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Abstract
We present a summary of λ 1.3mm CARMA observations of dust polarization toward 30 star-forming cores from the
TADPOL survey. TADPOL is the largest survey of low-mass star-forming cores to date, and was the first major project to be
undertaken with the 1.3 mm full-Stokes polarization system at CARMA. Here we show maps from a selection of sources, and
we compare the ∼ 2.5�� resolution TADPOL maps with ∼ 20�� resolution polarization maps from single-dish submillimeter
telescopes. We discuss two main findings: (1) A subset of the sources have consistent magnetic field (B-field) orientations
between large (∼ 20��) and small (∼ 2.5��) scales. Those same sources also tend to have higher fractional polarizations than
the sources with inconsistent large-to-small-scale fields. We interpret this to mean that in at least some cases B-fields play a
role in regulating the infall of material all the way down to the ∼ 1000 AU scales of protostellar envelopes. (2) Outflows
appear to be randomly aligned with B-fields; although, in sources with low polarization fractions, there is a hint that outflows
are preferentially perpendicular to small-scale B-fields, which suggests that in these sources the fields have been wrapped up
by envelope rotation.

1 Introduction
Magnetic fields have long been considered one of the key components that regulate star formation [e.g., 1, 2]. And

indeed, observations of polarization in star-forming regions have shown that magnetic fields (B-fields) often are well ordered
on scales from ∼ 100 pc [3] down to ∼ 1 pc, which suggests that on large scales B-fields are dynamically important. At
smaller scales ambipolar diffusion [e.g., 4, 5, 6] or turbulent magnetic reconnection diffusion [7, 8] are thought to allow
dense cores to become “supercritical” [see 9], at which point gravity overwhelms magnetic support and allows the formation
of a central protostar. Alternatively, the cores could form as supercritical objects in a turbulent environment [e.g., 10].

Under most circumstances, spinning dust grains align themselves with their long axes perpendicular to the B-field
[e.g., 11, 12, 13, 14, 15], so the thermal radiation from these grains is polarized perpendicular to the B-field. Ambient B-fields
can be probed on scales of � 1 pc using optical observations of background stars [e.g., 3], whose light becomes polarized
after passing through regions of aligned dust grains. However, this type of observation is not possible inside the dense
cores where the central protostars and their circumstellar disks form; even at infrared wavelengths the extinction through
these dense regions is too great. Mapping the polarized thermal emission from dust grains at millimeter and submillimeter
wavelengths is the usual means of studying the B-fields in these regions. The 1.3 mm dual-polarization receiver system
at CARMA (the Combined Array for Research in Millimeter-wave Astronomy; Bock et al. 16), described in Hull et al.
[17], has allowed us to map the dust polarization toward a sample of several dozen nearby star-forming cores as part of the
TADPOL survey—a CARMA key project. See Figure 1 for sample maps.
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Figure 1: Sample maps of low-mass protostellar cores from the TADPOL survey [18]. The line segments show the
inferred magnetic field orientations; they have been rotated by 90◦ relative to the polarization orientations. The
segment lengths are proportional to the square root of polarized intensity, not fractional polarization. The grayscale
is proportional to the total intensity (Stokes I) dust emission. The blue and red contours are the blue- and redshifted
spectral line wings [L1157: CO(J = 2 → 1); Ser-emb 8: SiO(J = 5 → 4)].

978-1-4673-5225-3/14/$31.00 ©2014 IEEE



2 The 1.3 mm Dual-polarization Receiver System
The CARMA polarization system consists of dual-polarization receivers that are sensitive to right- (R) and left-circular

(L) polarization, and a spectral-line correlator that measures all four cross polarizations (RR, LL, LR, RL) on each of the 105
baselines connecting the 15 telescopes (six with 10 m diameters and nine with 6 m diameters). Each receiver comprises a
single feed horn, a waveguide circular polarizer, an orthomode transducer (OMT), two heterodyne mixers, and two low-noise
amplifiers, all mounted in a cryogenically cooled dewar. The local oscillator (LO) and sky signals are combined using a
mylar beamsplitter in front of the dewar window.

