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What is the role of magnetic fields in star formation? 

Fundamental? 
Incidental? 



B-fields vs. outflows 
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which are most likely prolate (Curry 2002), are elongated pref-
erentially parallel to the direction of the filaments. These find-
ings contrast with our main result that individual CTTS are ran-
domly oriented with the local magnetic field at a typical age
of 1−3 Myr. Are these apparently contradicting results reveal-
ing a physical mechanism at play during the late stages of star
formation or the mere consequence of poor statistics associated
with small samples?

In Fig. 2, we have also plotted the CDH of the relative
angle between the major axis of optical cores from Lee &
Myers (1999) and the local magnetic field in Taurus. We used
the orientation of the long axis of the cores as their symme-
try axis since they are likely to be prolate (Curry 2002). We
have included all cores in the same area of the sky where we
have studied CTTS and have used the same method to deter-
mine the orientation of the local magnetic field. The CDH of
optical cores is systematically under the theoretical distribu-
tion for random orientation and the median relative angle is
about 55◦. As pointed out by Hartmann (2002), the alignment
of cores is uneven across Taurus. For example, it is particu-
larly good in a few regions, e.g., his group 3. In general, optical
cores have their major axes preferentially oriented perpendic-
ularly to the local magnetic field. As a group, the probabil-
ity (from a Kolmogorov test) that their distribution can be
drawn from a randomly oriented parent distribution is small,
only ∼8%.

Similarly, the probability that the samples of CTTS and op-
tical cores can be taken from the same randomly oriented par-
ent distribution is only about 11%. In other words, the moder-
ate trend observed for optical cores to be preferentially oriented
perpendicular to the local magnetic field does not seem to apply
anymore at the later CTTS stage.

The available observations of the Taurus-Auriga molecular
cloud and its populations of prestellar cores and CTTS there-
fore suggest a scenario in which the role of the cloud’s mag-
netic field decreases as star formation proceeds to ever smaller
scales. As suggested by Hartmann (2002), the magnetic field
has likely driven the early collapse of the entire cloud into sev-
eral regularly-spaced filaments that are perpendicular to the
large scale magnetic field. On the intermediate scale, that of
individual cores, this preferred orientation of the cores is still
observed, though as a weaker trend. At small scales however,
moving towards the formation of individual star+disk systems
out of dense cores, the memory of the original direction of col-
lapse appears lost as indicated by the observed random orienta-
tion of the CTTS’ symmetry axis in the same reference frame
of the magnetic field.

This evolution of the distribution of PAs from large to small
scales does not necessarily invalidate the current paradigm of
isolated, quasi-static star formation. However, it indicates that
during the end stages of the star formation process the final ori-
entation of a system may be determined by a stochastic mech-
anism that becomes independent of the magnetic field.

This decoupling from the early stages could come from
the fact that prolate prestellar cores may first evolve towards
a quasi-spherical configuration due to their self-gravity (Curry
2002), in line with the observation that protostellar cores are
rounder than starless cores (Goodwin et al. 2002). Alternatively

Fig. 3. Cumulative distribution function of the difference in PAs be-
tween the local magnetic field and the CTTS symmetry axis (Col. 10
in Table 1). The dashed histogram is for all sources with a jet, the dot-
dashed histogram for sources with a disk but no jet/outflow and the
solid histogram is for the whole sample. The dotted line is the func-
tion expected for an infinite randomly oriented sample.

or additionally, these cores could fragment into two or more
smaller and more spherical cores, as needed to account for
the very high binary frequency among young stars (Hartmann
2002). Because of their proximity, these rounder cores would
be more prone to dynamical interactions (for example) that
could randomize their orientations.

6. Exploring the influence of orientation
on the jet properties

In this section we explore the impact of the orientation of a
CTTS with respect to the large scale magnetic field on its ca-
pacity to launch a powerful and a well collimated outflow.
Surprisingly, while a connection between the (random) orienta-
tion of a T Tauri stars and the strength of its outflow is a priori
not expected in the current models, our results may indicate
othwerwise.

