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✴ Star Formation Rates ? - B in Molecular clouds 

✴ Conservation of angular momentum ? - B in Protostars 

✴ Transport by MRI ? - B in PP Disks



Some like it cold and dense

Copyright:	ESA/Gaia/DPAC	Copyright:	ESA/Gaia/DPAC	&	Thomas	Dame	(CO	map)	

Gaia	DR2	extinction	map	of	the	Milky	Way
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• In	our	Galaxy:	mass	of	gaz	with	ρ>103	cm-3	is	~	109	Mo	(Battisti	&	Heyer	2014;	Rice	et	al.	2016	)	

• Without	support	against	gravity:	expected	galactic	SFR	~	300-500	Mo	/	year	

• But	observations:	SFR	~	3	Mo	/	year

Figure 4: Surface density of star formation versus surface density of molecular gas normalized by estimated free-fall time ⌃/t↵ . The free-fall time
for all objects has been estimated following the method of Krumholz et al. (2012a). The black thick line shows ✏↵ = 0.01; the gray band indicates
a factor of 3 scatter about this value. The data shown in the plot are as follows: individual molecular clouds in the Milky Way (red-hued points) are
from Heiderman et al. (2010, red squares), Lada et al. (2010, red circles), Wu et al. (2010, red stars, upward arrows indicate lower limits), Lada et al.
(2013, red diamonds), and Evans et al. (2014, red pentagons; downward arrows indicate upper limits); resolved observations of nearby galaxies
(rasters, same data as shown in Figure 3) are from a sample of the inner disks of spirals (Leroy et al. 2013, blue raster) and the 12 pc resolution
data form the Small Magellanic Cloud (Bolatto et al. 2011, green raster); unresolved observations of z = 0 galaxies (green points) are spirals and
starbursts from Kennicutt (1998a, green squares), and the molecular disks of early-type galaxies from Davis et al. (2014); unresolved observations
of z > 0 galaxies (magenta points) are from Bouché et al. (2007, magenta squares), Daddi et al. (2008, 2010b, magneta circles), Genzel et al. (2010,
magenta pentagons), and Tacconi et al. (2013, magenta stars). All CO-to-H2 conversion factors have been standardized to the fiducial values of
Daddi et al. (2010a): ↵CO = 0.8 M�/(K km s�1 pc�2) in starbursts at all redshifts, ↵CO = 4.6 M�/(K km s�1 pc�2) in z = 0 disks, and ↵CO = 3.6
M�/(K km s�1 pc�2) in z > 0 disks. Within each data set, lighter colored points are those for which a starburst-like ↵CO value was adopted, while
darker points are those using a disk-like ↵CO. The exception is the early-type galaxy sample of Davis et al. (2014), where it is not clear which to
use, and I have therefore deferred to their recommended, intermediate value ↵CO = 3.4 M�/(K km s�1 pc�2).

Below ⇠ 100 pc, an observation generally captures
only a single molecular cloud, since typical sizes of

large molecular clouds are ⇠ 10 � 100 pc (Dobbs et al.
2014, and references therein). To reach these scales,
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Evans+	(2014):		
εff	∼	0.01	−	0.1	for	clouds	with	mean	densities	nH2	∼	10

3	cm−3		
Shimajiri+	(2017):	Find	similar	SFE	in	HGBS	filaments	

Krumholz	(2014):	on	average	εff	~0.01	

All	the	dense	gas	does	NOT	undergo	free-fall	collapse

Star formation efficienciesStar	Formation	Rates	?	-	B	in	Molecular	clouds

is strictly negative, and except for quite unusual con-
figurations of the flow and magnetic field, T0 and B0
will be negative as well. The final time-dependent term
can take on either sign, depending on the direction of
the bulk flow across the surface. Three parameters of
particular importance are the Jeans number nJ , which
describes the ratio 2T /|W| including only the thermal
pressure contribution to T , the virial ratio ↵vir, which
describes the ratio 2T /|W| including both thermal and
non-thermal contributions to T , and the dimensionless
mass to flux ratio �, which describes the ratio B/|W|. I
say “describe” here because in practice the exact quan-
tities that appear in the virial theorem cannot be deter-
mined from observations, and so one generally defines
closely related quantities that are directly measurable
instead.

