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Outline:	

•  Background:	How	can	we	use	polarizaRon	maps	
to	study	magneRc	fields	in	star	formaRon?	

•  The	Balloon-born	Large	Aperture	Sub-mm	
Telescope	for	Polarimetry	(BLASTPol)	

•  Case	Study:	BLASTPol	observaRons	of	Vela	C:	
–  Alignment	of	Cloud	structure	vs.	B-field	

	

•  Next	GeneraRon	Polarimeters	

Figure 1: Intensity and magnetic field orientation. Top left: raw map out of
TOAST. Top right: linear modelling of the reference region. Bottom left: linear
modelling of the reference region. Bottom right: Planck 353GHz.
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The	Vela	Molecular	Ridge	BLAST	(NeMerfield	et	al.	2009)	
Red	=	500	µm,	Green	=350	µm,	Blue	=	250	µm	

Star	formaRon	is	very	inefficient:	~2%	per	free	fall	Rme		

Stars	tend	to	form	in	regions	of	dense	molecular	gas		
	(parRcularly	in	high	density	filamentry	substructes)	



What	regulates	Star	Forma7on?	

Supersonic	Turbulence	 MagneRc	Fields	 Feedback	

E.g.	MacLow	and	
Klessen,	2004	

Shu	et	al.,	1984	
Nakamura	and	Li,	2008	

E.g.	Krumholtz,	Matzner	
and	McKee,	2006	

Hubble	Heritage	(Carina	Nebula)		(Soler	et	al.	2013)		
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Fig. 1. Face-on column density view of a shock-compressed dense layer
of molecular clouds. We set up low-mass molecular clouds by the com-
pression of two-phase HI clouds. This snapshot shows the result of an
additional compression of low-mass molecular clouds by a shock wave
propagating at 10 km s−1. The magnetic field lines are mainly in a dense
sheet of a compressed gas. The color scale for column density (in cm−2)
is shown on top. The mean magnetic field vector is in the plane of the
layer, and the directions of local magnetic field lines are shown by white
bars. We note the formation of dense magnetized filaments whose axes
are almost perpendicular to the mean magnetic field. Fainter “striation”-
like filaments can also be seen, which are almost perpendicular to the
dense filaments.

Although further analysis is required for quantitative com-
parison between the results of simulation and observed struc-
tures, Fig. 1 clearly shows that the structures created by multi-
ple shock wave passages do match the characteristic structures
observed in filamentary molecular clouds. This motivates us to
describe a basic scenario of molecular cloud formation. The
present paper focuses on the implications of this identification
of the molecular cloud formation mechanism.

2. A scenario of cloud formation driven
by expanding bubbles

HI observations of our Galaxy reveal many shell-like structures
near the galactic plane (e.g., Hartmann & Burton 1997; Taylor
et al. 2003). We identify repeated interactions of expanding
shock waves as a basic mechanism of molecular cloud forma-
tion and depict the overall scenario of cloud formation in our
Galaxy as a schematic picture in Fig. 2. This picture shows
the remnants of shock waves due to old and slow supernova
remnants or expanding HII regions. Cold HI clouds embedded
in WNM are almost ubiquitously found in the shells of these
remnants (e.g., Hartmann & Burton 1997; Taylor et al. 2003;
Hosokawa & Inutsuka 2007). Molecular clouds are expected to
be formed in limited regions where the mean magnetic field is
parallel to the direction of shock wave propagation or in regions
where an excessive number of shock wave sweepings are experi-
enced. Therefore, molecular clouds can only be found in limited
regions in shells. The typical timescale of each shock wave is

GMC 
Collision

Dense 
HI Shell

Molecular
Cloud

Network of Expanding Shells

Fig. 2. Schematic picture of sequential formation of molecular clouds
by multiple compressions by overlapping dense shells driven by ex-
panding bubbles. The thick red circles correspond to magnetized dense
multiphase ISM where cold turbulent HI clouds are embedded in WNM.
Molecular clouds can only be formed in the limited regions where the
compressional direction is almost parallel to the local mean magnetic
field lines or in regions experiencing an excessive number of compres-
sions. An additional compression of a molecular cloud tends to create
multiple filamentary molecular clouds. Once the line mass of a fila-
ment exceeds the critical value, even in a less massive molecular cloud,
star formation starts. In general, star formation in a cloud accelerates
with the growth in total mass of the cloud. Giant molecular clouds col-
lide with one another at limited frequency. This produces very unstable
molecular gas and may trigger very active star formation.

around 1 Myr, but the formation of molecular clouds requires
many megayears. Some bubbles become invisible as a supernova
remnant or an HII region many million years after their birth.
Therefore, this schematic picture corresponds to a “very long-
exposure image” of the real structure of the ISM. Each molecular
cloud may have random velocity depending on the location in the
most recent bubble that interacts with the cloud. Interestingly,
this multigeneration picture of the evolution of molecular clouds
seems to agree with the observational findings of Dawson et al.
(2011a,b, 2015), who investigated the transition of atomic gas
to molecular gas in the wall of Galactic supershells. In the case
of LMC, Dawson et al. (2013) conclude that only ∼12–25% of
the molecular mass can apparently be attributed to the formation
due to presently visible shell activity. This may be consistent
with our scenario since Dawson et al. (2013) only considered
HI supergiant shells, whereas molecular clouds in our model can
form at the interface of much smaller bubbles and shells (which
are more difficult to identify observationally and characterize in
the HI data), and the time needed for cloud forming shells to
become invisible is much shorter than the growth timescale of
molecular mass.

A typical velocity of the shock wave due to an expand-
ing ionization-dissociation front is 10 km s−1, as shown by
Hosokawa & Inutsuka (2006a), since it is essentially deter-
mined by the sound speed of ionized gas (∼104 K). Iwasaki
et al. (2011) showed that if a molecular cloud is swept up by
shock wave of 10 km s−1, it moves with a velocity slightly be-
low the shock speed. Thus, the mean velocity of each molecular
cloud should be somewhat lower than that of the most recent
shock wave. When the shock velocity of a supernova remnant
is much higher than 10 km s−1, the resulting interaction would
result in the destruction of molecular clouds. Therefore, the
cloud-to-cloud velocity dispersion of molecular clouds should
be similar to 10 km s−1. According to this acquisition mecha-
nism of random velocity, the velocity of a cloud is not expected
to depend strongly on its mass. In other words, random veloci-
ties of molecular clouds of different masses are not expected to
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A	Cartoon	of	Magne7zed	Cloud	
Forma7on	Inutsuka	et	al.	2015		
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compress	enough	to	
form	dense	gas	

Magne7c	fields	set	where	clouds	ini7ally	form,			
influence	the	direc7on	of	gas	into	clouds,	
and	overall	lower	the	rate	of	cloud	forma7on.	



Simula7ons	from	the	SILCC	Project	

254 S. Walch et al.

Figure 10. H (top) and H2 (middle) mass fractions (with respect to the
total hydrogen mass) and CO mass fraction (bottom; showing the fraction of
carbon in the form of CO) as a function of time for all main runs with !GAS =
10 M⊙ pc−2 using the KS SN rate, i.e. 15 Myr−1. Atomic hydrogen is
roughly the inverse of H2, modulo some 5–10 per cent of mass, which resides
in the form of ionized hydrogen. The formation of CO is similar to H2, but the
time variations are stronger. H2 grows within the first 20–40 Myr and stays
roughly constant at later times. Clustered driving with/without an additional
SN Type Ia component evolve similarly, although purely clustered Type II
SNe result in a slightly higher H2 mass fraction due to a higher compression.
Magnetic fields delay H2 formation. Runs without self-gravity and runs
with peak driving have the smallest H2 fraction, well below 10 per cent at
t = 100 Myr. Mixed driving has a gentle growth of H2 but at the same time
the highest fraction at t = 100 Myr.

are sometimes pushed together by the SN feedback, which results
in a clumpy medium. However, due to the absence of self-gravity,
the clumps do not feel each others’ gravitational attraction and the
H2 mass fraction saturates at a low level as the distribution comes
to a dynamical equilibrium. For clustered driving (Fig. 12), larger,
superbubble like dense structures develop, which contain clumpy

molecular gas. The small number of single, random SNe as well the
Type Ia component in runs S10-KS-clus (middle panel) and S10-KS-
clus-mag3 (bottom panel) do not make a significant difference to the
gas distribution with respect to run S10-KS-clus2 (top panel), which
only features clustered Type II SNe. This shows that, if present,
clusters of SNe completely dominate the shaping of the dense ISM.
Similar to the run without self-gravity, runs with self-gravity and
additional magnetic fields (run S10-KS-clus-mag3) show a more
diffuse gas distribution than without magnetic fields. In particular,
the formation of the dense phase is hindered by additional magnetic
pressure.