Consider all CTTS where only a disk is detected, i.e., the
bottom part of Table 1. Surprisingly, they appear to align pref-
erentially at a large angle from the local magnetic field (i.e.,
with the major-axis of their disk parallel to the magnetic field).
This is illustrated in both Figs. 3 and 4. The probability that the
CDH for this subsample is drawn from a randomly distributed
sample or from the same parent distribution as the CTTS with
a resolved jet are 5% and 13%, respectively. Due to the small
number of sources with only a disk in our sample, these lev-
els are not conclusive. However, they suggest that objects for
which a jet has not yet been detected are oriented differently
than the complete sample, with a preference to be perpendicu-
lar to the local magnetic field.

It is interesting to note however that almost all these sources
also have forbidden emission lines which trace mass-loss activ-
ity in their spectrum (Cabrit et al. 1990; Hartigan et al. 1995;
Hartigan & Kenyon 2003). This means that mass-loss is most
likely present in all the CTTS of Table 1, but it is either not
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Fig. 1. Plot of the orientation of the stars with respect to the magnetic field. Small segments represent interstellar polarisation measurements
while long bold segments indicate the orientation of CTTS. Thick vectors with arrow heads are for CTTS with jets, thick vectors without arrow
heads are for CTTS with a disk but no detected extended outflow. Short thin segments trace the direction of the magnetic field.

Fig. 2. Cumulative distribution function of the difference in PAs be-
tween the local magnetic field and the CTTS symmetry axis (solid
histogram, Table 1) and the major axis of optical cores (dashed his-
togram, from Lee & Myers 1999). The dotted line is the function ex-
pected for an infinite randomly oriented sample.

contradiction lies in the larger size of our sample and in biases
in the composition of previous samples.

In the study of Strom et al. (1986) the sample was incom-
plete and made only of stars with well defined jets or bright
Herbig-Haro objects. Many of their sources are included in
Table 1; those not included are not CTTS but more embed-
ded YSOs. In the study of Tamura & Sato (1989), the orienta-
tion of the YSOs was deduced from near-infrared polarimetry.

This is a more indirect method that relies on models. Caution
must also be used as it furthermore suffers from a 90◦ ambigu-
ity, with polarisation vectors being parallel or perpendicular to
the disk depending whether or not an envelope is present (e.g.,
Whitney & Hartmann 1993). This ambiguity can not be lifted
easily without direct imaging. Therefore, the samples used in
previous studies were biased towards sources driving bright
jets, or with a poorly or ambiguously defined geometry.

On the opposite, the sample in Table 1 is made only of stars
where the disks and/or jets are well resolved. The orientation
of all sources projected in the plane of the sky is secure and
determined without ambiguity. We note that there are selection
effects against the detection of both jets and disks in the case of
pole-on systems. However, it is unlikely that this bias prevents
us from including targets at specific PA with respect to the mag-
netic field projected on the plane of the sky. Furthermore, our
sample contains CTTS only, removing the possible confusion
arising from the presence of an extended and dusty envelope
around the class I sources contained in other samples.

5. The influence of magnetic field throughout star
formation

On the large scale, star formation in the Taurus-Auriga molec-
ular cloud appears to be at least partially driven by the mag-
netic field. First, both the dense gas clouds and the YSOs
show a large scale filamentary distribution roughly perpendicu-
lar to the magnetic field. Furthermore, at the smaller, individual
object scale, Hartmann (2002) showed that pre-stellar cores,
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Table 5
(Continued)