The Jeans number is simply the ratio

nJ =
M
MJ
, (60)

where M is the cloud mass, the Jeans mass is

MJ =
⇡3/2

8
c3

sp
G3⇢

(61)

and ⇢ is the gas density9. For a uniform-density sphere
of constant sound speed, one can easily verify that nJ
is, up to factors of order unity, simply 2T /|W|, in-
cluding only the thermal pressure P when computing
T (c.f. equation 55). For the virial ratio, Bertoldi &
McKee (1992) define

↵vir =
5�2

1DR
GM

, (62)

where �1D is the one-dimensional thermal plus non-
thermal velocity dispersion of a cloud of radius R. It is
straightforward to confirm that this is quantity is simply
2T /|W| for a uniform-density sphere, including both
P and ⇢v2 when evaluating equation (55). Bertoldi &
McKee also show that ↵vir remains close to 2T /|W|
even for non-spherical and non-isochoric clouds. Note
that ↵vir and nJ are related by the Mach number, nJ ⇡
M2↵vir. Finally, one can define

� = 2⇡
p

G
M
�
= 2⇡

p
G
⌃

B
, (63)

9The prefactor ⇡3/2/8 in the definition of MJ is somewhat arbi-
trary, as one could plausibly define the Jeans mass as ⇢(�J/2)3, ⇢�3

J ,
(4/3)⇡⇢�3

J , or (4/3)⇡⇢(�J/2)3, where �J = (⇡c2
s/G⇢)1/2 is the Jeans

length. All four choices can be found in the literature. The prefac-
tor given in equation (61) corresponds to the first of them. One could
also define nJ in terms of the Bonnor-Ebert mass (Ebert 1955; Bonnor
1956), MBE = 1.18c3

s/(G3⇢)1/2. This is the maximum mass for which
a pressure-bounded isothermal sphere can be hydrostatic equilibrium.

where � = ⇡R2B is the magnetic flux threading a cloud.
This is again, up to a factor of order unity, the value of
(|W|/B)1/2 for a uniform spherical cloud. Clouds with
� > 1 are said to be magnetically supercritical, while
those with � < 1 are subcritical. This distinction is
particularly important because, in the ideal MHD limit
where the magnetic field is frozen into the matter, � is
invariant under overall expansions or contractions of the
gas. This means that, if a cloud is magnetically sub-
critical and subject to ideal MHD, the magnetic term in
the virial theorem will always exceed the gravitational
one, and the cloud will not be able to undergo a self-
gravitating collapse. It can still be accelerated inward,
as the other negative terms may be larger than B, but
it can never undergo a self-gravitating collapse. Con-
versely, if a cloud is supercritical, its magnetic field will
never be strong enough to overcome gravity.

Observations across a wide range of galactic environ-
ments, both in the Milky Way and in external galaxies,
generally give ↵vir ⇡ 1 for the clouds that constitute
most of the molecular mass in galaxies (Solomon et al.
1987; Fukui et al. 2008; Bolatto et al. 2008; Heyer et al.
2009; Roman-Duval et al. 2010; Wong et al. 2011), sug-
gesting that gravity and bulk flow are roughly equally
important in determining the behavior of clouds. How-
ever, these results are subject to significant systematic
uncertainties, and it is important to note that, while
large-scale molecular clouds defined by CO emission
generally show ↵vir ⇡ 1, the denser structures within
them often have ↵vir � 1 (Bertoldi & McKee 1992;
Barnes et al. 2011). It is also important to note that
even a value of ↵vir close to unity does not, by itself,
mean that turbulence supports clouds against gravity: a
gas undergoing pressureless free-fall collapse will have
↵vir = 2, and the di↵erence between 1 and 2 is not
large enough to be measured with confidence. Nonethe-
less, the fact that ↵vir ⇠ 1 does mean that ram pres-
sure forces are non-negligible in comparison to gravity.
Moreover, the lack of clouds identified by CO emission
with ↵vir � 1 does strongly rule out the possibility that
giant molecular clouds on the largest scales are purely
pressure-confined objects for which gravity is unimpor-
tant. Since observed Mach numbers M are far larger
than unity, these same observations imply nJ � 1 ex-
cept at the very smallest scales in molecular clouds, and
thus thermal pressure support alone is unimportant.

The dimensionless mass to flux ratio � has histori-
cally been much harder to determine due to the di�-
culty of measuring magnetic field strengths. However,
a long-term campaign over the past two decades now
appears to have borne fruit, and there is an emerging
observational consensus that � ⇡ 2 � 3 (Crutcher 2012,

39

tff	=	(3π/32Gρ)1/2



The	ISM	is	turbulent

Possible support sources

The	ISM	is	magnetized

Pdfs	of	line	centroid	velocity	increments	in	Polaris		
(Hily-Blant+	2009)	

-3.6±0.1	~	Kolmogorov	

Miville-Deschênes+	(2003)

Ursa	Major	

HI	power	spectrum
Size-linewidth	in	CO	structures

Falgarone+	(2009)		

Larson	(1981)

Zeeman	in	molecular	cores:	
Median	B	~0.56	mG	
Falgarone+	(2009)

Star	Formation	Rates	?	-	B	in	Molecular	clouds

Results for Field Strength

ISM Component Btotal (�G)
____________________________________

diffuse ionized medium 7 � 3
(synchrotron equipartition, RMs)