In Fig. 13, we show the impact of the SN positioning with respect
to the dense gas on the H2 distribution. At first, peak and mixed
driving (middle and bottom rows) form more coherent, large-scale
bubbles than random driving (top row). As the bubble(s) expand and
collide (similar to a typical colliding flow scenario, e.g. Banerjee
et al. 2009; Heitsch, Naab & Walch 2011) the H2 distribution in
case of peak driving is dispersed and becomes very filamentary.
In case of mixed driving, the SN feedback is not strong enough to
disperse all of the dense gas (since only every other SN is correlated
with the dense gas) and molecular clouds survive. In the end, the
results obtained for mixed driving seem to represent an extreme
case of clustered driving with just one large-scale colliding flow.
This is consistent with the large H2 mass fraction formed in run
S10-KS-mix (see Fig. 10). Overall this fits into the global picture
that the more coherent the SN feedback is, the more it may sweep
up and compress the gas. This leads to a quick conversion of atomic
to molecular hydrogen once self-gravity starts to dominate locally,
which in turn promotes the formation of H2.

In Fig. 14, we show the corresponding volume-weighted density
probability density functions (PDFs) for all seven fiducial runs at
t = 50 and 100 Myr. With the exception that the non-gravitating
run as well as the peak driving run both lack the high-density gas,
the density PDFs are very similar and do not reflect the structural
changes in the gas surface density distribution. Also, we see that
a power-law tail at high densities has already been developed at
t = 50 Myr, which confirms that the molecular clouds that populate
this density regime are self-gravitating and would collapse to form
stars.

5 IMPAC T O F TH E SFR

We decrease/increase the SN rate by a factor of 3 to mimic higher
and lower SFRs in the discs (runs S10-lowSN-rand/-peak/-mix and
S10-highSN-rand/-peak/-mix). The runs therefore explore the disc
structure below/above the KS relation. In Fig. 15, we show the
impact of the lower/higher SN rates on the vertical disc structure by
means of plotting the atomic hydrogen column densities. From left
to right, the SN rate increases and the driving mode is changed from
peak to mixed to random driving. The vertical scaleheight of the
gas clearly depends on the input SN rate, with highly concentrated
distributions in case of the low SN rate, and highly puffed up (run
S10-highSN-peak) or even completely dispersed distributions in
case of high SN rates.

The face-on view of the discs as shown in Fig. 16, compares the
time evolution of the gas morphology for random driving at different
SN rates. In agreement with Fig. 15, we find that, with increasing
SN rate (from top to bottom), the ISM becomes more diffuse. At
the same time, it becomes less molecular. While multiple molecular
clouds are formed in run S10-lowSN-rand, there is little H2 left in
run S10-highSN-rand. From this analysis, we may conclude that
SN rates that are as high as three times the KS value could not
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No	magne7c	field	
H2	frac7on	

plateaus	~20Myr	
		

Walch	et	al.2015	(SN	driving,	with	gas	and	dust	cooling)		

2μG	magne7c	field	
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Dust	Polariza7on	
Ω,B	

Submm		
emission	

OpRcal	
(Transmi^ed)	
and	
(Absorbed)	

Caveats: 
-  No direct measurement of the 

magnetic field strength. 
-  Inferred magnetic field weighted by 

dust properties: 
-  dust temperature 
-  emissivity 
-  alignment efficiency 

-  Weak signal (few %) èvery difficult 
to observe from the ground! 

 

Grains alignment, likely due to torques 
from the local radiation field (λ<a)  
See Lazarian 2007, Andersson et al. 2015 266.5 266.0 265.5 265.0 264.5
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•  hello	

Planck ESA, 353 GHz!



HAWC+ Team!

SOFIA	HAWC+:	
89,	154,	214	μm	
	

A	New	Era	in	Dust	Polariza7on	Studies	

The magnetic field strength in Orion A 7

Table 1
Measured properties relevant to the CF analysis in OMC 1.

Property Symbol Value

Angular dispersion ⟨σθ⟩ 4.0± 0.3 degrees
FWHM velocity dispersion ∆v 3.12 ± 0.73 km s−1

Hydrogen column density N(H2) 3.6± 2.8× 1023 cm−2

Hydrogen volume density n(H2) 0.83 ± 0.66× 106 cm−3

POS magnetic field strength Bpos 6.6± 4.7mG

to the plane of the sky, i.e. cos i ≈ 1. The plane-of-sky
morphology of OMC 1 does not suggest that the filament
is significantly elongated along the line of sight. However,
we note that if the filament were inclined at 45 degrees to
the plane of the sky, the volume density would decrease
by a factor of

√
2, and the inferred magnetic field strength

would decrease by a factor of 1.19.
For our median column density value of

N(H2) = (3.6± 2.8)× 1023 cm−2, we determined
a representative volume density in OMC 1 of
n(H2) ≈ (0.83± 0.66)× 106 cm−3. If our assumed
cylindrical geometry is correct, then the uncertainty on
our estimate of column density will also be relevant to
our estimate of volume density.

3.4. Magnetic field strength in OMC 1

Using equation 1 with our measured values of ∆v =
3.12 ± 0.73km s−1 and ⟨σθ⟩ = 4.0 ± 0.3 degrees, we de-
termined the relationship between plane-of sky magnetic
field strength and gas volume density to be

Bpos√
n

= 9.3
∆v (km s−1)

⟨σθ⟩ (degrees)
µGcm− 3

2 = 7.3± 2.3 µGcm− 3

2 ,

(9)
and between total magnetic field strength and gas volume
density to be

|B|√
n
=

4

π

Bpos√
n

= 9.2± 2.9 µGcm− 3

2 . (10)

For our representative gas density in OMC 1,
n(H2) = 0.83± 0.66× 106 cm−3, we determined the
plane-of-sky magnetic field strength in the OMC 1 re-
gion to be Bpos = 6.6± 4.7mG.
The stated uncertainty on Bpos was determined by

combining the uncertainties on n(H2), ∆v and ⟨σθ⟩ given
above using the standard total-derivative method of er-
ror propagation, rather than adding the fractional uncer-
tainties in quadrature (as is sometimes done when mul-
tiplying a set of values with associated statistical uncer-
tainties). This conservative method was chosen in order
to demonstrate the full range of Bpos values which are
consistent with our measurements. The uncertainty is
on Bpos is dominated by the systematic uncertainty on
n(H2), and so our uncertainty δBpos = 4.7mG is like-
wise predominantly systematic, representing an absolute
range Bpos = 1.9− 11.3mG in OMC 1, rather than a 1-
σ statistical uncertainty. Throughout this analysis we
have attempted to treat our uncertainties robustly. We
emphasize that no other analysis of a similar type ever
published will be free of (frequently unacknowledged) un-
certainties of this order of magnitude. We can state that
our results suggest a field strength in OMC 1 of a few
mG with sufficient certainty to allow us to perform an
order-of-magnitude energetics analysis of the region. We

proceed taking Bpos = 6.6mG to be representative of the
magnetic field strength in OMC 1.
If equation 2 is relevant to Orion, then we can in-

fer a typical total magnetic field strength in OMC 1 of
|B| = 8.4± 6.0mG. However, as the line-of-sight geome-
try of the magnetic field is not known, we consider the
plane-of-sky field strength only for the remainder of this
work, noting that the total magnetic field strength is
likely to be of the same order of magnitude, and that
the correction to the magnetic field strength described
by equation 2 would not alter our conclusions.
The magnetic field half-vectors in OMC 1 are clearly

highly ordered, suggesting that the magnetic field con-
tributes significantly to the energy balance in OMC 1.
We discuss this further below. We summarize the val-
ues used in the CF magnetic field strength calculation in
Table 1, for reference.

4. ENERGETICS CALCULATIONS

We infer a very strong magnetic field in the OMC 1
region, as discussed in the section above. However,
the hour-glass field morphology shown in Figure 1 sug-
gests that the magnetic field does not dominate the en-
ergy budget of OMC 1, as it appears to show signif-
icant deviation from the cylindrical magnetic field ge-
ometry that has previously been seen in dense filaments
(Palmeirim et al. 2013; Matthews et al. 2014).
Other sources of energy in the OMC 1 region include

gravitational potential energy, particularly that of the
Orion BN/KL and Orion S clumps (the northern and
southern bright regions in Figure 1, respectively), and
energy injected by the BN/KL outflow (shown in Fig-
ure 4).
If the energy budget in OMC 1 were dominated by

the gravitational potential energy of the BN/KL and S

Figure 4. The polarization half-vectors, rotated by 90 degrees
to show magnetic field direction, (white) of OMC 1 and contours
of H2 emission (Bally et al. 2015) showing the BN/KL outflow,
overlaid on SCUBA-2 850-µm emission. The white star marks the
position of the centre of the BN/KL outflow (Bally et al. 2015).

Pattle et al. 2017!