Notes. The numbers in the first column correspond to the HHs that define a jet. HHs separated by “/” correspond to jet and counterjet. Colon is used to indicate
uncertainty.
a The extension represents the length from the YSO to the farther knot detected.
b “This work” denotes the cases in which we calculated the extension using data from previous references, which are also cited in this column.
c “Visual” stands for P.A. estimated by images. “Knots” stands for P.A. estimated by YSO and knot coordinates. The reference number stands for the source of the
image or coordinates used.
d If IRAS09094−4522 is the source and if it is at 450 pc.
e Distance from Knot a to Knot b at 725 pc. Visual determination.
f It corresponds to the total extension of the jet, including the parts before and after the deflexion.
g This angle corresponds to the direction before the deflection.
References. We use the same numeration for references in this table and in Table 6. (1) Ábrahám et al. 2004a; (2) Ábrahám et al. 2004b; (3) Andrews et al. 2004;
(4) Avila et al. 2001; (5) Bally et al. 1994; (6) Bally et al. 1999; (7) Bally et al. 2002; (8) Beltrán et al. 2001; (9) Berrilli et al. 1989; (10) Bohigas et al. 1993;
(11) Bourke 2001; (12) Brittain et al. 2007; (13) Caratti o Garatti et al. 2006; (14) Carballo & Eiroa 1992; (15) Cohen 1990; (16) Connelley et al. 2007; (17) Corporon
& Reipurth 1997; (18) Davis et al. 1997; (19) Dent et al. 1998; (20) Dobashi et al. 1998; (21) Eisloffel & Mundt 1997; (22) Felli et al. 1998; (23) Forbrich & Preibisch
2007; (24) Giannini et al. 2004; (25) Girart & Viti 2007; (26) Graham 1986; (27) Graham & Chen 1994; (28) Gredel 1994; (29) Gyulbudaghian & May 2005;
(30) Hartigan et al. 2005; (31) Heyer & Graham 1990; (32) Huélamo et al. 2007; (33) Jijina et al. 1999; (34) Lefloch et al. 2002; (35) Lis et al. 1999; (36) Liseau
et al. 1992; (37) Lorenzetti et al. 2002; (38) Mader et al. 1999; (39) Miesch & Bally 1994; (40) Mundt et al. 1991; (41) Neckel & Staude 1995; (42) Nielbock &
Chini 2005; (43) Nisini et al. 1996; (44) Noriega-Crespo et al. 2004; (45) O’Connell et al. 2004; (46) Ogura 1990; (47) Ogura 1993; (48) Ogura & Noumaru 1994;
(49) Ogura & Walsh 1991; (50) Ogura & Walsh 1992; (51) Persi et al. 1994; (52) Podio et al. 2006; (53) Poetzel et al. 1989; (54) Porras et al. 2007; (55) Prusti et al. 1993;
(56) Ray & Eisloeffel 1994; (57) Reipurth 1989; (58) Reipurth 1994; (59) Reipurth 2000; (60) Reipurth et al. 1998; (61) Reipurth & Cernicharo 1995; (62) Reipurth
et al. 1993; (63) Reipurth & Graham 1988; (64) Reipurth & Heathcote 1991; (65) Reipurth et al. 1997; (66) Rho et al. 2006; (67) Rodrigues et al. 2007; (68) Rodriguez
& Reipurth 1994; (69) Rolph et al. 1990; (70) Schwartz & Greene 2003; (71) Stanke et al. 1999; (72) Thi et al. 2006; (73) Velázquez & Rodrı́guez 2001; (74) Wang
et al. 2004; (75)Wu et al. 2002; (76) Yusef-Zadeh et al. 2005.

Figure 2. Cumulative histogram of the difference between the P.A. of the jet
and the direction of the ISMF (∆θ ). Fcum represents the cumulative fraction
of objects with ∆θ smaller than a given value. The solid line is the observed
distribution and the dashed line represents a uniform distribution for comparison.
In the upper left corner, it is shown the probability that the observed ∆θ is drawn
from a uniform distribution according to the Kuiper test (Kp1).

