.200 or 360 AU) measurements of polarized emission at
345 GHz from aligned dust grains towards the Class 0 pro-
tostellar binary system NGC 1333 IRAS 4A. The results,
which are summarized in Figure 1, clearly show that the
magnetic field traces a clear hourglass morphology. Thus,
the observed properties of the magnetic field are in agree-
ment with the standard theoretical models of isolated star
formation in magnetized molecular clouds in a low-mass
star forming region. On larger scales, the polarization di-
rection is quite uniform at a position angle of ⇠ 145� and
is in excellent agreement with earlier lower resolution ob-
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The PROSAC survey (Jes Jørgensen, Tyler Bourke, Chin-Fei Lee, Philip 

Myers, David Wilner, Qizhou Zhang, James Di Francesco, Nagayoshi Ohashi, Fredrik Schöier, 
Shigehisa Takakuwa and Ewine van Dishoeck)

PROBING THE INNER 200 AU OF LOW-MASS 
PROTOSTARS WITH THE SUBMILLIMETER ARRAY



The PROSAC survey 4 C. Brinch et al.: The kinematics of NGC1333-IRAS2A
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Fig. 3. PV-diagrams of the combined SMA data sets of H13CN
J =4–3 (top) and HCN J =4–3 (bottom). The three panels
correspond to slices at di!erent position angles with PA=10!,
PA=100!, and PA=145!. In the leftmost panels are shown
Keplerian rotation (first quadrant) and free-fall (third and fourth
quadrants) profiles for M"=0.3 M# (full line) and 1.0 M#
(dashed line). The contour lines are shown as increments of 3!
(0.9 Jy arcsec$2 and 1.9 Jy arcsec$2 for H13CN and HCN,
respectively) and have the same values in all three panels.

velocity gradient which is seen in the moment maps is due to
the outflow rather than rotation. After all, this gradient does lie
in the same direction as the outflow. These PV-diagrams also
resemble the ones presented by Hogerheijde et al. (1998) for a
number of known outflow sources.

4. Analysis

We describe the observed emission with the model for the den-
sity and temperature from Jørgensen et al. (2002), who derived
this model from analysis of the continuum image of the source
at 450 and 850 µm as well as at its broadband SED from 60 µm
to 1.3 mm. The density is described by a power-law,

n(r) = 1.5 % 106 cm$3(r/1000 AU)$1.8, (1)

while the temperature was calculated using a 1D continuum ra-
diation transfer code as described by Jørgensen et al. (2002, see
also Fig. 1f of Jørgensen et al. 2004a). The outer radius of the
model is 1.2 % 104 AU. Jørgensen et al. (2004b) also modeled
the chemical abundance profiles using the integrated intensity
of the optically thin H13CN single-dish lines. They found that
to reproduce the line ratios, a model with a depletion zone is
needed. The resulting HCN abundance profile reads,

X(HCN) =
! 2 % 10$8 , nH2

< 7 % 104 cm$3

2 % 10$9 , nH2
> 7 % 104 cm$3 , (2)

assuming an isotopic abundance ratio of 12C/13C = 70. We fur-
thermore add a central compact component, in accordance to
Jørgensen et al. (2005a) who found a need for an abundance in-
crease near the center. We describe this component with a jump

in the abundance within the radius above 90 K (&100 AU) to
X(HCN) = 7 % 10$8.

The new addition to the model is a parameterization of the
velocity field, which allows for both infall and rotation. This
breaks the spherical symmetry of the model, making it two-
dimensional, although we keep the spherical description of the
density and temperature. We follow the approach presented
by Brinch et al. (2008) with a velocity field parameterized by
two parameters,

v =
"

vr
v"

#

=

$

GM"
r

"

$
'

2 sin#
cos#

#

, (3)

with M", the mass of the central object, and the angle # as
free parameters. The velocity parameterization is such that
# = 0 corresponds to Keplerian rotation and no infall, whereas
# = $/2 corresponds to free fall toward the center and no ro-
tation. The use of this two-dimensional velocity field further
introduces two free parameters, namely the inclination of the
rotation axis with respect to the plane of the sky and the posi-
tion angle of the rotation axis in the plane of the sky. We add
a mean turbulent velocity field through a Doppler b-parameter
of 0.2 km s$1 to the model. This value has been chosen to be
large enough to get smooth line profiles, but small enough not
to broaden the lines significantly. While this parameter is some-
what degenerate with the central mass in the sense that it a!ects
the line widths, it cannot account for the di!erent line widths
in the interferometric and single-dish data. The FWHM of the
H13CN lines are 2.1 km s$1 in the single-dish beam and 4.7
km s$1 for the lines meassured by the interferometer. Only
by letting the turbulent field vary across the model could we re-
produce this e!ect. We have however chosen to use a constant
turbulent field to keep the model simple, and a small change
in its value does not a!ect our result significantly. For an in-
depth discussion of turbulent line broadening we refer to, e.g.,
Ward-Thompson & Buckley (2001).

