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Protostar Classification
Class 0

Youngest 
Most embedded 

Class I
Older, ~1 Myr 
Starting to shed envelope 

Class II
Prominent disk 
Very little envelope left 

Class III
Oldest (not quite MS) 
Tenuous disk left
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Disks
• Way for material to lose angular momentum 

• Avenue for mass accretion onto protostar 

• Where planets will form

http://www.sci-news.com/astronomy/alma-planet-forming-disk-twhydrae-03748.htmlALMA Partnership 2015



Magnetic braking in Class 0

• Magnetic fields can 
hinder disk growth in 
youngest protostars 

• Poloidal fields (left) are 
efficient at magnetic 
braking 

• Toroidal fields (right) 
are inefficient at 
magnetic braking 

Poloidal Toroidal

Joos+ 2012
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Determining the magnetic field

• Millimeter/centimeter-
wave dust continuum 
polarimetry  

• Goldreich-Kylafis Effect 

• Zeeman spectroscopy of 
paramagnetic molecules



(Lazarian 2007)
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Figure 1. Polarimetric map (polarization vectors rotated by 90◦ to show inferred magnetic field orientation) of the L1527 disk from CARMA data with a
0.′′39×0.′′31 beam. Fractional polarization vectors !3σ displayed. Contours are Stokes I data with levels of [−6, −4, −3, 3, 4, 6, 10, 20, 40, 60, 80, 100]×σ ,
σ = 0.45 mJy beam−1. Grayscale shows the polarized intensity !3σ . Outflows in the plane of the sky are marked by red and blue arrows.

5.544 GHz. We used the MIRIAD software package (Sault et al.
1995) to reduce the data. The polarization calibration followed
the standard process for CARMA (Hull et al. 2014). The phase
and polarization leakage calibrator for all tracks was 0510+180.
The preferred bandpass calibrator was 3C84, and 3C454.3 was
used when 3C84 was unavailable. For most tracks, the flux
calibrator was MWC349 with a calibration accuracy estimation
of ∼15%, but only statistical uncertainties are considered in
this Letter. When this calibrator was not observed, the flux was
interpolated from the observations of MWC349 in other tracks.
To maximize sensitivity, maps of the four Stokes parameters
(I,Q,U , and V) were created using natural weighting. From
these, we derive the polarization position-angle (P.A.) and
intensity maps. We also generated new maps of L1527 data
from the TADPOL survey (Hull et al. 2014). The data include
five tracks between 2011 May and 2013 April in D and E arrays.

3. RESULTS

The 1.3 mm dust emission map of L1527 is presented in
Figure 1 and is consistent with the known edge-on disk (Tobin
et al. 2013b). The disk has been resolved previously at 3.4 mm
and 870 µm (Tobin et al. 2012) and also has been shown to
have Keplerian motion and a radius of 54 AU (Ohashi et al.
2014). Our observations are the first resolved detection of the
disk at 1.3 mm. At a resolution of ∼0.′′35 and a distance of
140 pc (Loinard et al. 2007), our interferometric observations
probe L1527 on size scales of ∼50 AU. An elliptical Gaussian
fit to the high-resolution 1.3 mm Stokes I data measures a
deconvolved size of 0.′′53×0.′′23 with position angle of 5.◦2
(measured counterclockwise), consistent with the deconvolved
sizes at 3.4 mm, 870 µm (Tobin et al. 2013b), and 1.3 mm
(Ohashi et al. 2014). In addition, our flux density at 1.3 mm
(139 ± 4 mJy) is consistent with detection of the L1527 disk
seen in Tobin et al. (2013b). Using the measured fluxes at 3.4 mm
and 870 µm and the derived β = 0 from Tobin et al. (2013b), we
can estimate the expected disk emission at 1.3 mm (116 mJy and

96 mJy, respectively), which is congruent with our measured
1.3 mm fluxes when taking account a 20% extrapolating and
amplitude uncertainty. Based on this evidence, our observations
are dominated by disk emission of the L1527 system, with little
contamination from the large-scale envelope emission.