4.1. The Alignment between the Jet and the
Interstellar Magnetic Field

To measure the alignment of a jet with the ISMF, we define
∆θ : the difference between the P.A. of the jet and the direction
of the ISMF. Its value is defined in the range 0◦–90◦ because we
compare directions, not senses. To study ∆θ , the Kp test is more
appropriate than the K-S test because ∆θ is a cyclic quantity.
Hence, in the graphs only the probability associated with the Kp
test is shown. In spite of that, we have quoted, throughout the
text, the probabilities associated with both tests. This enables the
reader to verify the dependence of the results on the statistical
method.

Figure 3. Cumulative histograms of ∆θ for all objects having an estimate for
their class (solid line). The histogram for objects of Classes 0 and I is shown as
a dashed line and that for objects of Class II as a dotted line. The dot-dashed
line corresponds to a uniform distribution. It is also shown the probability that
each distribution comes from a uniformly distributed population according to
the Kuiper test.

Figure 2 shows the cumulative distribution of ∆θ for all jets
in our sample (57 objects). The dashed line corresponds to a
uniform cumulative distribution. The observed distribution of
∆θ is very similar to the uniform one. Indeed, the statistical tests
result in large probabilities for a random distribution of the jet
position relative to the ISMF: Kp1 = 98%; KS1 = 82%. Hence,
our sample, as a whole, does not show evidence of alignment
between the jet axis and ISMF.

We checked if this randomness remains if the objects are
grouped by age. Figure 3 presents the objects separated in two
groups: (1) Class 0 or I (23 objects, dashed line) and (2) Class II
or III (12 objects, dotted line). This figure also presents the
observed distribution for all objects in which the class has
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Figure 1. Polarimetry of the Field 17 which contains HH 76–77 and HH 139. Upper panel: the observed polarization vectors overplotted on a DSS2 red image.
The coordinates are B1950. Lower panel: the histogram of the corresponding P.A.s of the polarization, θ . In the upper right corner, it is shown the average and the
dispersion of the interstellar magnetic field used in the analysis. A Gaussian curve using these values is also depicted.

(The complete figure set (27 images) is available in the online journal.)

4. STATISTICAL ANALYSIS AND DISCUSSION

This section presents the analysis of the ISMF direction and
its dispersion estimated from our optical polarimetric data.
Our main aim is to verify if there are statistically significant
correlations between the properties of the ISMF and those of
the HH and its associated YSO. This section also contains the
discussion of our results.

Our statistical analysis is performed using non-parametric
tests of cumulative histograms. We have used the Kolmogorov–
Smirnov (K-S) test (e.g., Press et al. 1986) and the Kuiper test
(e.g., Press et al. 1986; Paltani 2004). From hereafter, these tests
will be called K-S and Kp, respectively. Both tests compare two
cumulative distributions, but each test uses a distinct quantity

(statistic) to measure how different the distributions are. The
statistic of the K-S test is the maximum value of the absolute
difference between the two distributions. The Kp test uses the
sum of the absolute values of negative and positive differences
and, hence, is more sensitive to differences in the entire abscissa
range. Additionally, the Kp test is more appropriate for cyclic
quantities. We will call the tests between a given data distribution
and a uniform one KS1 and Kp1. The tests between two data
distributions will be denoted as KS2 and Kp2.

The results relative to the ISMF direction are presented
in Section 4.1. Section 4.2 contains the study of the ISMF
dispersion. Our findings about the average polarization in the
fields are shown in Section 4.3.
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• Comparing B-fields with outflows on the core (~0.1 pc) scale 

Misalignment of B-fields and outflows 
Magnetic fields in massive star-forming regions 713
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Figure 2. Cumulative distribution function of the difference is position angles between the weighted mean of the magnetic field vectors and the jet/outflow

axis. The long dashed histogram is for all sources with outflow axes close to the plane of the sky (i > 45◦), the small dashed histogram is for all sources with

outflow axes close to the line of sight (i < 45◦), the solid histogram is for the whole sample. The dotted line is the function expected for an infinite randomly

oriented sample.

much smaller scale of individual objects, or the orientation of the

CTTSs has changed since they first formed.