We use the molecular excitation and radiation transfer code
RATRAN (Hogerheijde & van der Tak 2000) to determine the
level populations of the HCN molecule on a computational
domain consisting of multiple nested regular grids. The grid
resolves scales from 6 AU to 1.2 % 104 AU, which is about
the highest dynamical range of scales we can resolve with
RATRAN without loosing the gain of the accelerated lambda
iteration (ALI) algorithm which makes the code feasible to run
on a standard desktop computer. The resulting image cubes are
afterward either convolved with the appropriate beam profiles
for comparison to the single-dish lines or Fourier transformed
for direct comparison to the visibility tables in the BIMA and
SMA data sets.

4.1. Model fit

We run a grid of models in the parameter ranges M" ( {0.0, 1.0}
and # ( {0, $/2} and we compare the single-dish spectra and
PV-diagrams from the SMA data of H13CN only. A %2-surface
plot is shown in Fig. 4 for an inclination of 40! and a posi-
tion angle of 100!. We add the %2 value of the two single-
dish transitions, calculated channel by channel on a velocity

Jorgensen et al. (2007, 2009)

Brinch et al. (2009)

In Class 0 protostars: 
no keplerian rotation detected



A keplerian disk around the Class 0 Protostar L1527

L1527: Class 0/I protostar
Lbol ~ 2.6 Lsol 
Menv ~ 1-2Msol
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Yen	  et	  al.	  2013

SMA	  :	  C18O	  2-‐1
V~r-1 down to 150 AU

Tobin+ (2012,2013): 
CARMA 13CO and SMA 850mu continuum

Edge-on disk with r=125AU
Protostellar mass 0.19 Msol

Disk mass 0.0075 Msol

NMA C18O 1-0

CARMA 13CO 2-1

Tobin	  et	  al.	  2012	  Nature



Class 0 envelopes: 
conservation of angular momentum ?

Infall and outflow around HH 212 (Lee et al. 2005):
Envelope is dynamically infalling with slow rotation : the kinematics is found to 
be roughly consistent with a free fall toward the source plus a rotation of a 
constant specific angular momentum.

IRAS 03282+3035 IRAS 03293+3039 Per-emb 16

NGC 1333 IRAS 4A NGC 1333 IRAS 4B Per-emb 9

L1448 IRS 2 L1448 N L1448-mm

B335 L1157-mm

Lupus 3 MMS IRAS 16253-2429 B59#11

L1527 IRS B228HH212

Inferred disk sizes ranging over two orders of magnitude
 from <5 AU to >500 AU.

(Yen et al. (2013)



SMA unveils the structure of massive protostellar cores

Some rotation signatures but not many.

Difficulties to observationally isolate 
massive accretion disks from the 
surrounding dense gas envelopes and the 
molecular outflows

IRAS18360: Qiu et al (2012)

See also :
Beuther et al. 2006 in IRAS18089
Keto & Zhang (2009) in IRAS20126
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Fig. 8.— (a): The color image shows the first moment map of the CH3OH (154,11–163,13)E

emission. The gray contours show the zeroth moment map starting from 1.0 Jy km s!1 and
increasing in steps of 0.8 Jy km s!1. A dotted line marks the P -V cut at PA=140". Two

arrows are the same as those in Figure 3, indicating the outflow orientation. (b)–(c) Same
as (a), but for CH3CN (127–117) and vibrational CH3CN (121–111). The contour levels in
panel (b) start from 0.6 Jy km s!1 and increase in steps of 0.8 Jy km s!1, and in panel (c)

start from 1.3 Jy km s!1 and increase in steps of 0.7 Jy km s!1. The color wedge on the right
of panel (c) indicates the velocity scale of the first moment maps. (d)–(f) P -V diagrams

shown in both gray scale and contours. The contour levels all start from 0.21 Jybeam!1, and
increase in steps of 0.35, 0.21, and 0.28 Jy beam!1 for CH3OH (154,11–163,13)E (d), CH3CN

(127–117) (e), and vibrational CH3CN (121–111) (f), respectively. The horizontal line marks
the peak position of MM1, which is taken to be the zero o!set. The vertical line denotes the
systemic velocity.
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Fig. 10.— The 13CO (2–1) P -V diagram in gray scale, overlaid with those in C18O (2–1)

(a) and CH3CN (127-117) (b) in contours. The C18O starting and spacing contour levels
are 0.21 Jy beam!1. In each panel, the red solid curve shows the model of a free-falling and
Keprelian-like rotating envelope, and the blue dashed curve represents the same model but

with scaled down parameters (see Section 4.2 for more details of the models).