JCMT	POL-2:	
850	μm		

Planck	Satellite	
870	μm	

Low	resolu*on	(10’)	 Restricted	to	bright	clouds	and	small	maps	



The	view	from	a	stratospheric	balloon	

Picture	from	the	Spider	Telescope	2014	

at	38	km	above	sea	level	(above	99.5%	of	the	atmosphere)	



BLASTPol:	The	Balloon-borne	Large	Aperture	
Submm	Telescope	for	Polarimetry	

•  1.8m aluminum primary mirror 
•  Bands: 266 detectors at 250, 350 and 

500 µm 
–  Uses detectors similar to Herschel 

SPIRE cooled to 300 mK by a Liquid 
He/N cryostat 

•  Beam FWHM 2.5’ at 500 µm 
•  ~2’’ pointing precision/reconstruction  

BLASTPol	Team	in	Antarc7ca	December	2012	



BLASTPol	Flights		
2010	&	2012	

BLASTPol	Path	2012	 Balloon	Termina7on	(SUNRISE)	

Terminated	over	the	Ross	Iceshelf.	

Flight	Al7tude	~38km		



Target	Cloud:	The	Vela	C	GMC	
Map	Herschel	HOBYS:			
Red	=	250	µm,	
Green	=160	µm,		
Blue	=	70	µm	

Distance	700	pc	
Mass:	
	~300,000	Msun	(from	12CO)	
	~50,000	Msun	(from	C18O)	
>48	protostellar	objects	

RCW	36	

20	pc	

Hill et al., 2011!



Figure 1: Intensity and magnetic field orientation. Top left: raw map out of
TOAST. Top right: linear modelling of the reference region. Bottom left: linear
modelling of the reference region. Bottom right: Planck 353GHz.
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BLASTPol	Inferred	B-field	Map	of	Vela	C	

Background:	Flux	500	μm	
Lines:	B-field	direcRon	(Φ)	BPOS	
where	σΦ		<	10°	
	

2.5’	(	0.5	pc)	resolu1on	
	

20	pc	

Fissel	et	al.	2016	



Planck	B-field	Map	of	Vela	C	

Background:	Flux	500	μm	
Lines:	B-field	direcRon	(Φ)	BPOS	
σΦ		<	10°	
	

2.5’	(0.5	pc)	resolu1on	
	

Figure 1: Intensity and magnetic field orientation. Top left: raw map out of
TOAST. Top right: linear modelling of the reference region. Bottom left: linear
modelling of the reference region. Bottom right: Planck 353GHz.
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Figure 1: Intensity and magnetic field orientation. Top left: raw map out of
TOAST. Top right: linear modelling of the reference region. Bottom left: linear
modelling of the reference region. Bottom right: Planck 353GHz.
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Background:	Flux	353	GHz	
Lines:	B-field	direcRon	(Φ)	BPOS	
where	σΦ		<	10°	
	

10’	(2.0	pc)	resolu1on	

20	pc	



Figure 1: Intensity and magnetic field orientation. Top left: raw map out of
TOAST. Top right: linear modelling of the reference region. Bottom left: linear
modelling of the reference region. Bottom right: Planck 353GHz.
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BLASTPol	Inferred	B-field	Map	of	Vela	C	

Background:	Flux	500	μm	
Lines:	B-field	direcRon	(Φ)	BPOS	
where	σΦ		<	10°	
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We	want	to	measure:	
•  Field	strength	B(n)	
•  Inclina7on	Angle	γ	
•  Ra7o	of	magne7c	to	

turbulent	energy	ℳA=v/vA	
•  Ra7o	of	magne7c	to	kine7c	

energy	β=(cs/vA)2	
	



Sta7s7cal	Comparisons	with	Synthe7c	
Observa7ons	of	Magne7zed	Cloud	Models	

Weak magnetic field !
(|B0|=0.35μG)!

Strong magnetic field !
(|B0|=10.97μm)!

RAMSES	MHD	Simula7ons	from	Soler	et	al.	2013	

disordered		B-field		
low	NH	è	B-field	||	to	N	contours	
high	NH	èB-field	||	to	N	contours	

	

ordered		B-field		
low	NH	è	B-field	||	to	N	contours	

high	NH	èB-field	perp	to	N	contours	
	



Quan7fying	the	Rela7ve	Orienta7on	of	
cloud	and	magne7c	field	structure		

•  Orienta7on	of	the	cloud	
structure	from	the	
gradient	of	the	map	

•  Calculate	the	rela7ve	
orienta7on	angle	θ	
between	B-field	and	map	
iso-contours	

•  Quan7fy	using	the	
Projected	Rayleigh	
Sta7s7c:	

Map	Gradient	
BLASTPol	Inferred	B-
Field	dir	

Zx =
cos(2θi )

i

n

∑
n
2

Color:	Rela7ve	Orienta7on	
Angle	θ	[deg]	
Map	Gradient	
B-Field	dir	



Projected	Rayleigh	
Sta7s7c	for	10	
nearby	low	mass	

clouds	

Characterizing relative orientations 1027

Figure A1. Rayleigh statistic.
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Planck XXXV, 2016!
Jow et al. 2017!
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Figure 5. PRS, Zx, calculated for different NH bins. The black dashed line and the values of CZ and XZ correspond to the linear fit
Zx = CZ[log10(NH/cm−2) − XZ]. The grey line is Zx = 0. Separate panels show results for four subregions of the Vela C molecular cloud as defined in
Hill et al. (2011) and shown in Fig. 1.

This is expected, given that the uncertainties in Soler et al. (2017)
correspond to those estimated from the variance in the histogram
counts and therefore, overestimate the dispersion with respect to a
homogeneous distribution of angles, which is precisely what the Zx

uncertainties are representing. In the Appendix, we use the PRS to
re-analyse the relative orientation between the NH structures and
the magnetic field, inferred from the Planck 353-GHz polarization
observations, towards 10 Gould Belt molecular clouds, which was
originally carried out using the HRO shape parameter in Planck
Collaboration XXXV (2016).

The physical conditions responsible for the observed change in
relative orientation between the column density and polarization
(taken here to characterize the direction of the magnetic field pro-
jected on the plane of the sky) are related to the degree of magneti-
zation of the molecular clouds (Hennebelle 2013; Soler et al. 2013).
These trends in relative orientation between column density struc-
tures and the magnetic field have been examined via simulations of
molecular clouds (e.g. Soler et al. 2013; Chen, King & Li 2016)
and have been found to be in agreement with the classical picture of
molecular cloud formation, in which the cloud forms following the
compression of background gas by the passage of the Galactic spi-
ral shock or an expanding supernova shell, and the compressed gas
cools flowing down the magnetic field lines to form a self-gravitating
mass (Mestel 1965; Mestel & Paris 1984). More detailed discussion
of the physical significance of these results can be found in Soler
et al. (2017).

In this work, we use the PRS to test whether the relative orien-
tation is preferentially parallel or perpendicular. We note, however,
that a measurement of Zx would not be relevant for testing for a
preferred relative orientation of 45◦. As discussed elsewhere (e.g.
Durand & Greenwood 1958; Aneshansley & Larkin 1981), it is
possible to check whether the orientation prefers some non-trivial
angles (i.e. that is not along the x-axis) by checking the projection
along the y-axis, i.e. Zy. We leave a comparison of Zx and Zy, and

considerations on the relative orientation from three-dimensional
vectors projected on to the plane of the sky for a future study.

4.3 Polarization bias

We can improve the application of the PRS to polarization data
by being slightly more sophisticated in our approach to the uncer-
tainty in polarization angle. Previously, we reduced the effect by
considering only the angles calculated for pixels in which the po-
larization intensity S/N, P/σ P, was greater than 3. Montier et al.
(2015) suggest, however, that this choice of threshold might not be
appropriate for every measurement, and, in any case, we would still
like to utilize even low S/N data in order to access the full power of
the data.

To do this, we use equation (8) for the weighted PRS, adopting
the uncertainty in P in place of the angle uncertainty. In principle,
it would be better to use the variance in polarization angle as the
weight. However, in practice this is a non-linear, but monotonic,
function of the polarization (see Montier et al. 2015). Hence, there
is no real benefit in adding complexity, and we simply use P/σ P

as a proxy. Here, we are also assuming that the variance in the NH

gradient angle is small compared to the variance in the polarization
angle, so that the noise in the relative angles is dominated by the
polarization noise. For more general applications of the PRS this
will not be true, and noise from both sets of orientations being
compared must contribute to the weighting.