Table 3 shows the mean polarization percentage, position angles

of the magnetic field and outflow, and the difference between the

magnetic field and outflow directions. The determined magnetic

field vectors are not true (i.e. undirectional) vectors. They have a

180◦ ambiguity, and as such have position angles of between 0◦ and

180◦. The magnetic field direction for each region is determined by

calculating the weighted mean of the measured vectors. The small-

est difference between the magnetic field direction and the outflow

direction is assumed, and the results are plotted in Fig. 2. Fig. 2 is

a cumulative distribution function, which shows that, for the whole

sample (excluding S157, which as yet has no identified outflow, to

the authors knowledge), given the (weighted) mean position angle

of the magnetic field vectors, the magnetic fields within the sam-

ple appear randomly oriented with respect to the jet/outflow direc-

tion. The Kolmogorov–Smirnov test reveals the whole sample has a

84.9 per cent chance of being randomly orientated.

The sample has been split into two subsamples – those which

have the outflow axis mainly in the plane of sky (i.e. i > 45◦ to

the line of sight), and those which have the outflow axis close to

the line of sight (i < 45◦). GL2591 is not included in either of

these subsamples however, as the outflow axis lies close to i ∼

45◦. Whilst all of the sources with very small differences are in

the plane of sky subsample, the cumulative distribution function

does not deviate significantly from a random distribution, and the

Kolmogorov–Smirnov test leads to a 57.2 per cent chance of ran-

dom orientation. However, the line of sight subsample, with no

sources showing good alignment between magnetic field and out-

flow axis, does deviate significantly from the random distribution (a

36.6 per cent chance of random orientation from the Kolmogorov–

Smirnov test), suggesting a relation between the misalignment of

the (plane of the sky) field and outflow when the outflow lies close to

the line of sight. If an alignment between the magnetic field and the

outflow axis does exist and the outflow is close to the line of sight,

it would be difficult to assign a direction to the magnetic field, and

so misalignment between the inferred field and outflow direction is

more likely.

Previous mid-infrared spectropolarimetry (Aitken et al. 1993) re-

veals that for their sample, overall, there is a large toroidal magnetic

field component within the molecular structures associated with em-

bedded young stellar objects. Their sample includes three sources

from the sample in this paper – S140, MonR2 and GL2591. Their

results for S140 and MonR2 agree with the findings of this paper–

namely that there is a ∼40◦ difference in alignment. However,

they find the magnetic field of GL2591 to be perpendicular to the

90◦ outflow, whereas we find it in almost perfect alignment. Either

this may be due to a changing magnetic field morphology on dif-

ferent scales or the magnetic field may have a stronger toroidal

component closer into the protostar/disc. Compared to the sub-

millimetre, the mid-infrared emission comes from closer in to-

wards the source, and the data has higher resolution (has a smaller

beamsize).

The alignment analysis carried out here needs to be treated with

caution; for some regions, e.g. MonR2, S140, the mean position an-

gle may not accurately represent the field direction. MonR2, as with

some of the other sources, is an extended source, and the polariza-

tion pattern indicates abrupt changes in the direction of the magnetic

field. For sources such as these, the best alignment comparison may

be made using modal position angle values (in sufficient bins), or

possibly from the map itself.

Included in Table 3, where possible, are the opening angles for the

jets/outflows. Upon quick inspection, it is clear that, with the infor-

mation present, there appears to be no relation between the degree

of collimation and the alignment. GL2591 has a well-collimated jet

(position angle ∼ 95◦) which is almost perfectly aligned to the mag-

netic field, whereas RCrA has an opening angle of 60◦, and again is

well aligned to the magnetic field. GGD27 has a well-collimated jet

with an opening angle of only 1◦, but the axis is almost perpendic-

ular to the magnetic field. More information regarding the opening
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Figure 1 – continued

4.4 GL2136

Near-infrared studies of GL2136 (Minchin et al. 1991; Kastner,

Weintraub & Aspin 1992) indicate that there is a circumstellar disc

or torus roughly at a position angle of ∼45◦. A kinematic distance

of 2 kpc has been calculated by Menten & van der Tak (2004).