Circumstellar Disks in Class I protostars

3 Science Highlights

3.1 The Circumstellar Disk of the Butter-
fly Star

The “Butterfly Star” in Taurus, IRAS 04302+2247, is a
Class I protostar located in the Taurus-Auriga molecu-
lar cloud complex, in the vicinity of Lynds 1536b dark
cloud. Its near-infrared appearance is dominated by a to-
tally opaque band that bisects the scattered light nebu-
losity. As pointed out by Padgett et al. (1999), the ap-
parent thickness of the extinction band decreases by about
30% from 1.1 µm to 2.05 µm, accounting for the reddening
seen along its edges. Based on radiative transfer model-
ing, Wolf et al. 2003 (hereafter WPS03) concluded that
IRAS 04302+2247 has a circumstellar dust and gas disk
whose equatorial plane is inclined almost precisely edge-on
to the line of sight (inclination = 90o± 3o, radius: 300AU,
Mdisk=0.07 M�). A further strong evidence on the in-
terpretation of the dark lane as a circumstellar disk seen
precisely edge-on comes from 13CO(1-0) mapping obtained
at the Owens Valley Millimeter Array (OVRO; Padgett et
al. 2001). These observations indicate that the dark lane
indeed coincides with a dense rotating disk of molecular
gas.
Parallel to the increasing amount of observational con-
straints, such as ground-based near-infrared images and po-
larization maps (Lucas & Roche 1997, 1998), near-infrared
images obtained with the Hubble Space Telescope (Padgett
et al. 1999) and spatially resolved 1.3 mm and 2.7 mm maps
(WPS03), several attempts have been undertaken to model
the structure and physical conditions in the circumstellar
disk and envelope of this object (e.g., Lucas & Roche 1998,
WPS03). In particular, spatially resolved images of the cir-
cumstellar environment of the Butterfly Star, obtained in
the near-infrared and millimeter wavelength range, allowed
WPS03 to conclude that the grains in the envelope of this
object cannot be distinguished from those of the interstellar
medium, while grains have grown via coagulation by up to
2 - 3 orders of magnitude in the much denser circumstellar
disk. The separated dust grain evolution is in agreement
with the theoretical prediction of a sensitive dependence
of grain growth on the location in the circumstellar envi-
ronment of young (proto)stars: Grain growth is expected
to occur on much shorter timescales in the dense region of
circumstellar disks than in the thin circumstellar envelope.
For the same reason a radial dependence of the dust grain
evolution in the disk itself is expected.
IRAS 04302+2247 was observed with the SMA on Jan-
uary 9th, 2006, using the lower and upper side bands at
330GHz and 340GHz, respectively. The phase center was
R.A. = 4h33m16.219s and Dec. = 22�53020.0029 (J2000.0).
The angular diameter, i.e., the radial extent of the disk
derived from the previous 1.36 mm continuum observations
obtained with OVRO amounts to ⇠ 4.003 (WPS03). For

this reason we used the extended configuration of the ar-
ray with 7 antennas and corresponding projected baseline
lengths of 24 m – 254 m during the observation. The re-
sulting size of the synthesized beam is 0.0067⇥ 0.0053 with a
position angle of 104�. The 1� continuum r.m.s amounts
to 3.3 mJy beam�1. The resulting 894 µm continuum map
of the disk of the Butterfly Star is shown in Figure 1. The
894µm continuum flux amounts to 267 mJy with a corre-
sponding calibration error of ⇠15%. This flux is consistent
with a predicted flux of 225mJy, confirming the previously
estimated disk mass.

Figure 1: Submillimeter map of the Butterfly Star (894 µm,
contour lines), overlaid on the near-infrared scattered light map
(Padgett et al. 1999). The levels of the solid contour are 6.8,
10.2, 13.7, 23.9, 34.1, 44.3, and 54.5 mJy/beam which corre-
spond to the 2�, 3�, 4 �, 7 �, 10 �, 13 �, and 16 � levels. The
levels of the dashed contours are -6.8 and -10.2 mJy/beam which
correspond to the -2 � and -3 � level, respectively. [from Wolf et

al. 2008]

The observed radial brightness profile agrees well with the
prediction (based on the model by WPS03) in the outer
regions of the disk with radial distances larger than ⇠80-
120AU from the center. Thus, our observation confirms the
radial density distribution and dust grain properties for the
outer, cold region of the disk. However, inside ⇠80-120AU
we find a discrepancy between the model prediction and
the observed brightness profile. While the model predicts
a rather flat plateau for this region, the observed map even
shows a local minimum at the potential location of the star.
The discrepancy amounts to only ⇠2�. However, one needs
to stress that the location of this minimum is not arbitrary,
but at the disk center. Furthermore, the corresponding lo-
cal maxima show a slight symmetry with respect to the
disk center.
Two explanations for the central submillimeter brightness
minimum are at hand: First, the minimum could be caused
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IRAS 04302+2247: 
Class I protostar in Taurus-Auriga

Wolf et al. (2008)

L1551: Takakuwa et al. (2013)
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 Keplerian Disk around 0.8 Msun

Low Vel. (< 0.5 km s-1) Component
 Outer Infalling Envelope with the Decelerated Infalling Velocity ?