H I clouds 6.0�1.8
(H I Zeeman) (� ~ 0.1)

molecular clouds 10 – 3,000+
(OH, CN Zeeman) (�C ~ 1)
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Dust Polarization
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‣Huge step forward 
in terms of 
sensitivity and sky 
coverage  

‣ The Planck data 
have allowed us to 
carry the first 
statistical study of 
the interplay 
between 
interstellar matter 
and magnetic 
fields

Star	Formation	Rates	?	-	B	in	Molecular	clouds



Planck

The filamentary 
structure of the 

interstellar medium

In the diffuse ISM we observe an 
alignment of the filamentary CNM 
structures with the magnetic field 
orientation
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Magnetic fields and structure formation

B

ISM Ridge
ΘIn	the	diffuse	ISM	:		

The	magnetic	field	is	parallel	to	
filamentary	CNM	structures		

Star	Formation	Rates	?	-	B	in	Molecular	clouds



Planck
Planck and stellar polarization 

‣ Magnetic field tends to be 
perpendicular to star 
forming filaments 

‣ This is interpreted as a 
signature of the formation of 
gravitationally bound 
structures for a dynamically 
important magnetic field.

Magnetic fields in molecular clouds

Planck Intermediate XXXV 2014, arXiv:1502.04123 
Soler+2016 arXiv:1605.09371	 Magnetic	field	tends	to	be	perpendicular	to	(dense)	star	forming	filaments		

 
Signature	of	the	formation	of	gravitationally	bound	structures		

for	a	dynamically	important	magnetic	field.	
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	 Musca filament: 
 M/L ~ 20 M�/pc 
        N. Cox et al. 2015  C
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B field 

Polarization 
vectors overlaid   
on Herschel images 
Pereyra & 
Magelhaes 2004!          Optical Polarization!

                Heyer+2008!
                Heiles 2000!

1 pc 

  Taurus B211 filament: M/L ~ 50 M�/pc 
          P. Palmeirim et al. 2013 

     Role of magnetic fields ? 
#  Bimodal distribution of filament vs. B-field orientations (see also H.-b. Li+2013 

              + Planck polar. results J. Soler et al.) 

Ph. André – Summer School on Submm Astronomy 

Musca filament: 
 M/L ~ 20 M�/pc 
        N. Cox et al. 2015  C
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Polarization 
vectors overlaid   
on Herschel images 
Pereyra & 
Magelhaes 2004!          Optical Polarization!

                Heyer+2008!
                Heiles 2000!

1 pc 

  Taurus B211 filament: M/L ~ 50 M�/pc 
          P. Palmeirim et al. 2013 

     Role of magnetic fields ? 
#  Bimodal distribution of filament vs. B-field orientations (see also H.-b. Li+2013 

              + Planck polar. results J. Soler et al.) 

Ph. André – Summer School on Submm Astronomy Musca

Taurus

Star	Formation	Rates	?	-	B	in	Molecular	clouds



�Observationally

where N(H) is the proton column density
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�This is the critical mass-to-flux ratio (M/�)crit.
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2. Magnetic Field Basics A Mass-to-flux ratio

B-fields	measured	with	Zeeman	measurements.	
Crutcher	(2012)

What	about	filaments	?	
Critical	line	mass	can	be	greater	when	threaded	by		

magnetic	field	perpendicular	to	filament		
(Tomisaka	2014,	Hanawa	&	Tomisaka	2015)

Li	et	al.	(2016):		
Suggest	lower	SFR	for	clouds	almost	perpendicular	to	the	B-fields	

To	be	confirmed	!

Star	Formation	Rates	?	-	B	in	Molecular	clouds

Set	magnetic	energy	=	gravitational	energy

Results for Diffuse and Molecular Clouds

H I Clouds OH Clouds CN Clouds
T(K) 50 10 50

NH (cm-3) 1u1020 8u1021 9u1022

nH (cm-3) 54 3.6u103 3u105

thickness (pc) 0.6 0.7 0.1

σNT (km/s) 1.2 0.37 1.2

Btotal,1/2 (PG) 6.0 14 280

Msonic 5.0 3.4 5.0

MAlfvenic 1.4 1.5 2.2

M/) (wrt critical) 0.06 2.2 1.2
Results for Mass/Flux
sl
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Shu	et	al.	1987	

Lada	1987	

André	et	al.	1993	

André	et	al.	2001

The genesis of a solar-type starConservation	of	angular	momentum	?	-	B	in	protostars



Centrifugal Radius
2

2

3

2

4 2

~   
   initial size ~ 1pc, initial spin 

  final size ,  final spin 

=   for a Keplerian rotation

 is known as the centrifugal radius.

This argument is used to justify 1
c

L I MR
R

L Mr r
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� �
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�

00AU as the size
of a typical protostellar disk.
I have used this to argue that Jupiter had an accretion disk.

Where	the	gravitational	acceleration	is	
balanced	by	the	centrifugal	force.