Both water and OH maser emission has been observed, with anal-

ysis of the left and right circularly polarized components of the

1665 GHz feature leading to line of sight magnetic field estimates of

1 mG (Menten & van der Tak 2004). CO observations have revealed

C⃝ 2007 DIAS. Journal compilation C⃝ 2007 RAS, MNRAS 382, 699–716
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Figure 1. Top panel: color contour map of the Stokes U dust emission overlaid
on the black contour map of the total dust emission (Stokes I). Stokes U blue
(negative) and red (positive) contours are −5, −4, −3, −2, 2, 3, 4, 5, 6, and
7 times the rms noise of the map, 4 mJy beam−1. Stokes I contours are 2%,
7%, 17%, 37%, 57%, 77%, and 97% of the peak intensity (4.1 Jy beam−1).
Crosses mark the position of Aa, Ab, and B sources (Loinard et al. 2007).
The synthesized beam is shown in the bottom right. Bottom panel: the same as
previous panels, but with Stokes Q in blue (negative) and red (positive) contours.

is ≃ 10.6 Jy (Table 3), whereas the total flux measured with the
SMA is 11.5 Jy.

3.2. Dust Polarization

The linearly polarized component of the emission can be
obtained from maps of Stokes Q and U. Typically, this is quite
small and is only a few percent of the Stokes I emission. The
maps for Stokes Q and U are plotted in the top and bottom
panels of Figure 1. The peak (absolute) values of Stokes Q and
U are ∼7 times the noise level of ∼4 mJy beam−1. Note that in
contrast to Stokes I which is a positive quantity, Q and U can be
negative. We then obtained the maps of the (debiased) linearly
polarized flux density (P), the polarization P.A. (θ ), and the
fractional polarization (p) which is expressed as a percentage.
The maps of the errors in P, p, and θ are obtained as well.

Figure 2. Top panel: contour map of the total (Stokes I) dust emission overlaid
on the gray-scale image of the polarized dust intensity. The gray bars represent
the polarization vectors. The 5% vector length is shown in the top left panel for
comparison. Their length is proportional to the polarization fraction. Contours
are 2%, 4%, 7%, 11%, 18%, 28%, 38%, 48%, 58%, 68%, 78%, 88%, and 98%
of the peak intensity (4.1 Jy beam−1). Black crosses mark the position of Aa,
Ab, and B sources (Loinard et al. 2007). The synthesized beam is shown in the
bottom right. Bottom panel: contour map of the total dust emission as in the top
panel. The bars represent the magnetic field vectors.

The map of the polarized intensity, fractional polarization, and
P.A. overlaid on a map of the total intensity is shown in the
top panel of Figure 2. The fractional polarization and P.A.
are only computed at points where the debiased polarized flux
density is greater than 8 mJy beam−1 (∼2σ ). Table 4 contains
a listing of the polarizations measured at various locations on
the map. The errors in fractional polarization and P.A. depend
inversely on the Stokes I flux density and the polarized flux
density, respectively. Consequently, the errors in the fractional
polarizations are smaller in regions where the continuum flux
density is higher, while the P.A. errors are smaller where the
polarized flux density is larger.

From the map of the polarized emission (the top panel
of Figure 2) we can see that the polarization structures and
morphologies are considerably different for the two sources

Girart+ 2006 Rao+ 2009 
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– Observations at 1 cm,  3 mm,  and  
1 mm (polarization!) 