Resolving protostellar jets and outflows 

IRAS04166

Wang et al. (2013)

See also Bourke et al. (2005) in L1014, Palau et al. (2005) in HH211. Lee et al. (2007, 2008) in HH212 + Hirano’s talk



Magnetic Fields

Girart et al. (2006)

servations [5]. The symmetry axis for the magnetic field
appears to be approximately perpendicular to the major
axis of the extended disk. Using the Chandrasekhar-Fermi
method [6], by fitting a set of parabolic curves to the mag-
netic field lines, we can infer the strength of the magnetic
field in the plane of the sky. The resultant intrinsic disper-
sion in polarization angle is used to obtain the magnetic
field strength. We obtain a plane of the sky magnetic field
strength of 4 mG. Our analysis reveals that the magnetic
field is substantially more important than turbulence in the
evolution of the NGC 1333 IRAS4A circumbinary envelope.
The magnetic field morphology and the mass-to-magnetic-
flux ratio indicate that gravity has overcome magnetic sup-
port, as predicted for this stage of star formation. Further-
more the observed misalignment of the magnetic, outflow
and envelope axes might have been an important factor in
triggering the observed fragmentation of the core, leading
to the formation of a binary system.

We are continuing to use the current polarimetry system to
conduct further observations towards other similar objects.
An additional set of receivers that will operate over the
330-350 GHz frequency range is currently being installed
at the SMA, increasing the sensitivity and simplifying the
operation of the polarimetry system. This will allow us to
make polarization observations towards a larger sample of
YSOs through which we will better understand the role of
magnetic fields in the star formation process.
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(3) Marrone, D. P. et al. (2006), ApJ, 640, 308.
(4) Girart, J.-M. et al. (2006) Submitted.
(5) Minchin, N.R., et al. (1995), A&A 293, L61
(6) Chandrasekhar, S., & Fermi, E. (1953), ApJ, 118, 113.

R. Rao, D. P. Marrone, J. M. Girart

Figure 2.1: Upper panel: Contour map of the 877 µm dust emis-
sion (Stokes I) superposed with the color image of the polarized
flux intensity. Red vectors: Length is proportional to fractional
polarization and the direction is position angle of linear polar-
ization. Contour levels are 1, 3, 6, 9, 12, 15, 18, 21, 24, 27, 31
⇥ 65 mJy Beam�1. Central panel: Contour and image map of
the dust emission. Red bars show the measured magnetic field
vectors. Grey bars correspond to the best fit parabolic magnetic
field model. Bottom panel: Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/blueshifted lobes of
the molecular outflow, solid lines show the main axis of the mag-
netic field, and dashed lines show the envelope axes. The small
cross shows the center of the magnetic field symmetry.
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2 Science Highlights

2.1 Magnetic Fields in the Formation of
Massive Stars

One of the most important questions on star formation is
whether the process is regulated by interstellar magnetic
fields (1,2) or by turbulence (3). A review by Mac Low &
Klessen (3) entitled “Control of star formation by super-
sonic turbulence”, triggered a lively discussion on this topic
(4, 5). While the debate is still on-going, many numeri-
cal simulations on star formation include both turbulence
and magnetic fields (6). Moreover, another major issue
is whether high-mass stars form differently from low-mass
stars. Two basic considerations show that there are in-
deed some differences (7): First, the free-fall time scale in
low-mass molecular cores is much shorter than the Kelvin-
Helmholtz time scale. Second, when a massive young star
reaches 8 M�, its own radiation can exert enough outward
pressure that may halt the infall of surrounding molecu-
lar gas, inhibiting further stellar growth. Several processes
have been proposed to alleviate this problem, such as the
presence of a flattened accretion disk surrounding the pro-
tostar (8), or the formation through mergers of smaller stars
(9). The measurement of magnetic fields in massive star
forming regions is important in understanding its role in
the dynamics and to check for similarities with the low
mass star-formation process.
The most direct way to infer the properties of the mag-
netic fields in molecular clouds is to observe the polarized
emission of the dust and molecular lines. Dust polarization
arises from the grains that are partially aligned with the
magnetic field. Since the long axes of the grains align per-
pendicular to the field, the direction of the polarization is
orthogonal to the plane-of-the-sky component of the mag-
netic field (10). In most cases the polarized flux is only a
few percent of the total emission. Therefore, only bright
sources are feasible for detecting the polarized emission.
The polarimeter on the SMA makes it a unique facility: No
other mm or submm telescope has the capability to measure
polarized light from dust (and from molecular lines) at a
(sub) arcsecond angular scale. The steeply rising dust emis-
sion spectrum and the excellent weather conditions that can
be achieved at 800µm in Mauna Kea make it advantageous
to observe dusty objects at these frequencies. The perfor-
mance of the SMA polarimeter is excellent, with a residual
instrumental polarization after calibration of 0.2% or bet-
ter (11). SMA observations toward NGC 1333 IRAS 4A
showed that in the initial stage of low mass star formation
(the Class 0 phase) the contraction of the core is controlled
by the magnetic field (12,13).