Disks

After Hueso & Guillot (2005) 

Disk 

Star 

Disk formation and spreading  

How early do rotationally supported disks form? 

Pre-main sequence star 

     Shu 1977 
Cassen & Moosman 1981 

Class	0	phase

Conservation	of	angular	momentum	?	-	B	in	protostars



10	sources 6	sources	(2	with	rd>100	au)

CALYPSO	survey:	at	most	25%	of	Class	0	protostars	
with	continuum	disk-like	structures	at	r>60	au	

16	Class	0	sources:	

Dust	continuum	@		
1.3mm		

+		
3mm	

Maury	&	CALYPSO	collab.	(2018b)

Combining	the	VANDAM	and	CALYPSO	samples		

+	the	recent	ALMA	results	probing	radii	∼	60	au:	

4-7	out	of	28	Class	0	protostars,	i.e	≤	25%,	have	confirmed	or	candidate	disks	at	radii	>	60	au	

Class	0	disks

DisksConservation	of	angular	momentum	?	-	B	in	protostars



Magnetic	braking	allows	to	redistribute	the	angular	momentum		
from	the	inner	infalling	envelope	to	the	outer	parts	of	the	envelope,	and	therefore		reduces	the	

centrifugal	radius:	only	small	(r<50	au)	rotationally-supported	protostellar	disks.

Rotation	motions	generate	Alfven	torsional	waves		
=>	can	transport	angular	momentum	to	the	outer	parts	of	the	contracting	cloud.		

i.e,	magnetic	braking	is	more	effective	perpendicular	to	field	lines

(Mouschovias	&	Paleologou	79,80,	Basu	&	Mouschovias	95,	Galli	06)cloud

ω
B

Braking bad

Does	magnetic	braking	totally	suppress	the	disk	?	

No		

B	decouples	in	high-density	gas	region		
(Ohmic	dissipation	and	Ambipolar	diffusion	mostly).	

➙	matter	within	~10−50	au	central	region	can	conserve	angular	
momentum	and	form	a	disk.	

This	disk	can	expand	later,	when	envelope	is	not	massive	enough	to	
maintain	efficient	magnetic	braking.

Inutsuka+	(2012)

Conservation	of	angular	momentum	?	-	B	in	protostars

Observations	show	mostly	(>75%)	small	Class	0	disks		
(Segura-Cox+	2015,	Yen+	2015,	Maury+	2010,	2014,	2018b)



Figure 2: Comparison between column density images in collapse simulations (left column), corresponding
synthetic 1.3 mm dust continuum PdBI images (middle column), and actual 1.3 mm PdBI images (right
column) observed in A-array toward two Class 0 protostars in Taurus (adapted from Maury, André, Hen-
nebelle et al. 2010 astro-ph/1001.3691). The synthetic images were built assuming the Taurus declination
and distance, and the first two synthetic contours in b), e) mark the 3σ (dashed) and 5σ (bold)
levels achieved in the PdBI observations (c, f – Project R068), thus allowing direct comparison be-
tween models and observations. The model in the top row (a) is a typical hydrodynamic collapse simulation
with no magnetic field by Hennebelle & Fromang (2008). It predicts a large-scale structure and multiple
dust peaks (b) that are not observed (c,f). The model in the bottom row (d) is a typical MHD simulation
by Hennebelle & Teyssier (2008). The initial value of the magnetic field is 1/2 of the critical field strength
required to prevent collapse. The predicted compact emission (e) is in better agreement with the PdBI
observations (c, f).

Column	density	maps		
from	numerical	simulations

Synthetic	images	put	at	
Taurus	distance

Observed	PdB-A	maps	of	
Taurus	sources

Maury+	(2010)

Obs vs models

Comparison	of	Class	0	observations	to	numerical	simulations	of	star	formation

Observations	more	reminiscent	of	MHD	protostellar	disks	(Maury+	2010,	2018a)
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All	protostars	are	magnetized	to	some	level

Girart,	Rao,	Marrone	(2006):		
first	interferometric	map	of	B-fields	in	a	protostar

Magnetized envelopes

SMA	0.8	mm	dust	
polarization	map	

IRAS16293

Conservation	of	angular	momentum	?	-	B	in	protostars



1	mm	polarization,	13	Class	0	protostars	
Dust	polarization	maps	@		2000	au	

Hull	et	al.	(2013,	2014)

All	protostars	are	magnetized	to	some	level

Galametz+	(2018):	0.8mm	dust	polarization		
in	12	Class	0	low-mass	protostars	

B	detected	in	all	of	them	

Magnetized envelopes

TADPOL	survey

Cox+	(2018):		

ALMA	0.8mm	polarized	emission		

10	Class	0	protostars

Conservation	of	angular	momentum	?	-	B	in	protostars



In	the	Class	0	envelopes	with	large	rotation:	the	main	envelope	B-field	direction	is	observed	aligned	with	the	equatorial	velocity	
gradient	

	For	protostellar	envelopes	showing	no/little	rotation:	B	aligned	quite	well	with	the	jet	direction.	