The waveguide polarizer is a two-section design with half-wave and quarter-wave retarder sections rotated axially
with respect to one another to achieve broadband (210–270 GHz) performance; the retarders are sections of reduced-height,
faceted circular waveguide [19]. The polarizer converts the R and L circularly polarized radiation from the sky into
orthogonal X and Y linear polarizations, which then are separated by the OMT [20]. The mixers use ALMA Band 6 SIS
(superconductor-insulator-superconductor) tunnel junctions fabricated at the University of Virginia by Arthur Lichtenberger.
Although at ALMA these devices are used in sideband-separating mixers [21], at CARMA they are used in double-sideband
mixers that are sensitive to signals in two bands, one 1–9 GHz above (upper sideband, or USB), and the other 1–9 GHz below
(lower sideband, or LSB) the LO frequency. A phase-switching pattern applied to the LO allows the LSB and USB signals to
be separated in the correlator. The 1–9 GHz intermediate frequency from each mixer is amplified with WBA13 low-noise
amplifiers [22, 23].
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Figure 2: The 1.3 mm dual-polarization receiver module, installed on all 15 six- and ten-meter antennas at CARMA.
See Hull et al. [17] for a description of the system.

3 Results and Discussion
While ∼ kpc-scale galactic B-fields do not seem to be correlated with smaller-scale B-fields in clouds and cores [e.g.,

24], Li et al. [25] did find evidence that B-field orientations are consistent from the ∼ 100 pc scales of molecular clouds
to the ∼ 0.1 pc scales of dense cores. We take the next step by comparing B-field orientations on ∼ 0.1 pc core scales and
∼ 0.01 pc envelope scales [see 18]. In Figure 3 (left) we examine the consistency of B-fields on these two scales as a function
of the polarization fraction. The most notable feature of the plot is the relative absence of points in the upper-right quadrant,
i.e., sources that are strongly polarized but have inconsistent large-to-small-scale B-field orientations.

With few exceptions, we see that the sources with high CARMA polarization fractions (P frac ≥ 3%) have B-field
orientations that are consistent from large to small scales. In these sources, this consistency suggests that the B-fields have
not been twisted by turbulent motions as the material collapses to form the protostellar cores. This is in turn consistent
with the sources’ higher fractional polarization, because more ordered B-fields would lead to less averaging of disordered
polarization along the line of sight (LOS). This suggests that in this subset of sources the B-fields are dynamically important,
and may play a role in regulating the infall of material down to ∼ 0.01 pc scales.

The remaining “low-polarization” sources (P frac < 3%) may have low ratios of magnetic to turbulent energy, which
would result in more twisted B-fields and thus low polarization fractions.

In addition to analyzing multi-scale B-field consistency, we also examine the alignment of outflows and B-fields. We
first addressed the question of B-field and outflow misalignment in Hull et al. [26], where we found that bipolar outflows were
randomly aligned—or perhaps preferentially perpendicular—with the small-scale B-fields in their associated protostellar
envelopes. In Hull et al. [18] we use the same sample of nearby (d � 400 pc) low-mass cores with well defined outflows
used by Hull et al. [26], minus IRAS 16293 A, which was not a TADPOL source. We extend the analysis from Hull et al.
[26] by splitting the sources into high- and low-polarization subsamples; we plot a separate CDF for each. The heavy dashed
and solid curves in Figure 3 correspond to the high- and low-polarization subsamples, respectively. A Kolmogorov–Smirnov
(K-S) test shows that both of the distributions in Figure 3 are consistent with random alignment. However, there is a hint
(K-S probability of 0.12) that in low-polarization sources the outflows are not randomly aligned with small-scale B-fields;
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Figure 3: Left: Large- vs. small-scale B-field orientation |χlg − χsm| as a function of polarization fraction P frac.
Sources are low-mass protostellar cores from the TADPOL survey, and have B-field detections at both scales and
distances d � 400pc. The plotted uncertainty in |χlg − χsm| reflects the dispersion of the B-field orientations in each
source. Points below the 45◦ line exhibit overall alignment between large- and small-scale fields. Right: The thick,
stepped curves show the cumulative distribution functions (CDF) of the (projected) angles between the sources’
bipolar outflows and the mean and small-scale (CARMA) B-field orientations. The dashed curves include the “high-
polarization” sources, and the solid curves include the “low-polarization” sources. Sources are included if they have
B-field detections at both large and small scales, distances d � 400pc, and well defined bipolar outflows. The dotted
curves are the CDFs from Monte Carlo simulations where the B-fields and outflows are oriented within 20◦, 45◦,
and 70–90◦ of one another, respectively. The straight line is the CDF for random orientation.