We calculate the relative angles for every pixel, regardless of
their polarization intensity S/N, and then calculate the PRS applying
lower weights in equation (8) to lower S/N data. A maximum S/N
threshold must be chosen above which all angles are weighted the
same, since otherwise a small number of points with very high S/N
will dominate. Fig. 6 shows the weighted PRS calculated for the
entire Vela C molecular cloud for various choices of this maximum
S/N threshold. Three different weighting schemes were chosen: the
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these sub-regions in Vela C, with exception of the North sub-1

region, which was not observed by BLASTPol.2

Fig. 2. Magnetic field and total intensity measured by
BLASTPol towards the analysed sub-regions in the Vela C
molecular complex. The colours represent NH, the total gas
column density inferred from the Herschel observations. The
“drapery” pattern, produced using the line integral convolution
method (LIC, Cabral & Leedom 1993), indicates the orientation
of magnetic field lines, orthogonal to the orientation of the sub-
millimetre polarization observed by BLASTPol at 500 µm. The
black squares show the positions of the protostellar objects with
M > 8 M� identified in Giannini et al. (2012), while the large
black polygons correspond to four of the five cloud sub-regions
defined in Hill et al. (2011). The area in magenta corresponds
to the region around RCW 36, where the dust temperature,
derived from the Herschel observations, is larger than 20 K.

3. Observations3

In the present analysis we use two data sets. First, the Stokes4

I, Q, and U observations obtained during the 2012 flight of5

BLASTPol. Second, the total column density maps derived from6

the Herschel satellite dust continuum observations.7

3.1. BLASTPol observations8

The balloon-borne submillimetre polarimeter BLASTPol and9

its Antarctic flights in 2010 and 2012, have been described by10

Pascale et al. (2012), Galitzki et al. (2014), Matthews et al.11

(2014), and Fissel et al. (2016). BLASTPol used a 1.8 m pri-12

mary mirror to collect submillimetre radiation, splitting it into13

three wide wavelength bands (��/� ⇡ 0.3) centred at 250, 350,14

and 500 µm. While the telescope scanned back and forth across15

the target cloud, the three wavelength bands were observed si-16

multaneously by three detector arrays operating at 300 mK. The17

receiver optics included polarizing grids as well as an achromatic18

half-wave plate. The Vela C observations presented here were19

obtained as part of the 2012 Antarctic flight, during which the20

cloud was observed for 54 hours. The Stokes I, Q, and U maps 21

have already been presented by Fissel et al. (2016) and Gandilo 22

et al. (2016). 23

Fissel et al. (2016) employed three methods for subtracting 24

the contribution that the di↵use Galactic emission makes to the 25

measured I, Q, and U maps for Vela C; which referred to re- 26

spectively as the “aggressive”, “conservative”, and “intermedi- 27

ate” methods. The aggressive method uses two reference regions 28

located very close to the Vela C cloud (one on either side of 29

it) to estimate the levels of polarized and unpolarized emission 30

contributed by foreground and/or background dust unassociated 31

with the cloud. These contributions are then removed from the 32

measured I, Q, and U maps. Because the reference regions are 33

so close to the cloud, it is likely that they include some flux from 34

material associated with Vela C. Thus, this method may over- 35

correct, hence the name “aggressive.” By contrast, the single ref- 36

erence region that is employed when the conservative method 37

is used is more widely separated from Vela C, lying at a sig- 38

nificantly higher Galactic latitude. This method may therefore 39

under-correct. Finally, the intermediate di↵use emission subtrac- 40

tion method of Fissel et al. (2016) is the mean of the other two 41

methods and was judged to be the most appropriate approach. 42

Naturally, the use of background subtraction imposes restric- 43

tions on the sky areas that may be expected to contain valid data 44

following di↵use emission subtraction. Fissel et al. (2016) define 45

a validity region outside of which the subtraction is shown to be 46

invalid. With the exception of North and a very small portion 47

of South-Ridge, all of the Hill et al. (2011) sub-regions are in- 48

cluded in the validity region. Unless otherwise specified, we em- 49

ployed the intermediate di↵use emission subtraction approach. 50

In Appendix B, we use the aggressive and conservative meth- 51

ods to quantify the extent to which uncertainties associated with 52

di↵use emission subtraction a↵ect our main results. 53

As noted by Fissel et al. (2016), the point spread function 54

obtained by BLASTPol during our 2012 flight was several times 55

larger than the prediction of our optics model. Furthermore, the 56

beam was elongated. To obtain an approximately round beam, 57

Fissel et al. (2016) smoothed their 500-µm data to 2.05 FWHM 58

resolution. Gandilo et al. (2016) alternatively smoothed all 59

three bands to approximately 5.00 resolution in order to compare 60

with Planck results for Vela C. For the purposes of this work, 61

we require similarly shaped and nearly round beams at all three 62

wavelengths, but we also do not want to sacrifice resolution. 63

We were able to achieve these goals by smoothing all three bands 64

to a resolution of 3.00 FHWM. 65

3.2. Column density maps 66

The column density maps of Vela C were derived from the pub- 67

licly available Herschel SPIRE and PACS data. SPIRE uses 68

nearly identical filters to BLASTPol, but has higher spatial res- 69

olution (FWHM of 17.006, 23.009, and 35.002 for the 250-, 350-, and 70

500-µm bands, respectively). Data taken with the PACS instru- 71

ment in a band centred at 160 µm (FWHM of 13.006) were used 72

to provide additional sensitivity to warm dust. These Herschel- 73

based NH maps were generated using Scanamorphos (Roussel 74

2013) and additional reduction and data manipulation was 75

performed in the Herschel Interactive Processing Environment 76

(HIPE version 11) including the Zero Point Correction function 77

for the SPIRE maps. The resulting maps were smoothed to 35.002 78

resolution by convolving with Gaussian kernels of an appropri- 79

ate size and then re-gridding to match the Herschel 500-µm map. 80

We attempted to separate the Galactic foreground and back- 81

ground dust emission from the emission of Vela C following the 82
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Fig. 1. Left: Herschel image (Hill et al. 2011) of RCW 36 and its surroundings (blue: PACS 70 µm, green: PACS 160 µm, red: SPIRE 250 µm).
The cluster is located on a filamentary cloud structure that extends north to south; perpendicular to this ridge a bipolar nebula is seen. Note the
ring-shaped structure in the center of this nebula. The dashed square denotes the region covered by Spitzer. Top right: Spitzer/IRAC image of
RCW 36 and its surroundings (blue: 3.6 µm, green: 4.5 + 5.8 µm, red: 8.0 µm, logarithmic scale). The dashed square denotes the region covered
by NTT/SOFI. Bottom right: NTT/SOFI broadband three-color image (blue: J, green: H, red: Ks). The region delimited by the solid red lines is
covered by the VLT/SINFONI observations. The blue cross denotes the peak location of the 5 GHz radio continuum source (Walsh et al. 1998).

near-infrared images and spectra of several young embedded
massive clusters, following up on a near-infrared survey of 45
southern star-forming regions centered on IRAS point sources
exhibiting colors characteristic of UCHII regions (Bik 2004;
Kaper et al., in prep.). Bik et al. (2010) presented a spectroscopic
census of RCW 34 in the Vela Molecular Ridge (VMR). They
detected three distinct regions of star formation, suggesting that
star formation progressed from south to north. Maaskant et al.
(2011) studied the high-mass star-forming region GGD 12-15
centered on IRAS 06084-0611. They showed that the youngest
generation of stars is centrally located, while somewhat more
evolved objects are spread out over a larger area, suggesting se-
quential star formation along the line of sight. Wang et al. (2011)
detected di↵erent evolutionary stages of star formation in the
S255 complex. They concluded that their observations are best
explained by the so-called triggered outside-in collapse star for-
mation scenario, in which the filaments on the outskirts of the
cluster collapse first, enhancing the instability of the massive
star-forming cluster core.

The aim of this paper is to study the massive star-forming
region RCW 36 (Gum 20, BBW 217) using a combination of
photometry and spectroscopy that covers a broad range in wave-
length (0.3�8 µm). Fig. 1 contains an overview of the obser-
vations. RCW 36 is located in cloud C of the VMR, along
a high column density cloud filament which extends north to
south (NS, Fig. 1, left; Hill et al. 2011). It includes a young
star cluster (Massi et al. 2003) associated with the H ii region
G265.151+1.454 of Caswell & Haynes (1987). The region com-
prises the IRAS point source 08576-4334 with UCHII colors,
also known as IRS 34 (Liseau et al. 1992), co-located with
an UCHII region (Walsh et al. 1998). Hunt-Cunningham et al.
(2002) suggest that star formation in RCW 36 is induced by a
collision of two molecular gas clumps. These clumps are de-
tected in several molecular emission lines at di↵erent veloci-
ties north and south of the star-forming region. Minier et al.
(2013, hereafter MTHM13) detect a tenuous, high-temperature
bipolar nebula extending up to at least 100 (2 pc) both east and
west (EW) from the cluster. Around the origin of the nebula,

A102, page 2 of 18

Spitzer	IRAC		

Ellerbroek et al., 2013!