A	link	between	B	topology	and	the	formation	of	large	disks	?

Envelope-scale	B-field	misalignment	is	found	preferentially		

in	protostars	that	are	close	multiple	and/or	harbor	a	larger	Keplerian	disk	?

Galametz+	(2018)

Magnetized envelopesConservation	of	angular	momentum	?	-	B	in	protostars



A	magnetically-regulated	collapse	in	B335	?

B335

ALMA	observations	of	the	1.3mm	dust	continuum	polarization

The classical assumption of using "standard" ionization fractions to compute the coupling be-
tween the field and the circumstellar material seems therefore incomplete, and observational
progress must be made to test magnetized scenarios showcasing diffusive processes as impor-
tant actors in star formation processes.

3 PROPOSED ALMA OBSERVATIONS

3.1 B335: AN IDEAL TEST-BED FOR MAGNETICALLY-REGULATED COLLAPSE SCENARIOS

B335 is a well studied Class 0 protostellar core located 150 pc away, driving an east-west outflow
approximately in the plane of the sky (⇠10�, see left panel of Fig.1). Kinematical analysis of B335
suggested that while infalling motions are detected at >⇠ 1000 AU scales in the envelope, 50% of the
angular momentum contained within a 1000 AU scale is not conserved when probing the smaller
envelope scales (Yen et al. 2015, Kurono et al. 2013, see Fig.2).

Figure 1: Left Optical map towards B335 showing the extent of the envelope in extinction. Center Magnetic
fields vectors detected with SMA at 350 GHz (beam 4.500 are indicated as pink segments, superimposed on the
dust continuum emission map at (Stokes I). The background image shows the 12CO(2–1) integrated intensity,
tracing the outflow lobes along an east-west axis (Yen et al. 2011). Right Map of the magnetic field vectors
from polarized dust continuum emission obtained with ALMA in B335 (synthesized beam 0.500).

We carried out interferometric dust polarization observations of B335 with the SMA at 350 GHz,
and detected dust polarized emission suggestive of an ordered magnetic field in the inner envelope
(700 AU resolution, see central panel of Fig.1). Because the SMA detection was not sensitive enough
to carry out detailed comparison of the magnetic field topology with expectations from MHD simula-
tions of magnetized collapse, we then observed the dust polarized emission towards B335 at higher
sensitivity with ALMA (Cycle 2 data delivered in March 2016). The ALMA data, shown in Fig.1, re-
veals a great wealth of magnetic field vectors along a complex topology that seems to be organized
mainly in the equatorial plane and along the outflow cavity walls.

Its early collapse stage, low specific angular momentum, as well as its lack of multiplicity nor
circumstellar disk, already made B335 a very strong candidate for magnetically-regulated collapse.
Our interferometric maps showing a strong and organized magnetic field in B335 at scales 100-1000
AU confirmed further this hypothesis, suggesting an efficient magnetic braking may be at work in
this young protostar. Constraining the coupling of the field to the envelope’s material from the
ionization properties at scales where magnetic field lines seem ordered would be the smok-
ing gun to conclude whether magnetic fields are responsible for the yet unexplained angular
momentum distribution at small scales in this young accreting protostar.

2

Figure 2: Maps of the H13CO+(1-0) emission in B335 obtained with the Nobeyama array (Kurono et al
2013, left panel) and of the HCO+(4-3) ALMA Band 7 data at 0.400 resolution, from the archive (project
2012.1.00346.S, central panel). The ALMA HCO+(4-3) spectrum at the maximum of the continuum emission,
shown at the bottom-left corner of the integrated emission map, is double peaked with infall detected, sug-
gesting optically thick emission: we therefore need to observe the optically thin isotopologue H13CO+ as well.
Right Analysis of the angular momentum radial evolution in B335: it shows a regime change with a flattening
of the curve at radii < 1000 AU, suggesting a lack of specific angular momentum at these scales. Together with
observations of a strong organized magnetic field in B335, we interpret these results as a strong hint of efficient
magnetic braking at these scales.

3.2 GOALS & METHODOLOGY

Acknowledging the central role of the ionization fraction in protostellar environments, and its rela-
tion to other long-standing problems in astronomy such as the formation of stellar binaries and disks,
we propose to simultaneously and independently characterize the magnetic topology, magnetic
intensity, and diffusive processes in B335 with ALMA, using observations of molecular ions
combined with polarization data.

We propose to carry out ALMA observations of molecular and ionized lines in Band 3 and Band
6, probing similar scales to our ALMA polarization data for direct comparison, to build maps of:
the ionization fraction �

e
, the cosmic ray ionization rate ⇣

H2 and the turbulent ambipolar diffusion
length-scale L

AD
in B335. The details of the spectral setup are in the technical justification, we de-

scribe shortly here-below the methodology to derive these physical quantities.