–  Located in Cedar Flat, CA (near Bishop) 
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Tobin (NRAO), Ian Stephens (BU), Jason Fiege & Erica 
Franzmann (Manitoba), Martin Houde (UWO, Caltech), 
Brenda Matthews (NRC-CNRC), Woojin Kwon (SRON) 



TADPOL survey 

37 sources 
Largest survey of star-forming cores to date 

 
>500 observing hours 
CARMA C, D, & E arrays 

 
1 – 4" resolution 

10⨉ higher resolution than CSO & JCMT 
Probes intermediate region between ~0.1 pc (single-dish)  

and ~100 AU (ALMA) 



TADPOL results 
L1157 

See also: Stephens+ (incl. C.H.) 2013, ApJL, 769, L15 

2″ 



Credit: Bill Saxton, NRAO/AUI 
KALYPSO project, Harvard/CfA  



TADPOL results 

NGC 1333-IRAS 4A NGC 1333-IRAS 4B, 4B2 

2″ 3″ 

NGC 1333-IRAS 2A 

2″ 



TADPOL results 

L1527 

2″ 

VLA 1623 

3″ 

See also: Tobin+ 2012, Nature, 493, 83 See also: Murillo+ 2013, A&A, 560, 103 



TADPOL results 
Ser-emb 8, 8(N) 

3″ 
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Outflows vs. small-scale B-fieldsOutflow vs. B-field: distribution Simulation: outflows 
& B-fields aligned 
within a 20º cone 
(tightly aligned) 

Simulation: outflows 
& B-fields are randomly 
oriented 

KS-test results: 
•  20º cone ruled out 

( p-value ~ 10-15 ) 

•  Misaligned ( 0.33 ) 
and random ( 0.33 ) 
cannot be ruled out 

  

Simulation: outflows 
& B-fields aligned 
between 70–90º 
(preferentially 
misaligned) 

Hull+ 2013, ApJ, 768, 159 
(plot updated Feb ‘14) 
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Multi-scale B-fields 



Multi-scale comparisons: B-fields 

> 1 pc 
 

0.1 pc 
 

1000 AU 
 

100 AU 

CONSISTENT 
 

Hua-bai Li+ 2009 



Multi-scale comparisons: B-fields 

1 pc 
 

0.1 pc 
 

1000 AU 
 

100 AU 

(Not always) consistent 
 

Hull+ 2014 
Chapman+ 2013 
Davidson+ (incl. C.H.) (in prep) 



Cores with consistent large-to-small B-fields 

NGC 1333-IRAS 4A 
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Cores with consistent large-to-small B-fields 



Cores with consistent large-to-small B-fields 

HH 211 
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Cores with consistent large-to-small B-fields 



Ser-emb 6 

Cores with INconsistent large-to-small B-fields 
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See also: Chapman+13 

Cores with INconsistent large-to-small B-fields 



L1527 

Cores with INconsistent large-to-small B-fields 
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Cores with INconsistent large-to-small B-fields 

 
See also: Davidson+11, & in prep. 
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Cores: two populations 

HI-POL 
(P > 3%) 

 
Bsm ∥Blg 

 
Outflows random 

w.r.t. Bsm 

LO-POL 
(P < 3%) 

 
Bsm ∦ Blg 

 
Outflows ⟂ Bsm 

Back to outflows! 
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Ser-emb 8 

OMC3-MMS6 

IRAS 4A 

Outflow 

B-field 

HI-POL: B-fields random w.r.t. outflows 
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HI-POL vs. LO-POL 
• HI-POL 

• UB > Udyn 
•  B-fields can resist twisting  
from dynamic effects 

•  Less line-of-sight twisting = higher polarization fraction 
•  Consistent large-to-small-scale B-fields 
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HI-POL vs. LO-POL 
• HI-POL 

• UB > Udyn 
•  B-fields can resist twisting  
from dynamic effects 

•  Less line-of-sight twisting = higher polarization fraction 
•  Consistent large-to-small-scale B-fields 
•  B-fields still are not correlated with outflows 
•  Angular momentum direction unaffected by “global field” 

IRAS 4A 



HI-POL vs. LO-POL 
• LO-POL 

• UB < Udyn 

•  More line-of-sight twisting = lower polarization fraction 
•  Inconsistent large-to-small-scale B-fields 
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HI-POL vs. LO-POL 
• LO-POL 

• UB < Udyn 
•  B-fields are twisted by rotation 

•  More line-of-sight twisting = lower polarization fraction 
•  Inconsistent large-to-small-scale B-fields 

•  B-fields are ⟂ to outflows 
•  No longer looking at global field 

L1527 



HI-POL vs. LO-POL: open questions 

HI-POL   
•  Is our view just dominated by the global field? 
•  If so, are the fields actually twisted at smaller scales? 