We detect dust polarization of the young disk over two
synthesized beams with an average polarization of 2.5% ± 0.6%
and a P.A. of 5◦ ± 5◦ measured counterclockwise from north,
aligning well with the Stokes I elliptical Gaussian fitted P.A.
of 5.◦2 ± 0.◦4. The inferred magnetic field (with polarization
vectors rotated by 90◦) is shown in Figure 1. The morphology
of the inferred field is parallel to the disk axis, as is expected
from an edge-on toroidal field—uniform and aligned with the
disk. We compare a uniform field at a 5◦ P.A. (the same as
the dust emission) to the data and find a reduced χ2 < 1.
The polarization fraction of the circumstellar disk of L1527 is
larger than the 1.4% polarization fraction found in the face-
on candidate disk of IRAS 16293-2422 B (Rao et al. 2014),
although the lower polarization fraction of IRAS 16293-2422
B may be due in part to beam-averaging; due to orientation,
an edge on toroidal field is less beam-averaged as the vectors
are more uniform. Our polarization percentage is similar to the
theoretically predicted 2%–3% polarization fraction found in
simulations of magnetized disks (Cho & Lazarian 2007). On the
other hand, observations of the disks of older T Tauri systems
have much lower polarization percentages <1% (Hughes et al.
2009, 2013), which may be an outcome of dust processing
or de-alignment mechanisms during disk evolution (Stephens
et al. 2014).

A uniform field in the plane of the disk is physically unlikely
for a rapidly rotating, Keplerian disk system. One expects either
poloidal, toroidal, or a combination of the two in such a disk
(e.g., Balbus & Hawley 1998; Königl & Pudritz 2000). For an
edge-on disk, observations are most sensitive to vertical poloidal
field components because they are expected to vertically thread
the disk and thus lay roughly in the plane of the sky. However,
our data do not exhibit any obvious poloidal morphology which
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Fig. 2.— Left panel, inferred magnetic field from polarization at 8.1 mm. Right panel,

inferred magnetic field at 10.3 mm. Contour spacing is the same as in the Stokes I panel in
Figure 1. The polarization maps were made using a 3σ mask in I.

IRAS 4A2. However, the shorter wavelength observations have lower resolution and less
spatial filtering as compared to our data; thus the shorter wavelength data will tend to raise

the measured spectral index due to including more flux from larger scales. We find that the
fraction of emission from dust at 8.1 mm is ∼0.83 and at 10.3 mm it is ∼0.74 for IRAS 4A1,

while for IRAS 4A2 at 8.1 mm it is ∼0.59 and at 10.3 it is ∼0.46.

Since the continuum emission is dominated by dust, we can estimate the mass of the

inner envelope and disk. We assumed optically thin dust emission in the Rayleigh-Jeans
limit (Hildebrand 1983):

M =
d2Fν

B(Td)κν

(1)

where M is the total circumstellar mass, d is the distance, Fν is the integrated flux, B(Td) is
the Planck function evaluated at our assumed dust temperature and κν is our assumed total

(gas + dust) opacity. We assume a distance of 230 pc and a dust temperature of 30 K. Our
total opacity is given by (Ossenkopf & Henning 1994):

κtotal = 0.00899

(

1.3 mm

λ

)β

cm2g−1 (2)

assuming a 100:1 gas to dust ratio, where β∼1.3. We determine the mass of the circumstellar

material surrounding IRAS 4A1 to be ∼2.3M⊙. While this is estimate is quite high, the
calculation is subject to considerable uncertainty given that the appropriate dust opacity
millimeter/centimeter bands is not well-known.
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Issues

• Scattering contributions? 

• Only plane-of-sky 

• No information re: B field 
strength
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Kylafis, 1983 
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Issues

• Predictions are model-
dependent 

• Only plane-of-sky 

• B-field angle uncertain to 
90 degrees
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High Resolution imaging of 
paramagnetic lines with ALMA

• Survey structure 

• Snapshot of 10 millimeter-bright sources in mainly Taurus, Oph, and Perseus 
at Band 3. 

• ~2-3’’ resolution ~ 300-900 AU resolution 

• 3 mm continuum + 5 transitions of 4 paramagnetic molecules
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SVS13C SO 3∑ 3—>2



SVS13C SO 3∑ 4—>4



SVS13C CN



VLA 1623 SO 3∑ 3—>2



VLA 1623 SO 3∑ 3—>2



Test Case: VLA 1623



Take Away Points
• Paramagnetic molecules found close to central protostar 

• In disk or near base of outflow? 
• Look for velocity gradient in lines. 

• Need follow-up Zeeman observations to determine LOS 
magnetic field strength 