? Ambipolar diffusion length-scale L
AD

: Li & Houde (2008) suggest a scenario where ambipolar
diffusion sets in at small enough length scales where neutrals decouple from the flux-frozen ions and
the magnetic field, and the friction between the ions and the drifting neutrals causes the dissipation
of turbulent energy. This model predicts that under the influence of ambipolar diffusion, the velocity
spectrum of ions drops below that of the neutrals. Originally tested with HCN and HCO+, which
can be optically thick at high column density, we will use the optically thin isotopologues H13CN
and H13CO+. Hezareh et al. (2014) successfully used these transitions to apply this method to
interferometric observations of a massive star-forming core. Note that we should not be affected by
outflow contamination here since the outflow lies in the plane of the sky, not affecting most of the
line of sights toward the protostellar envelope.
? Ionization rates: Because the deuterium enhancement is initially limited by the rate at which
electrons and neutrals destroy H2D+, the ratio of deuterated species to their hydrogenated analogs,
such as N(DCO+)/N(HCO+), are strongly related to the ionization fraction �

e
. Following the Caselli

et al. (1998) method, we propose to obtain measurements of the degree of deuterium fractionation

3
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A	magnetically-regulated	collapse	in	B335	?

Observations	reveal	a	strikingly	ordered	magnetic	field	in	this	young	accreting	protostar

B335Conservation	of	angular	momentum	?	-	B	in	protostars



A	magnetically-regulated	collapse	in	B335	?

=>	B	might	be	regulating	the	distribution	of	angular	momentum,		

and	the	formation	of	the	protostellar	disk		

Maury+	(2018a)

Comparison	of	our	ALMA	data	to	synthetic	observations	of	non-ideal	MHD	models	of	protostellar	collapse	

B335Conservation	of	angular	momentum	?	-	B	in	protostars



Hour-glass	and	toroidal	fields	in	protostars	?

L1448	IRS2A	(Perseus)	

B	vectors:	very	organized	pattern.		

Debate	wether	the	field	is	dynamically	relevant	or	not

B335Conservation	of	angular	momentum	?	-	B	in	protostars

Kwon+	(2018)

4

Figure 2. VLA 1623 in Stokes Q (left), Stokes U (middle), and debiased polarized intensity (right). Note that the three maps use different
logarithmic scaling.

Figure 3. The polarization morphology of VLA 1623. The e-vectors correspond to only those data with I > 3 σI and PI > 4 σPI . The
e-vectors are also scaled by the (debiased) polarization fraction. A reference scale of PF = 2% is given in the lower-right corners. The
background images are (left) Stokes I as shown in Figure 1 and (right) polarized intensity map as shown in Figure 2 for PI > 4 σPI .

as two separate subregions. Figure 5 shows the outline
of these two subregions in black and brown contours on
maps of polarization angle and polarized intensity. We
produce these boundaries using 4 σPI contours in po-
larized intensity with a slight modification based on the
polarization angle map to separate the disk of VLA 1623-
A from the extended dust ring. We use these regions to
produce the angle distributions in Figure 4 and to dis-
cuss the polarization structure for the inner protostellar
disks and extended dust ring in the next two sections.

4.1. The Inner Protostellar Disks

Table 1 lists the positions, fluxes, semi-major axes (a),
semi-minor axes (b), and position angles of the two pro-
tostellar disks (see Figure 5) based on Gaussian fits to
the Stokes I data. We fit the disks using the imfit task in
MIRIAD (Sault et al. 1995). The values for semi-major
axis, semi-minor axis, and position angle have been de-
convolved with the beam, with errors estimated by the
largest absolute difference between the best-fit decon-
volved parameters and the range of deconvolved param-
eters when considering the errors in the observed Gaus-
sian fit from imfit. These peak and flux errors correspond
to statistical uncertainties, whereas the observation un-
certainties are likely 10%. The disk position angle is

Sadavoy+	(2018)

VLA1623	(Ophiuchus)	

E	vectors:	complex	structure.		

Debate	wether	tracing	the	field	or	other	alignment



Also	cases	of	less	dynamically	dominant	B

BHB07	Class	I	circumbinary	disk:		

ALMA	reveals	a	toroidal	field	component	produced	by	disk	rotation	at	scales	100	au

B335Conservation	of	angular	momentum	?	-	B	in	protostars

A&A proofs: manuscript no. aa_alves_accepted

Fig. 6. Polarization vectors rotated by 90� showing the plane-of-sky
magnetic field configuration at Band 7. Contours show the same Stokes
I intensity levels as in Fig. 1. The background image is a moment 1
map of the H2CO (32,1 �22,0) emission in BHB07-11. The moment map
is produced from a 3� cut (� ⇠ 5.3 mJy beam�1) in the molecular
emission. The synthesized beam of the H2CO map is 0.2700 ⇥ 0.2100.
The stars symbols have the same meaning as in Fig. 1.