rather, they may be preferentially perpendicular.

We speculate that the polarization fractions are low in these sources because B-fields have be wrapped up toroidally
by envelope rotation. Rotation at ∼ 1000 AU scales has been detected in at least two of the sources: see N2H+ observations
of CB 230 and CB 244 by Chen et al. [27] using OVRO (the Owens Valley Radio Observatory). The envelope rotation axes
are roughly aligned with the outflow axes in both of these sources. This result could have important consequences for the
formation of circumstellar disks within rotating envelopes, since preferential misalignment of the B-field and the rotation
axis should allow disks to form more easily [28, 29, 30, 31]. Objects with misaligned B-fields and rotation axes are less
susceptible to the “magnetic braking catastrophe,” where magnetic braking prevents the formation of a rotationally supported
Keplerian disk [32, 33]. Indeed, these models suggest that misalignment may be a necessary condition for the formation of
disks (see also Krumholz et al. 34).

What about the high-polarization population? These could be sources where we don’t have the angular resolution to
see B-field twisting, and instead are seeing a bright sheath of polarized material that has retained the “memory” of the global
B-field. Perhaps these are younger sources, or perhaps cores can form with a wide range of B-field strengths [e.g., 35] and
some are strong enough to resist twisting.

It is important to emphasize that even if we are seeing wrapped small-scale B-fields in the low-polarization sample,
the scales we are probing are ∼ 500–1000 AU scales, not ∼ 100 AU disk scales. Consequently, the B-fields would have
been wrapped up by the envelopes and not by the disks. However, many simulations [e.g., 36, 37] expect the B-fields in a
protostar to be wrapped up at disk scales, regardless of the larger-scale B-field morphology in the envelope and the core. If
this is the case, then with sufficient angular resolution ALMA should see perpendicular B-fields and outflows even in our
high-polarization sample.

4 Conclusion
We have presented results from the TADPOL survey, a CARMA key project studying polarization chiefly in low-mass

star-forming cores. Using source-averaged B-field orientations and polarization fractions, we have studied the statistical
properties of the ensemble of sources and have come to the following key conclusions:

(1) Sources with high CARMA polarization fractions also have consistent B-field orientations on large (∼ 20��) and small
(∼ 2.5��) scales. This suggests that in at least some cases, B-fields play a role in regulating the infall of material all the
way down to ∼ 1000 AU scales of protostellar envelopes.

(2) Outflows appear to be randomly aligned with B-fields; although, in sources with low polarization fractions, there is a



hint that outflows are preferentially perpendicular to small-scale B-fields, which suggests that in these sources the
fields have been wrapped up by envelope rotation.

As the largest survey of low-mass protostellar cores to date, the TADPOL project sets the stage for observations with
ALMA. ALMA’s unprecedented sensitivity will allow us to answer the question of what happens to magnetic fields in very
young Class 0 protostars between the ∼ 1000 AU scales we probe here and the ∼ 100 AU scales of the circumstellar disks.
The addition of ALMA data to the TADPOL sample will also enable more robust statistical analyses of the types done in
both Hull et al. [26] and in Hull et al. [18], and will allow us to see trends in B-field morphology with source mass, age,
environment, multiplicity, envelope rotation, outflow velocity, and B-field strength.
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