Figure 1: Magnetic fields in the Vela C GMC on scales ranging from 30 to <0.1 pc. Left Panel: BLASTPol
500µm inferred magnetic field direction (2.50 resolution) overlaid on a Herschel NH column density map (Soler et
al. 2013). Heated dust (T> 20K) near a compact HII region is shaded pink. The locations of known >8M� pro-
tostars are indicated with black squares (Giannini et al. 2012). Middle Panels: Zoom-in on the dense (AV > 100)
ridges Vela-CR-A (top) and Vela-SR-A (bottom). BLASTPol measurements of magnetic field orientation are shown
with white lines. The background is an RGB image of a LABOCA 870µm map (red), Herschel SPIRE 250µm data
(green) and Herschel 160µm data (blue). Contours show AV =50, and AV =100. Positions of known protostars
are indicated with star symbols. The dashed cyan region shows our proposed ALMA 7-m mosaic region. Right
Panel: Similar to the central panel except the background image is an RGB image of WISE 3.4 (blue), 4.6 (green)
and PACS 70µm data.

field map of Vela C overlaid on maps of column density derived from higher resolution Herschel
data. VelaC will also be observed with the next generation BLAST polarimeter (BLAST-TNG),
which will have an order of magnitude increase in both resolution and mapping speed and is
scheduled for a first science flight in December 2017 (Galitzki et al. 2014). With BLAST-TNG
the number of polarization vectors will be increased from the current 4,500 (which is
already the most detailed polarization map made of any GMC) to ⇠200,000, making
Vela C by far the best laboratory for studying magnetized star formation on multiple
scales.
In Soler et al. 2017 (submitted) we showed that the magnetic field measured by BLASTPol in

Vela C changes from mostly parallel or having no preferred orientation at low column densities,
to mostly perpendicular at the highest column densities, which indicates that on large scales
the magnetic energy dominates over the turbulent and thermal energies. This confirms the Planck
Int. XXXV 2016 low resolution trends seen for 10 clouds, but with a completely di↵erent instrument
and for a much more distant early stage GMC. Interestingly, we also find that steepness of the
change in relative orientation is correlated with cloud environment. Cloud regions dominated
by one clear filamentary structure or “ridge” show a much stronger alignment perpendicular to
the magnetic field at high column densities, than regions with many lower density filaments or
“nests”. This result is further confirmed in a study shortly to be submitted by Co-I Green where
we show that the “skeletons” of the densest filaments in VelaC (AV >100) are more likely to be
perpendicular to the magnetic field than the skeletons of lower density filaments. The same work
also shows that the three clumps of NH

3

observed with ATCA towards these AV >100 filaments
are all within 30o of being perpendicular to the local magnetic field.
It is the two AV > 100 filaments in VelaC that we target in this ALMA proposal, labeled South-

Ridge-A (or SR-A), and Centre-Ridge-A (CR-A). Recently higher resolution (1900 or 0.06 pc) po-
larization data was obtained with the APEX polarimeter PolKa at 870µm towards the dense
filaments in VelaC. While the calibration has not yet been finalized preliminary maps of SR-A

2

WISE/PACS	
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3.1.3. Analytical hints on the relative orientation1

Since the strain tensor (@iv j + @ jvi)/2 is symmetric, there are
at least three mutually perpendicular directions with respect to
which the matrix of (@iv j + @ jvi)/2 is diagonal. Geometrically,
this means that infinitesimal line elements in these directions re-
main mutually perpendicular after deformation. These directions
are known as principal directions (Lai et al. 2010). If we con-
sider the basis where the strain tensor is diagonal, the principal-
directions basis, Eq. (17) can be expressed as

A23 = �i(r2
i � b2

i ) , (23)

where �i are the eigenvalues of the strain tensor.2

For the sake of illustration, we can reduce the problem to 2D3

and consider two eigenvalues, one negative (�c), which is domi-4

nant if we consider the case where @ivi < 0, and one positive (�s).5

In general terms, the fluid parcel is compressed in the direction6

associated with �c and stretched in the other. It can therefore be7

represented as an ellipsoid whose short axis corresponds to the8

direction associated with �c and whose major axis to the direc-9

tion associated with �s. Given that ri is a gradient, it is larger10

along the short axis, that is, the direction associated with �c.11

If the magnetic field is weak, B tends to be parallel to the12

major axis of the ellipsoid, because the field is compressed by the13

converging flow. That means that bc is small and A23 is negative,14

thus taking the system towards the cos � = 0 configuration. If15

the field is strong, the compression occurs mainly along the field16

lines, thus making B parallel to the short axis of the ellipsoid. In17

this case, A23 ' �c(r2
c �b2

c), so the sign depends on the respective18

values of r2
c and b2

c . In the limit where B is very strong, one19

expects the field lines to be straight and B more organized than20

r⇢, thus r2
c � b2

c < 0.21

These simple cases correspond to highly idealized flows and22

magnetic field configurations. To study configurations where the23

magnetic field is not infinitely rigid or the flow has more than24

one single compressive component, we need to consider a real-25

ization of a turbulent flow in a molecular cloud, which is acces-26

sible through the numerical simulation of MHD turbulence.27

3.2. Simulation of magnetohydrodynamic turbulence28

We consider the simulations of MHD turbulence introduced in29

Dib et al. (2010) and used in Soler et al. (2013). These simula-30

tions correspond to a 4-parsec-side periodic box with mean num-31

ber density n = 536 cm�3, and include the e↵ect of self-gravity,32

magnetic field, and decaying turbulence. The medium inside the33

box is isothermal (T = 11.4 K) and has an initial sonic Mach34

numberMS = 10. These simulations were computed in an adap-35

tive mesh refinement (AMR) grid with maximum resolution of36

2�9 pc and we analyze them in a regular grid with 2�7 pc resolu-37

tion. For the sake of simplicity, we consider only two snapshots38

taken at 1/3 and 2/3 of the flow crossing time.39

This set of simulations includes realizations with three initial40

degrees of magnetization, quantified in terms of the ratio of the41

thermal to magnetic pressure, �; quasi-hydrodynamic, �0 = 100;42

equipartition, �0 = 1.0; and strong magnetic field, �0 = 0.1.43

Soler et al. (2013) reported that in 3D, the change in the rela-44

tive orientation between the magnetic field B and the iso-density45

contours, inferred from r⇢, is related to the initial degree of46

magnetization. In the realizations with �0 = 0.1 and �0 = 1.0,47

which correspond to sub-Alfvénic or close to equipartition tur-48

bulence, cos � changes from being mostly zero at low densities49

to being mostly plus or minus one at the highest densities. In the50

realization with �0 = 100, super-Alfvénic turbulence, cos � is51

Fig. 1: Relative orientation parameter, ⇠, as a function of particle
density, n ⌘ ⇢/µ, in the simulations used in Soler et al. (2013).
The values of ⇠ correspond to the relative orientation between
r⇢ and B in n-bins with an equal number of voxels, all with
n > 500 cm�3. The values ⇠ > 0 correspond to r⇢ mostly per-
pendicular to B and ⇠ < 0 correspond tor⇢mostly parallel to B.
The gray horizontal line is ⇠ = 0, which corresponds to the case
where there is no preferred relative orientation between r⇢ and
B. The darker colors represent the early snapshots in the simula-
tion and the lighter colors represent the later snapshots. The gray
vertical line, drawn for reference, corresponds to n = 104 cm�3.

Fig. 2: Relative orientation parameter, ⇠, as a function of the ve-
locity divergence, r ·v ⌘ @ivi, in the simulations introduced in
Soler et al. (2013). The values of ⇠ correspond to the relative ori-
entation between r⇢ and B in r ·v-bins with an equal number of
voxels, all with n > 500 cm�3. The colors and the symbols fol-
low the conventions introduced in Fig. 1. The gray vertical line,
drawn for reference, corresponds to r ·v = 0 Myr�1.

mostly zero at all densities. Both of these results were expressed 52

in terms of the relative orientation parameter (⇠), which corre- 53

sponds to the di↵erence between the number of voxels where 54

cos � ⇡ 0 minus the number of voxels where cos � ⇡ ±1 divided 55

by the total number of voxels where cos � ⇡ 0 or cos � ⇡ ±1, as 56

explicitly described in equation 4 of Planck Collaboration Int. 57

XXXV (2016). Consequently, ⇠ is positive if cos � is mostly 58

equal to zero, i.e., r⇢ mostly perpendicular to B, and negative if 59

| cos �| is mostly one, i.e., r⇢ mostly parallel to B. 60

In order to illustrate the interpretation of Eq. (13), we re- 61

produce the relative orientation between B and the iso-⇢ con- 62

tours presented in Soler et al. (2013) for the range of densities 63

n > 5 ⇥ 102 cm�3. We estimated r⇢ using a Lagrange 5-points 64

interpolation to express each ⇢ data point in the simulation cube 65
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BLASTPol	+	Mopra	Survey	of	Vela	C	

Molecule	 Line	 Freq	(GHz)	
Beam	
FWHM	
('')	

Density	

12CO	 1-0	 115.2712 28	 Low	

13CO	 1-0	 110.20132 28	 Low	

C18O	 1-0	 109.78217 28	 Intermediate	

CS	 1-0	 48.99095 64	 Intermediate	

HCO+	 1-0	 89.18852 35	
Intermediate.	
Sensi7ve	to	
ouwlows.	