2 Science Highlights

2.1 Magnetic Fields in the Formation of
Massive Stars

One of the most interesting topics of discussion on star for-
mation is on whether the main mechanism that regulates
the star formation process is the interstellar magnetic field
(1,2) or the turbulence (3). As an example, the publica-
tion of the review paper of Mac Low & Klessen (3) titled
“Control of star formation by supersonic turbulence”, trig-
gered a vivid discussion on this topic, with replicas (4),
and contra-replicas (5). The debate is still open, more of-
ten simulations include both turbulence and magnetic fields
(6). Another major and interesting issue is whether high-
mass star formation differs significantly from low-mass star
formation. Two basic issues show that there are indeed dif-
ferences (7): First, the low-mass stars form in a time short
compared to the Kelvin-Helmholtz time, which is the con-
trary to the high mass stars case; Second, for massive stars,
as the mass of a young star reaches 8 M�, its own radiation
can exert enough outward pressure to halt infall, inhibit-
ing further stellar growth. Several mechanism have been
proposed to alleviate this problem, such as, for example,
the presence of a flattened accretion disk surrounding the
protostar (8), or the formation through mergers of smaller
stars (9).
The most direct way to infer the properties of the mag-
netic fields in molecular clouds is to observe the polarized
emission of the dust and molecular lines. However, in most
cases the polarized emission is only a few percent of the
total, so only bright sources can be used to detect the po-
larized emission. The dust polarization arises because the
the grains are partially aligned with the magnetic field with
their long axes perpendicular to the field, so the measured
polarized signal is perpendicular to plane of the sky com-
ponent of the magnetic field (10).
The polarimeter capabilities makes the SMA a unique fa-
cility: no other mm and submm telescope can detect the
polarized light from the dust (and from molecular lines)
at the (sub) arcsecond angular scale. The steeply rising
dust emission spectrum and the excellent weather condi-
tions that can be achieved at 800µm makes it advantageous
to observe dusty objects at these frequencies. The perfor-
mance of the SMA polarimeter is excellent, with a residual
instrumental polarization after calibration of 0.2% of bet-
ter (11). SMA observations towards NGC 1333 IRAS 4A
showed that in the initial stage of low mass star formation
(the Class 0 phase) the contraction of the core is controlled
by the magnetic field (12,13).

Figure 1. The background shows a false-color Spitzer image of
the massive star-forming region G31.41+0.31. Blue color indi-
cates regions of the image at a wavelength of 3.6 µm, green at
8 µm, and red at 24 µm. The HMC is so deeply embedded that
is not detected in the Spitzer’s shortest wavelengths, and what
we see is the emission of more evolved massive stars in the re-
gion. The zoom-in region depicts the 870 µm dust emission from
the massive hot core (color and contour image) superposed with
bars showing the magnetic field morphology (Image by Girart
& Carrillo).

The source under investigation is G31.41+0.31 (G31.41), a
massive (several hundreds solar masses) hot molecular core
(HMC) located at a distance of 7.9 Kpc. The region has
a luminosity of 3⇥ 105 L�, which suggests that it harbors
O-type stars in the center of the core. The lack of de-
veloped ultracompact HII region is an indication that this
massive star forming core is in a very early stage of their
evolution. Previous high-angular resolution observations
revealed a that the HMC is rotating, but the dynamical
mass required for equilibrium (⇠87 M�) is much smaller
than the measured mass, which suggests that the core may
be gravitationally unstable and undergoing collapse (14).
Indeed, the physical properties of the HMC have recently
been modeled, showing that the core is infalling at radius
smaller than ⇠ 2 ⇥ 104 AU with an intense accretion rate
of 3 ⇥ 10�3 M� yr�1 (15). Despite of the detection of
high velocity gas, the direction of the outflow is contro-
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Figure 2.1: The background shows a three-color composite
Spitzer image of the massive star-forming region G31.41+0.31.
The blue color in the image represents the emission at 3.6 µm,
green at 8 µm, and red at 24 µm. The HMC is so deeply embed-
ded that it is not detected in the Spitzer’s shortest wavelengths,
and only the emission from more evolved massive stars are seen
in the region. The zoomed-in region depicts the 880 µm dust
emission from the massive hot core (color and contour image)
superposed with bars showing the magnetic field directions (Im-
age by Girart & Carrillo).