Girart et al. 2006, 2009; Frau et al. 2011). Therefore, we spec-
ulate that being a Class I YSO, the dust grain population in the
BHB07-11 disk is not too di↵erent from the surrounding enve-
lope feeding the disk.

Upon the assumption that the polarization arises from grain
alignment with the magnetic field, the 90�-rotated polarization
map shows the plane-of-sky component of the disk magnetic
(B) field averaged along the line of sight (Fig. 6). The vector
map does not exhibit an obvious azimuthal morphology as pre-
viously reported in other young disks seen face-on (e. g., Rao
et al. 2014). Instead, the observed pattern could be interpreted
as the dragging of the magnetic field lines due to the disk rota-
tion, a precursor of a toroidal B-field morphology. As reported
by Alves et al. (2017), the kinematics derived from molecular
line observations of BHB07-11 is consistent with infall plus ro-
tation motions at the inner envelope, but it is dominated by Kep-
lerian rotation at scales of ⇠ 150 AU, corresponding essentially
to the disk. Specifically, the H2CO (32,1 � 22,0) emission (⌫ =
218.760 GHz, Eu ⇠ 70 K) is confined to the disk in either low
and high velocity components (which reach ⇠ 5.5 km s�1 with
respect to the systemic velocity of the object). The velocity cen-
troid map of the molecular emission shows a velocity gradient
along the disk long axis (Fig.6). There is a clear correspondence
between the putative B-field lines and the velocity structure.

In the next section, we compare our data with polarization
models of radiative alignment and magnetic alignment mecha-
nisms.

6. Polarization models

6.1. Alignment with radiation field

We have built synthetic polarization maps assuming radiation
alignment produced by the VLA 5a and VLA 5b sources. We
have considered either polarization from each protostar individ-
ually and in combination weighted by 1/d2, where d is the dis-
tance to the protostars. We used the disk inclination and posi-

δPA=20.2º   σ=6.9º

Fig. 7. Best fit for the polarization produced by radiation fields from
the VLA 5a source (red vectors) and the Band 7 data (blue vectors).
The grey scale indicates polarized intensity with same levels of Fig.
1. Vectors are shown for every 3 pixels. The position angle di↵erence
between the our data and the radiation alignment position angles are
shown as a histogram in the bottom panel. The histogram bin is 6� to be
consistent with the largest observational uncertainty in position angle.

tion angle in the plane-of-sky as free parameters. For the sce-
nario where VLA 5b is the main dominant source of radiation,
the mean �PA= PAdata�PAmodel is 28.9� with a standard devia-
tion � of 5.5�. The mean �PA residuals are even larger (> 30�)
for the model assuming combined radiation from the two proto-
stars. The best fit was achieved in the scenario where VLA 5a
is the dominant source of radiation, from which a disk inclina-
tion of 48� and position angle of 138� were derived (fit error of
±15�). These values are consistent with our observational esti-
mates (Alves et al. 2017). Fig. 7 shows the comparison between
our Band 7 polarization maps and the radiation fields polariza-
tion produced by VLA 5a, with mean �PA= 20.2� and � = 6.9�.
However, there is a strong discrepancy in position angles at the
northwest portion of the disk. The histogram in Fig. 7 shows the
distribution of residuals (�PA) with bins the size the largest ob-
servational uncertainty in position angle (�max

PA = 6�).

6.2. Alignment with magnetic field

For the case of magnetic alignment, we used the DustPol module
of the ARTIST software (Padovani et al. 2012; Jørgensen et al.
2014) to build a disk model including thermal continuum polar-
ization by dust grains aligned by a large-scale magnetic field. In
order to model the configuration of the observed magnetic field
lines, we assumed the model by Shu et al. (2007) of a viscously
accreting disk surrounding a low-mass protostar, with magnetic
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ALMA	dust	polarization	=	B-fields	?

Subarcsec	ALMA	polarized	dust	emission	in	edge-on	disk	HH111	(Lee	+	2018)

HH212Magnetized disks ?Transport	by	MRI	?	-	B	in	PP	disks

– 17 –

Fig. 3.— HH 111 - (a) The continuum map (white contours) toward the VLA 1 source
(asterisk) at 343 GHz at ∼ 0′′. 12 resolution, with the polarized intensity map (color map) and
polarization orientations (line segments). The blue and red arrows show the approaching

and receding sides of the jet axis, respectively. The contours start at 6σ with a step of 15σ,
where σ = 0.34 mJy beam−1. (b) Same as (a) but toward the VLA 2 source (asterisk).