HCN	 1-0	 88.63185 35	 Intermediate	
Warmer	T>20K	gas	

HNC	 1-0	 90.66357 35	 Intermediate	Forms	
Colder	T<20K	

N2H+	 1-0	 90.66357 35	 High	density	tracer			

NH3	 (1,1)	 23.6945 132	 High	density	tracer	

Goal:	Compare	the	Orienta7on	of	the	Line	Strength	Map	to	the	BLASTPol	B-field	map	

Mopra	22m	telescope	

Collaborators:	
Vicki	Lowe,	Maria	
Cunningham,	Paul	Jones,	
Claire-Elise	Green	(UNSW)	

Fissel et al. in prep!



Mopra	Integrated	Line	Intensity		
(Moment	=	0)	Maps	



HROs	Shape	Parameter	for	Different	
Lines:	
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Fissel et al. in prep!



Es7ma7ng	Characteris7c	Density	

1.  Es7mate	column	
density	(assume	τ	<<	1	
Tx,	Trot	10-20	K)	

2.  Use	RADEX	radia7ve	
transfer	models	to	
predict	line	intensity	
for	different	values	of	
nH2.	

3.  Compare	models	to	
observed	line	
intensi7es.		

(Based	on	Shirley	2015,	
except	12CO	J=1-0,	where	we	use	ncrit,	thick)	

Fissel et al. in prep!



Rela7ve	Orienta7on	vs	Density	
TransiRon	
happens	at	
nH2~103	cm-3	

AA50CH02-Crutcher ARI 27 July 2012 9:32
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Figure 6
The set of diffuse cloud and molecular cloud Zeeman measurements of the magnitude of the line-of-sight component BLOS of the
magnetic vector B and their 1σ uncertainties, plotted against nH = n(HI) or 2n(H 2) for HI and molecular clouds, respectively
(Crutcher et al. 2010). Although Zeeman measurements give the direction of the line-of-sight component as well as the magnitude,
only the magnitudes are plotted. The solid blue line shows the most probable maximum values for BTOT (nH ) determined from the
plotted values of BLOS by the Bayesian analysis of Crutcher et al. (2010). Also shown (plotted as light blue shading) are the ranges given
by acceptable alternative model parameters to indicate the uncertainty in the model.

There are additional ways to test whether ambipolar diffusion starting from magnetically sub-
critical clouds is the driver of star formation. Figure 7 shows BLOS versus NH from the five major
Zeeman surveys of HI, OH, and CN (Bourke et al. 2001, Heiles & Troland 2004, Falgarone et al.
2008, Troland & Crutcher 2008; K.L. Thompson, T.H. Troland, unpublished observations) and
the compilation by Crutcher (1999); the straight line is for a critical M/". At first glance, this
figure may seem to show exactly what the ambipolar diffusion model predicts. On the left side,
with NH ! 1021 cm−2, mass-to-flux ratios M/" are subcritical; these clouds are almost exclusively
lower density HI clouds. On the right side, with NH " 1021 cm−2, the M/" are overwhelmingly
supercritical; these clouds are mainly higher density molecular clouds and cores. Hence, the data
appear consistent with the strong magnetic field model with neutrals gravitationally contracting,
leaving the magnetic flux behind and, hence, increasing M/" in the higher density molecular gas.
However, there are several problems with this picture. First, the cold HI clouds in the Heiles
& Troland (2004) survey are in approximate pressure equilibrium with the warm ISM and are
not self-gravitating, so they could not gravitationally collapse through the magnetic field. Their
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•  Low	density	gas	tends	
to	align	parallel	to	the	
magne7c	field.	

•  Hints	that	higher	
density	gas	is	more	
likely	to	align	
perpendicular	to	the	
cloud-scale	field.	

Zx	calculated	for	
N2H+,	HNC,	HCO+,	
HCN,	CS	and	NH3		

=	-3.4	±	1.0	



Are	there	regional	differences	in	Zx	vs	nH2?	
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these sub-regions in Vela C, with exception of the North sub-1

region, which was not observed by BLASTPol.2

Fig. 2. Magnetic field and total intensity measured by
BLASTPol towards the analysed sub-regions in the Vela C
molecular complex. The colours represent NH, the total gas
column density inferred from the Herschel observations. The
“drapery” pattern, produced using the line integral convolution
method (LIC, Cabral & Leedom 1993), indicates the orientation
of magnetic field lines, orthogonal to the orientation of the sub-
millimetre polarization observed by BLASTPol at 500 µm. The
black squares show the positions of the protostellar objects with
M > 8 M� identified in Giannini et al. (2012), while the large
black polygons correspond to four of the five cloud sub-regions
defined in Hill et al. (2011). The area in magenta corresponds
to the region around RCW 36, where the dust temperature,
derived from the Herschel observations, is larger than 20 K.

3. Observations3

In the present analysis we use two data sets. First, the Stokes4

I, Q, and U observations obtained during the 2012 flight of5

BLASTPol. Second, the total column density maps derived from6

the Herschel satellite dust continuum observations.7

3.1. BLASTPol observations8

The balloon-borne submillimetre polarimeter BLASTPol and9

its Antarctic flights in 2010 and 2012, have been described by10

Pascale et al. (2012), Galitzki et al. (2014), Matthews et al.11

(2014), and Fissel et al. (2016). BLASTPol used a 1.8 m pri-12

mary mirror to collect submillimetre radiation, splitting it into13

three wide wavelength bands (��/� ⇡ 0.3) centred at 250, 350,14

and 500 µm. While the telescope scanned back and forth across15

the target cloud, the three wavelength bands were observed si-16

multaneously by three detector arrays operating at 300 mK. The17

receiver optics included polarizing grids as well as an achromatic18

half-wave plate. The Vela C observations presented here were19

obtained as part of the 2012 Antarctic flight, during which the20

cloud was observed for 54 hours. The Stokes I, Q, and U maps 21

have already been presented by Fissel et al. (2016) and Gandilo 22

et al. (2016). 23

Fissel et al. (2016) employed three methods for subtracting 24

the contribution that the di↵use Galactic emission makes to the 25

measured I, Q, and U maps for Vela C; which referred to re- 26

spectively as the “aggressive”, “conservative”, and “intermedi- 27

ate” methods. The aggressive method uses two reference regions 28

located very close to the Vela C cloud (one on either side of 29

it) to estimate the levels of polarized and unpolarized emission 30

contributed by foreground and/or background dust unassociated 31

with the cloud. These contributions are then removed from the 32

measured I, Q, and U maps. Because the reference regions are 33

so close to the cloud, it is likely that they include some flux from 34

material associated with Vela C. Thus, this method may over- 35

correct, hence the name “aggressive.” By contrast, the single ref- 36

erence region that is employed when the conservative method 37

is used is more widely separated from Vela C, lying at a sig- 38

nificantly higher Galactic latitude. This method may therefore 39

under-correct. Finally, the intermediate di↵use emission subtrac- 40

tion method of Fissel et al. (2016) is the mean of the other two 41

methods and was judged to be the most appropriate approach. 42

Naturally, the use of background subtraction imposes restric- 43

tions on the sky areas that may be expected to contain valid data 44

following di↵use emission subtraction. Fissel et al. (2016) define 45

a validity region outside of which the subtraction is shown to be 46

invalid. With the exception of North and a very small portion 47

of South-Ridge, all of the Hill et al. (2011) sub-regions are in- 48

cluded in the validity region. Unless otherwise specified, we em- 49

ployed the intermediate di↵use emission subtraction approach. 50

In Appendix B, we use the aggressive and conservative meth- 51

ods to quantify the extent to which uncertainties associated with 52

di↵use emission subtraction a↵ect our main results. 53

As noted by Fissel et al. (2016), the point spread function 54

obtained by BLASTPol during our 2012 flight was several times 55

larger than the prediction of our optics model. Furthermore, the 56

beam was elongated. To obtain an approximately round beam, 57

Fissel et al. (2016) smoothed their 500-µm data to 2.05 FWHM 58

resolution. Gandilo et al. (2016) alternatively smoothed all 59

three bands to approximately 5.00 resolution in order to compare 60

with Planck results for Vela C. For the purposes of this work, 61

we require similarly shaped and nearly round beams at all three 62

wavelengths, but we also do not want to sacrifice resolution. 63

We were able to achieve these goals by smoothing all three bands 64

to a resolution of 3.00 FHWM. 65

3.2. Column density maps 66

The column density maps of Vela C were derived from the pub- 67

licly available Herschel SPIRE and PACS data. SPIRE uses 68

nearly identical filters to BLASTPol, but has higher spatial res- 69

olution (FWHM of 17.006, 23.009, and 35.002 for the 250-, 350-, and 70

500-µm bands, respectively). Data taken with the PACS instru- 71

ment in a band centred at 160 µm (FWHM of 13.006) were used 72

to provide additional sensitivity to warm dust. These Herschel- 73

based NH maps were generated using Scanamorphos (Roussel 74

2013) and additional reduction and data manipulation was 75

performed in the Herschel Interactive Processing Environment 76

(HIPE version 11) including the Zero Point Correction function 77

for the SPIRE maps. The resulting maps were smoothed to 35.002 78

resolution by convolving with Gaussian kernels of an appropri- 79

ate size and then re-gridding to match the Herschel 500-µm map. 80

We attempted to separate the Galactic foreground and back- 81

ground dust emission from the emission of Vela C following the 82
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Fissel et al. in prep!