The source under investigation is G31.41+0.31 (G31.41), a
massive (several hundreds solar masses) hot molecular core
(HMC) located at a distance of 7.9 Kpc. The region has a
luminosity of 3 ⇥ 105 L�, equivalent to a single zero-age-
main-sequence O-type star in the center of the core. The
lack of a developed ultracompact HII region indicates that
this massive star-forming core is in a very early stage of
evolution. Previous high-angular resolution observations
revealed that the HMC is rotating. However, the dynami-
cal mass required for equilibrium (⇠87 M�) is much smaller
than the measured mass, which suggests that the core may
be unstable and undergoes gravitational collapse (14). In-
deed, the physical properties of the HMC have recently
been modeled, showing that the core is infalling at a radius
smaller than ⇠ 2 ⇥ 104 AU with a high accretion rate of
3⇥10�3 M� yr�1 (15). Despite the detection of high veloc-
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ity gas, the direction of the outflow is ambiguous (16,17).
The HMC is embedded in a very active and complex mas-
sive star forming region, with the presence of several spots
of methanol and water masses, as well as ultracompact HII
regions (16). Figure 1 presents a three color composite of
the mid-IR emission obtained by Spitzer, which shows the
complexity of the region.
The observations of G31.41 were conducted using the SMA
polarimetry system (17) at 880 µm in its compact and ex-
tended configurations in the summer of 2007. Combin-
ing both configurations provides an angular resolution of
' 0.800 (' 6000 AU or 0.03 pc in projection).

versial (16,17). The HMC is embedded in a very active
and complex massive star forming region, with the pres-
ence of several spots of methanol and water masses, as well
ultracompact HII regions (16). Figure 1 shows a false color
image of the mid-IR emission captured by Spitzer, where
it can be seen the complexity of the region.
We observed G31.41 at 879 µm using the SMA in its com-
pact and extended configurations in the summer of 2007.
Combining both configurations provides an angular resolu-
tion of ' 0.800 (' 6000 AU or 0.03 pc in projection). The
observations were done using the SMA polarimetry system
(17).

Figure 2. (A) Contour map of the 879 µm dust emission su-
perposed on the color image of the flux weighted velocity map of
the CH3OH 147–156 A. Black thick bars indicate the direction
of the magnetic field (B) Spectrum of the C34S 7–6 line at the
position of the dust emission peak. Adapted from (17).

A characteristic of the HMC, is that due to the high den-
sities and temperatures of the gas, the gas phase chemical
composition is very rich (compared to other interstellar en-
vironments), with a myriad of molecular lines at submm
wavelengths easily detectable with the SMA, many from
organic molecules. Thus, the observed band is plenty of
molecular lines, mostly from methanol. With such a large
number of lines it is an arduous task to find line-free spec-
tral windows to obtain “clean” dust emission (and free-
continuum spectral line data). And then, one can easily
get overwhelmed with the rich amount of data!. Fortu-
nately, for our study we focused on the dust emission and
among the molecular diversity, we focused mainly in the
methanol lines. Why? First, methanol have the largest
number lines in the observed band (more than 30), and
second, the energy levels of the detected methanol lines
have a broad range of excitation levels, with upper energy
levels ranging from few tens to more than 1000 K. Of those
lines, we selected only the ones clean of interlopers.
The dust emission from the G31.41 HMC shows an elon-
gated structure in the NE-SW direction (see zoom-in im-
age of Fig. 1). The dust polarization appears extended

around (but avoiding) the major axis. Figure 1 shows that
the magnetic field vectors are consistent with a “pinched”
field structure along the major axis and pointing toward
the center. This is suggestive of the hourglass morphology
expected in the collapse of a magnetized molecular core,
and is similar to the one found in the low mass regions
NGC 1333 IRAS4A. The analysis of the data yields to a
magnetic field strength of ' 9.8 mG, a mass-to-magnetic
flux ratio of ' 2.7 times the critical value for collapse, and a
ratio of the turbulent to magnetic energy of ' 0.35. There-
fore, this results imply that the HMC is undergoing col-
lapse, but the collapse is regulated by the magnetic fields
rather than turbulence. Indeed, the relatively low energy
C34S 7–6 line shows a clear inverse P–Cygni profile (see
Fig.2), confirming that the cores is undergoing collapse.
The mass accretion rate derived from the analysis of the
CS profile is about few times 10�3 M� yr�1, in agreement
with the predicted values from modeling (15).
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Figure 3 The distribution of the rotation velocity as a function
of the radius along the HMC major axis. Fig. from (17)