The blue and red arrows show roughly the mean orientation of the HH 121 jet, which has a
position angle of 30◦±15◦ (Sewi!lo et al. 2017). The contours start at 4σ with a step of 10σ,
where σ = 0.34 mJy beam−1. The disk on the side of the redshifted jet is the near side.

– 20 –

Fig. 7.— HH 111 VLA 1 – (a) Polarization orientations plotted on the model disk structure,

which shows the scale height of the disk times a factor
√
2. (b) Possible magnetic field

orientations, inferred by rotating the polarization orientations by 90◦, plotted on the model
disk structure.



ALMA	dust	polarization	=	B-fields	?

Subarcsec	ALMA	polarized	dust	emission	in	edge-on	disk	HH212	(Lee	+	2018)

HH212Magnetized disks ?

– 15 –

Fig. 1.— HH 212 - (a) The continuum map (white contours) toward the central source

(asterisk) at 343 GHz at ∼ 0′′. 12 resolution, with the polarized intensity map (color map) and
polarization orientations (line segments). The blue and red arrows show the approaching

and receding sides of the jet axis, respectively. The contours start at 6σ with a step of 10σ,
where σ = 0.44 mJy beam−1. (b) The same polarization orientations on the continuum map
of the dusty disk (orange map with white contours) obtained before at 0′′. 02 resolution (see

Figure 1d in Lee et al. 2017a). The disk on the side of the redshifted jet is the near side.

– 12 –

self-scattering.

6. Conclusions

Dust polarization has been detected toward two nearly edge-on protostellar disks. The
interpretation of the polarization is complicated by the presence of three different polariza-

tion mechanisms. In HH 212, the dust polarization is consistent with either scattering or
emission by grains aligned with a poloidal field around the outer edge of the disk because

of optical depth effect and temperature gradient. One may be able to tell these two apart
with polarization observations at another wavelength in the future. For HH 111 VLA 1, it

is possible that a combination of toroidal and poloidal magnetic field may explain the polar-
ization on the near and far side of the disk, although we do not have good detailed models
for scattering for disks that are as edge-on as HH 111; scattering may or may not work, and

it needs more exploration. In addition, alignment of dust grains by radiation flux may play
a role in the farside. Perhaps, different polarization mechanisms are operating in different

parts of a disk and in different disks. Additional multi-wavelength polarization observations
and detailed modeling are required to make further progress in this important field that is

being revolutionized by ALMA.
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Polarization	=	B-fields	?

Subarcsec	mid-IR	polarimetry	survey	of	protoplanetary	disks	with	GTC	CanariCam		
Li,	Telesco,	Zhang	+	(2018)

AB AurMagnetized disks ?
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AB Aur
First-ever observed mid-IR polarization due to scattering (see also Eric Pantin’s talk)

Li+. 2016

Herbig Ae star Mass 2.4M�

Distance 144 pc 
Age 4±1 Myr
Inclination ~23o

Accretion rate 10-7 M�/yr (Tang+ 2012;Perrin+ 2009)

Introduction Observations (AB Aur) Summary

Pinner~0.5% ~160o

Pouter ~1.5%

Introduction Observations (W51 IRS2) Summary

Submitted ALMA Band 3 and Band 7 polarimetry proposal 
PI: Yanwen Tang   Co-I: Han, Eric, Thiem, Kataoka

Introduction Observations (AB Aur) Summary

AB Aur (follow-up)

0.9mm dust continuum shows a dust ring at ~70 AU (Tang+ 2017), coincide with 
the detected azimuthal polarization pattern.
? even though emission from different dust

AB	Auriga	(D=140	pc)	
Mass	2.4M☉				Age	4±1	Myr				Inclination	~23°	

Accretion	rate	10-7	M☉/yr	(Tang+	2012;Perrin+	2009)	

ALMA GTC

Transport	by	MRI	?	-	B	in	PP	disks



ALMA			@	sub-arcsecond	
SMA		@	arcsecond	
Sphere	on	VLT	@	IR	

Perspectives

Also	starting	a	collaboration	with	IRAM	to	enable	NOEMA	linear	polarization	capabilities

V branch
H branch

Great	future	for	magnetic	field	studies

2019:	NIKA2-Pol	10’’	@	260	GHz 2030?:	SPICA	SAFARI-Pol	10’’	@	100microns

POLARIZER
	HWP



Dust	polarization:	a	reliable	tool	to	trace	B	?

The challenge

Multiple	polarization	mechanisms	:	

--If	magnetically	aligned	=>	dust	polarization	to	map	the	B	field	structure		
=>	Molecular	lines	polarization	to	constrain	the	B	field	strength.		

--If	dust	scattering,	it	constrains	dust	properties.		

Critical	to	obtain	consistent	constraints	from	several	B	tracers		

Multi-wavelength	polarimetry:	mid-IR	to	(sub-)mm		(tomography)	

Multi-medium	(dust,	molecules)