Stronger	
perpendicular	
orienta7on	in	
the	ac7ve	SF	

region		
Centre-Ridge!	

Centre-Ridge	

South-Ridge	

Centre-Nest	

South-Nest	

The	most	ac7ve	star	forming		region	(the	Centre-
Ridge)	shows	a	strong	alignment	preference	
perpendicular	the	to	magne7c	field.	
	
The	transi7on	density	from	parallel	to	
perpendicular	seems	to	be	lower	for	the	Centre-
Ridge	(nH2	~	102	cm-3	instead	of	~103	cm-3).	



Interpre7ng	Regional	Varia7ons	

Soler & Hennebelle 2017: 
•  cos(φ)	=	1	(parallel)	and	cos(φ)	=	-1	

(perp)	are	equilibrium	points	in	the	
MHD	fluid	equa7ons.	

•  Transi7on	corresponds	to	convergent	
flows	of	material	in	the	presence	of	
strong	magne7c	fields.	
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these sub-regions in Vela C, with exception of the North sub-1

region, which was not observed by BLASTPol.2

Fig. 2. Magnetic field and total intensity measured by
BLASTPol towards the analysed sub-regions in the Vela C
molecular complex. The colours represent NH, the total gas
column density inferred from the Herschel observations. The
“drapery” pattern, produced using the line integral convolution
method (LIC, Cabral & Leedom 1993), indicates the orientation
of magnetic field lines, orthogonal to the orientation of the sub-
millimetre polarization observed by BLASTPol at 500 µm. The
black squares show the positions of the protostellar objects with
M > 8 M� identified in Giannini et al. (2012), while the large
black polygons correspond to four of the five cloud sub-regions
defined in Hill et al. (2011). The area in magenta corresponds
to the region around RCW 36, where the dust temperature,
derived from the Herschel observations, is larger than 20 K.
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BLASTPol. Second, the total column density maps derived from6

the Herschel satellite dust continuum observations.7

3.1. BLASTPol observations8
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of South-Ridge, all of the Hill et al. (2011) sub-regions are in- 48

cluded in the validity region. Unless otherwise specified, we em- 49

ployed the intermediate di↵use emission subtraction approach. 50

In Appendix B, we use the aggressive and conservative meth- 51

ods to quantify the extent to which uncertainties associated with 52
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As noted by Fissel et al. (2016), the point spread function 54

obtained by BLASTPol during our 2012 flight was several times 55

larger than the prediction of our optics model. Furthermore, the 56

beam was elongated. To obtain an approximately round beam, 57

Fissel et al. (2016) smoothed their 500-µm data to 2.05 FWHM 58

resolution. Gandilo et al. (2016) alternatively smoothed all 59

three bands to approximately 5.00 resolution in order to compare 60

with Planck results for Vela C. For the purposes of this work, 61

we require similarly shaped and nearly round beams at all three 62

wavelengths, but we also do not want to sacrifice resolution. 63

We were able to achieve these goals by smoothing all three bands 64

to a resolution of 3.00 FHWM. 65

3.2. Column density maps 66

The column density maps of Vela C were derived from the pub- 67

licly available Herschel SPIRE and PACS data. SPIRE uses 68

nearly identical filters to BLASTPol, but has higher spatial res- 69

olution (FWHM of 17.006, 23.009, and 35.002 for the 250-, 350-, and 70

500-µm bands, respectively). Data taken with the PACS instru- 71

ment in a band centred at 160 µm (FWHM of 13.006) were used 72

to provide additional sensitivity to warm dust. These Herschel- 73

based NH maps were generated using Scanamorphos (Roussel 74

2013) and additional reduction and data manipulation was 75

performed in the Herschel Interactive Processing Environment 76

(HIPE version 11) including the Zero Point Correction function 77

for the SPIRE maps. The resulting maps were smoothed to 35.002 78

resolution by convolving with Gaussian kernels of an appropri- 79

ate size and then re-gridding to match the Herschel 500-µm map. 80

We attempted to separate the Galactic foreground and back- 81

ground dust emission from the emission of Vela C following the 82
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Vela C: 
•  We	see	strong	regional	differences	in	

the	orienta7on	of	cloud	vs.	magne7c	
structure.	

•  Stronger	transi7ons	with	density	
correspond	to	more	regions	with	
higher	column	density	filaments	
(more	dense	gas	for	star	forma7on)	

Centre-Ridge	

South-Ridge	

Centre-Nest	

South-Nest	
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Fig. 8. Comparison of the normalized NH probability distribu-
tion functions (PDFs), inferred from the Herschel observations
towards the four sub-regions of Vela C presented in Fig. 2. The
y-axis is presented in logarithmic scale for the sake of compari-
son with figure 5 of Hill et al. (2011).

5.2.2. Column density probability distribution functions and

relative orientations

Hill et al. (2011) describe a significant di↵erence between the
ridge and nest sub-regions of Vela C: while all the clouds have
comparable masses, the highest values of the column density
probability distribution functions (PDFs) are found in the ridge
sub-regions, as illustrated in Fig. 8. Moreover, Hill et al. (2011)
also indicate that most of the cores with M > 8 M� are found
in the Centre-Ridge region, while the Centre-Nest has two, the
South-Ridge has one, and the South-Nest has none. This obser-
vation is confirmed by the distribution of dense cores in Vela C
presented in Giannini et al. (2012), as illustrated in Fig. 2. Hill
et al. (2011) interpret this as the e↵ect of “constructive large-
scale flows” and strong compression of material in the Centre-
Ridge. The results of the HRO analysis indicate that such flows
are parallel to the mean magnetic field direction, resulting in the
high column density structure that is perpendicular to the mag-
netic field.

To test this hypothesis in a di↵erent region, we evaluated
the column density PDFs and the distribution of massive cores
and the relative orientation between NH and hB̂?i in the Serpens
South sub-region of the Aquila complex, as described in detail in
Appendix C. Serpens South is slightly less massive that Vela C,
but it is less a↵ected by feedback than Orion, which is the clos-
est mass equivalent in the group of clouds studied in Planck
Collaboration Int. XXXV (2016). The observations presented in
Hill et al. (2012) indicate that the filamentary structure in the
Vela C Centre-Ridge and the Serpens South filament are quite
similar in terms of their column density profiles, and mass per
unit length. Additionally, they are similar in that both contain an
H ii region, RCW 36 in the case of Vela C and W40 in the case
of Serpens South.

The HRO analysis of Serpens South indicates that as in
Vela C, the maximum column densities, the flattest slopes of the
column density PDF tail, and the largest number of dense cores
are located in the portion of the cloud with the sharpest transi-
tion in the relative orientation between gas column density struc-
tures and the magnetic field. The transition is from hB̂?i being
mostly parallel or having no preferred alignment with respect to
the NH structures to mostly perpendicular; see Sect. 5.2.1 and
Appendix C. This observational fact, which alone does not im-
ply causality, is significant if we consider the current observa-

tions of the assembly of density structures in molecular clouds
(André et al. 2014, and the references therein).

5.3. The role of the magnetic field in molecular cloud
formation

Each of the sub-regions of Vela C contains roughly the same
mass (Hill et al. 2011). Assuming a constant star-formation ef-
ficiency, each sub-region should therefore form approximately
the same number of massive stars, which is not what is observed
in terms of the column density PDF and high-mass core dis-
tribution. Then, the di↵erence between the sub-regions may be
in their e�ciency for gathering material into the dense regions
where star formation is ongoing.