The line emission of the molecules that trace HMC show all
a similar pattern: a clear velocity gradient along the HMC
major axis (see Fig. 2), suggestive of rotation, as found in
previous works (14). Interestingly, the comparison of the
rotation gradient between different methanol lines shows
that the more compact lines (typically the higher excita-
tion ones) have a smaller rotation velocity than the more
extended lines (typically the lower excitation ones). Fig-
ure 3 shows this behavior, which indicates that at the ob-
served scales (few thousand AU) the angular momentum is
not conserved during the collapse. Given the strong mag-
netic field measured, the spin-down in the HMC suggests
magnetic braking, a process proposed to remove the excess
of angular momentum (18).
A very interesting comparative can be made using the pro-
totype of low mass star forming case of NGC 1333 IRAS
4A (12). The HMC in G31.41 is much larger (by a factor
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Figure 2.2: (A) Contour map of the 880 µm dust emission su-
perposed on the color image of the flux weighted velocity map of
the CH3OH 147–156 A. Black thick bars indicate the direction
of the magnetic field. (B) Spectrum of the C34S 7–6 line at the
position of the dust emission peak. Adapted from (17).

The dust emission from the G31.41 HMC shows an elon-
gated structure in the NE-SW direction (see the zoomed-in
image of Fig. 1). The dust polarization appears extended
along (but avoiding) the major axis. Figure 1 shows that
the magnetic field vectors are consistent with a “pinched”
field structure along the major axis and pointing toward
the center. This hourglass morphology is expected from
the collapse of a magnetized molecular core, analogous to
the one found in the low–mass region NGC 1333 IRAS4A.
The analysis of the data yields a magnetic field strength of
' 9.8 mG, a mass-to-magnetic flux ratio of ' 2.7 times the
critical value for collapse, and a ratio of turbulent to mag-
netic energy of ' 0.35. These results imply that the HMC
is undergoing collapse. Furthermore, the collapse is regu-
lated by the magnetic field rather than turbulence. Indeed,
the C34S 7–6 spectrum, a line with relatively low energy
levels, shows a clear inverse P–Cygni profile (see Fig.2),
confirming that the core is collapsing. The mass accretion
rate derived from the analysis of the CS profile amounts

to about few times 10�3 M� yr�1, in agreement with the
predicted values from modeling (15).

versial (16,17). The HMC is embedded in a very active
and complex massive star forming region, with the pres-
ence of several spots of methanol and water masses, as well
ultracompact HII regions (16). Figure 1 shows a false color
image of the mid-IR emission captured by Spitzer, where
it can be seen the complexity of the region.
We observed G31.41 at 879 µm using the SMA in its com-
pact and extended configurations in the summer of 2007.
Combining both configurations provides an angular resolu-
tion of ' 0.800 (' 6000 AU or 0.03 pc in projection). The
observations were done using the SMA polarimetry system
(17).

Figure 2. (A) Contour map of the 879 µm dust emission su-
perposed on the color image of the flux weighted velocity map of
the CH3OH 147–156 A. Black thick bars indicate the direction
of the magnetic field (B) Spectrum of the C34S 7–6 line at the
position of the dust emission peak. Adapted from (17).

A characteristic of the HMC, is that due to the high den-
sities and temperatures of the gas, the gas phase chemical
composition is very rich (compared to other interstellar en-
vironments), with a myriad of molecular lines at submm
wavelengths easily detectable with the SMA, many from
organic molecules. Thus, the observed band is plenty of
molecular lines, mostly from methanol. With such a large
number of lines it is an arduous task to find line-free spec-
tral windows to obtain “clean” dust emission (and free-
continuum spectral line data). And then, one can easily
get overwhelmed with the rich amount of data!. Fortu-
nately, for our study we focused on the dust emission and
among the molecular diversity, we focused mainly in the
methanol lines. Why? First, methanol have the largest
number lines in the observed band (more than 30), and
second, the energy levels of the detected methanol lines
have a broad range of excitation levels, with upper energy
levels ranging from few tens to more than 1000 K. Of those
lines, we selected only the ones clean of interlopers.
The dust emission from the G31.41 HMC shows an elon-
gated structure in the NE-SW direction (see zoom-in im-
age of Fig. 1). The dust polarization appears extended

around (but avoiding) the major axis. Figure 1 shows that
the magnetic field vectors are consistent with a “pinched”
field structure along the major axis and pointing toward
the center. This is suggestive of the hourglass morphology
expected in the collapse of a magnetized molecular core,
and is similar to the one found in the low mass regions
NGC 1333 IRAS4A. The analysis of the data yields to a
magnetic field strength of ' 9.8 mG, a mass-to-magnetic
flux ratio of ' 2.7 times the critical value for collapse, and a
ratio of the turbulent to magnetic energy of ' 0.35. There-
fore, this results imply that the HMC is undergoing col-
lapse, but the collapse is regulated by the magnetic fields
rather than turbulence. Indeed, the relatively low energy
C34S 7–6 line shows a clear inverse P–Cygni profile (see
Fig.2), confirming that the cores is undergoing collapse.
The mass accretion rate derived from the analysis of the
CS profile is about few times 10�3 M� yr�1, in agreement
with the predicted values from modeling (15).
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Figure 3 The distribution of the rotation velocity as a function
of the radius along the HMC major axis. Fig. from (17)

The line emission of the molecules that trace HMC show all
a similar pattern: a clear velocity gradient along the HMC
major axis (see Fig. 2), suggestive of rotation, as found in
previous works (14). Interestingly, the comparison of the
rotation gradient between different methanol lines shows
that the more compact lines (typically the higher excita-
tion ones) have a smaller rotation velocity than the more
extended lines (typically the lower excitation ones). Fig-
ure 3 shows this behavior, which indicates that at the ob-
served scales (few thousand AU) the angular momentum is
not conserved during the collapse. Given the strong mag-
netic field measured, the spin-down in the HMC suggests
magnetic braking, a process proposed to remove the excess
of angular momentum (18).
A very interesting comparative can be made using the pro-
totype of low mass star forming case of NGC 1333 IRAS
4A (12). The HMC in G31.41 is much larger (by a factor
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Figure 2.3 The distribution of the rotation velocity as a func-
tion of the radius along the HMC major axis. Fig. from (17).

The line emission of the molecules that trace HMC reveals
a consistent pattern: a clear velocity gradient along the
HMC major axis (see Fig. 2), suggestive of rotation, as
found in a previous study (14). Interestingly, a comparison
of the rotation gradient between different methanol lines
shows that the more compact lines (typically the higher
excitation ones) have a smaller rotation velocity than the
more extended lines (typically the lower excitation ones).
The rotational velocities versus the core radii (see Fig.3)
demonstrates that at the observed scales (few thousand
AU) the angular momentum is not conserved during the
collapse. Given the strong magnetic field measured, the
spin-down in the HMC suggests a magnetic braking, a pro-
cess that has been proposed for the removal of the excess
angular momentum (18).

An interesting comparison can be made with respect to the
prototypical low mass star forming case of NGC 1333 IRAS
4A (12). The HMC in G31.41 is much larger (by a factor
20), more massive (by a factor 200) and luminous (by 5 or-
ders of magnitudes) than IRAS 4A. However, both sources
show evidence of infall motions and similar magnetic field
properties: An hourglass configuration and a similar mass-
to-flux ratio. The dynamics do not differ too much either:
Both cores undergo collapse because gravity has overcome
the pressure forces, and the collapsing dynamics are con-
trolled by the magnetic energy rather than by turbulence.
These findings suggest that the role of the magnetic field
in the early stages of the formation of high and low mass
stars may not be too different.
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Angular momentum not conserved during collapse ?

Girart et al. (2009)

G31.41+0.31



ALMA vs SMA

SMA

ALMA 
Science Verification

8 ant (28 baselines – 226 m2)

15 ant (105 baselines – 1700 m2)



Complexity of Molecular outflows  in IRAS 16293-2422
(Mizuno et al. 1990, Yeh et al. 2008; Rao et al. 2009)

CO 1-0 
Quadrupolar outflow at 

large scales ~0.1 pc,  

CO 2-1, 3-2
Bipolar/Quadrupolar outflow at 

scales of  0.01 pc  



IRAS 16293-2422
SMA

Rao, Girart et al 2009
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Quadrupolar outflow 
at scales of  0.005 pc 



ALMA Science Verification observations of IRAS 16293-2422
Same data but different interpretation!!!

 (Loinard et al. 2013)

A1+A2

B
Arch

E-W
NW-SE

200 AU

(Kristensen et al. 2013)

SMA view



IRAS 16293-2422
SMA

Girart et al 2014

Two 
perpendicular CO 

outflows
arising from 

source A

CO 3-2 & 870 μm CO	  3-‐2	  &	  SiO	  8-‐7	  &	  870	  μm

CO 3-2 compact only



A1+A2

B
Arch

E-W
NW-SE

200 AU

SMA (David) beats ALMA-Science Verification (Goliath) !!
Why???

ALMA vs JCMT CO 6-5: they look so different!

( ) dmdlvmuljemlIvuV ..2.),(),( ∫
+⋅= π

SMA, ALMA measure the visibility function: 
2-D Fourier transform of the sky brightness

0

SMA was blind to visibilities < 8 kλ (>10arsec)

ALMA was blind to visibilities < 30kλ (> 3arsec)

ALMA	  FOV	  =	  8”
(SMA	  FOV	  =	  35”)



Open questions to be addressed in the next decade !
Connect the scales !

Statistics !
Dust properties !

What regulates the SFR ?
Role of magnetic fields in filaments and cores ?

Formation of disks: when and how in low-mass protostars ?
Accretion onto the protostars: episodic, rates ? 

Role of galactic flows and turbulence ?
Are there any disks at all in massive protostellar cores ?

Massive star formation: dynamic or monolithic ? 
Massive prestellar cores ?

(chemistry, ionization rates, etc ...)

SMA: sensitive to both small and large scales + polarization capacities !