Kirk et al. (2013) and Palmeirim et al. (2013) presented ob-
servational evidence of the potential feeding of material into
hubs or ridges, in high- and low- mass star forming regions re-
spectively, where the gathering flows seem to follow the mag-
netic field direction. The finding of ridge-like structures towards
the Centre-Ridge and the South-Ridge, where the NH structures
are mostly perpendicular to hB̂?i, suggest that these sub-regions
in Vela C were formed through a similar mechanism.

Planck Collaboration Int. XXXV (2016) argue that the tran-
sition between mostly parallel and mostly perpendicular is re-
lated to the balance between the kinetic, gravitational, and mag-
netic energies and the flows of matter, which are restricted by
the Lorentz force to follow the magnetic fields. A frozen-in and
strong interstellar magnetic field would naturally cause a self-
gravitating, static cloud to become oblate, with its major axis
perpendicular to the field lines, because gravitational collapse
would be restricted to occurring along field lines (Mestel &
Spitzer 1956; Mestel & Paris 1984; Mouschovias 1976).

In a dynamic picture of MCs, the matter-gathering flows,
such as the ones driven by expanding bubbles (Inutsuka et al.
2015), are more successful at gathering material and eventually
forming MCs if they are close to parallel to the magnetic field
(Hennebelle & Pérault 2000; Ntormousi et al. 2017). Less dense
structures, which are not self-gravitating, would be stretched
along the magnetic field lines by velocity shear, thereby pro-
ducing aligned density structures, as discussed in Hennebelle
(2013). Walch et al. (2015) report a similar e↵ect for the mag-
netic field in a 500 pc simulation of a Galactic disc including
self-gravity, magnetic fields, heating and radiative cooling, and
supernova feedback. In the evolution of their simulation setup,
they observe that the magnetic field is delaying or favouring the
collapse in certain regions by changing the amount of dense and
cold gas formed. The additional magnetic pressure is significant
in dense gas and thus slows the formation of dense and cold,
molecular gas.

Given the aforementioned observational and theoretical con-
siderations, it is plausible to consider that the Centre-Ridge is a
more evolved region, where the structures produced by the flows
along hB̂?i, which would be mostly parallel to hB̂?i, have al-
ready collapsed into the central object. This structure is grav-
itationally bound and collapsing into dense sub-structures, in-
cluding high-mass stars, such as those found in RCW 36. This
would imply that the South-Ridge is in an early state of accre-
tion, where the column density structures that are mostly ori-
ented along hB̂?i, at log10(NH/cm�2)< 22.6, are the product
of the inflows feeding the highest column density structures. In
this scenario, the Center-Nest and South-Nest sub-regions would
correspond to regions that are less e�cient in gathering material
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Rela7ve	Orienta7on	Conclusions	
•  Average	orienta7on	of	the	B-field	changes	from	parallel	

to	perpendicular	to	clouds	structure		
–  Implies	that	the	magne7c	field	is	at	least	trans-Alfvenic	

•  Strong	enough	to	play	a	role	in	forming	the	ini7al	cloud	structure.	

•  The	density	of	the	cross	over	from	parallel	to	
perpendicular	is	nH2~103	cm-3.	

•  Both	the	column	density	and	density	at	which	this	
transi7on	occurs	seems	to	depend	on	the	cloud	state.		
–  Different	field	strengths?			
–  Geometry	of	the	ini7al	flows	with	respect	to	the	magne7c	field?	

Needed:	SyntheRc	observaRons	of	simulaRons	with	different	
formaRon	scenarios,	viewing	angles,	physics	included.	
																ObservaRons	of	more	clouds!	



BLAST-TNG:	Map	more	clouds	at	higher	
resolu7on!	

Technological	Improvements:	
–  New	Focal	Plane	

•  Polariza7on	sensi7ve	detectors	(MKIDS)	
•  Larger	focal	plane		(1000	detectors	compared	

to	266	detectors	for	BLASTPol)	
•  ~10x	increase	in	mapping	speed	

–  Larger	Primary	Mirror	
•  2.5	m	gives	25’’	resolu7on	@	250	microns	
•  ~6x	increase	in	resolu1on	

–  30	day	hold	7me	cryostat		
•  ~3x	longer	flight	1me	than	BLASTPol	

Science	Drivers:	
–  Detailed	maps	of	magne7c	morphology	for	

dozens	of	clouds	
•  Account	for	magne7c	field	projec7on	effects	
•  BeMer	sta7s7cal	comparison	with	numerical	

simula7ons	

First	flight	from	Antarc*ca	hopefully	in	late	2018	
25%	of	the	*me	available	for	shared	risk	observa*ons	

hMp://sites.northwestern.edu/blast	

Integra7on	of	BLAST-TNG	in	March	2018	



Example:	Vela	C	
BLASTPol	2012	
Resolu7on:	0.5pc	

RCW	
36	

Herschel	
Hill et al., 
2011!

Figure 1: Intensity and magnetic field orientation. Top left: raw map out of
TOAST. Top right: linear modelling of the reference region. Bottom left: linear
modelling of the reference region. Bottom right: Planck 353GHz.

2

BLAST-TNG	
Resolu7on:	0.08pc	

BLASTPol	
Fissel et 
al., 2016!



Resolving	Magne7c	Fields	in	Filaments	
with	TolTEC		TolTEC		

(PI	Grant	Wilson,	UMass)	
•  mm	camera/polarimeter	on	the	upgraded	50	meter	

LMT	
•  Observes	at	2.1,	1.4,	1.1mm,	best	res:	5’’	
•  Commissioning	begins	late	2018	

Fields	in	Filaments	Legacy	Survey	
(Coordinators	Giles	Novak	and	Laura	Fissel)	
•  100	hours	reserved	for	mapping	filaments	and	cores	

over	AV>8	

•  Survey	dura7on	2018-2021	with	scheduled	data	
releases	

hMp://toltec.astro.umass.edu/	

environments.

Figure 4: Column density maps of a simulated 2 pc cloud [5]. The left panel is a native resolution column density projection
from the simulation. The central panel degrades the left projection to approximate a typical 1.1 mm survey of such a cloud:
30′′ resolution and 9.5 mJy/beam RMS [6]. The right panel is the same projection, but now degraded to the expected 5′′

resolution and 0.24 mJy/beam RMS for the Cores-to-Clouds survey proposed here. The central 0.1 pc of dense gas filaments,
generally unresolved by Herschel, will be resolved into 5-20 beamwidths by TolTEC (for <2000 pc cloud distances).

The Clouds-to-Cores Legacy Survey (Coordinators: Gutermuth & Offner)

What is the origin of the stellar IMF? Is there an intimate link between the core
mass function (CMF) and the IMF? Is the CMF universal?

The stellar initial mass function (IMF) is the fundamental basis of many astrophysical phe-
nomena, from star formation rates and supernova in galaxies to the frequency of habitable planets.
Despite much empirical characterization, theories for the origin of the IMF remain very poorly
constrained [7, 8]. One current set of theories postulates that the distribution of stellar masses is
inherited from the distribution of gas (e.g., [9, 10]). The advent of large format mm-wave cameras
has yielded numerous surveys of the nearest star-forming molecular clouds over the past 20 years
(e.g., [11, 6]), and near- and mid-IR extinction mapping [12] along with the recent Herschel far-IR
mission (e.g., [13]) added many more. These surveys revealed hundreds of small (0.05×0.05 pc),
dense (> 105 cm−3) gas “cores” that appear to be the precursors of individual star systems.

Figure 5: (Left:) Simulated core mass function sensitivity for the integrated Clouds-to-Cores survey with core numbers scaled
from AzTEC observations of the MonR2 cloud (Gutermuth et al. in prep). Error bands denote 3σ uncertainties in the recovered
CMF for differently scaled IMF models and are dominated by Poisson statistics for this survey. (Center:) Physical resolution vs
distance for Herschel-SPIRE 500µm, SCUBA-2/JCMT 850µm, and TolTEC/LMT-50m at 1.1 mm, marked by a gray solid line,
a gray dashed line, and a black solid line, respectively. The horizontal black dashed band marks 0.05 pc, the size of a typical
core [6]. (Right:) Dense gas core mass sensitivity vs distance for the Herschel and SCUBA-2 Gould’s Belt Surveys (clouds
<400 pc away) and the 1.1 mm component of the Cores-to-Clouds survey proposed here, marked by a gray solid line, a gray
dashed line, and a black solid line, respectively. The Cores-to-Clouds survey will have uniform mass sensitivity for clouds out
to 2 kpc distance at 1.1 mm.

The core mass function (CMF) derived from these surveys appears consistent with the canonical

5

Stella	Offner	

Full	resolu7on	 30’’	(BLAST)	 5’’	(TolTEC)	

Large	Millimeter	Telescope	



The	Goal:	measure	the	strength	and	
energe7c	importance	of	magne7c	

fields	across	all	scales	in	star	
forma7on.	

~ 0.08 pc (2017)

100 pc

20 pc

0.03 pc

resolution

BLASTPol

ALMA

Planck