LO-POL 
•  Are the twisted B-fields we see at 1000 AU 

 consistent with B-fields at disk scales? 



FUTURE multi-scale comparison: B-fields 

1 pc 
 

0.1 pc 
 

1000 AU 
 

100 AU 
CARMA/SMA + 
ALMA 

an angle of !B ’ 90!. On the other hand, the rotation axis hardly
changes its direction from the initial state and remains directed
along the z-axis. The disk normal is also oriented along the
z-axis (i.e., the rotation axis). From Figure 8b, it can be seen that
a disk forms by the effect of the rotation and the disk normal
direction coincides with the rotation axis.

Figure 8c shows the central region at the core formation epoch
(nc ¼ 2:3 ; 1011 cm#3). It can be seen from this figure that a
nonaxisymmetric structure has formed and the central core has
changed its shape from a circular disk (bottom panels of Figs. 8a
and 8b) to a bar (Fig. 8c, bottom). The magnetic field lines run
laterally, i.e., jBrj, jB"j3 jBzj, in the adiabatic phase (Figs. 8c
and 8d ). Figure 8d shows an adiabatic core when the central
density has reached nc ¼ 6:9 ; 1014 cm#3. A spiral structure is
seen in this figure, which indicates that a nonaxisymmetric
pattern has formed, even if no explicit nonaxisymmetric density
perturbation is assumed at the initial stage. (Although the non-
axisymmetric patterns also appear in some models of Papers I,
II, and III, it should be noted that these patterns are due to a
nonaxisymmetric perturbation added to the density and magnetic
field at the initial stage.) The magnetic field lines are considerably
twisted in Figure 8d . It should be noted that in this model, the
inclined magnetic field induces nonaxisymmetric perturbations,
on behalf of the initial explicit perturbation.

Figure 11 shows the magnetic field lines, the shape of the
core, and the velocity vectors on the z ¼ 0 plane in the adiabatic
phase for model C00. This figure shows that a ring is formed, as
found in Paper III, without any growth of a nonaxisymmetric
pattern. In Papers I, II, and III, we assumed a cylindrical cloud in
hydrostatic equilibrium, in which the magnetic field and angular
velocity are functions of the radius r in cylindrical coordinates.
On the other hand, the cloud is assumed to be spherical with a
uniform magnetic field and angular velocity at the initial stage
in model C00. In spite of these differences, a similar ring struc-
ture appears in both models C00 and CS of Paper II. Figure 9
(bottom) plots the evolution of the axis ratio against the central
density for group C. The axis ratios for models C30, C45, and
C60 begin to grow after a thin disk is formed (nc k 5 ; 106 cm#3)
and reach "ar ’ 0:5 at the core formation epoch. The axis ratio

grows to "ar ’ 1 at nc ¼ 1012 cm#3 in models C30, C45, and
C60, while no nonaxisymmetric pattern appears in model C00.
This shows that the nonaxisymmetric pattern arises from the
anisotropy of the Lorentz force around the rotation axis. A bar
structure is formed by the nonaxisymmetric force exerted by the
inclined magnetic field, as shown in Figures 8b–8d . This is
confirmed by the fact that the short axis of the density distribu-
tion on the z ¼ 0 plane (the disk midplane) and the bar pattern
rotate together with the magnetic field lines. The axis ratio (the
nonaxisymmetry) grows in proportion to #1=6 (107 cm#3 P nc P
1010 cm#3 in Fig. 9, bottom), as found by Hanawa &Matsumoto
(1999). Since the lateral component of the magnetic field
(jBjsin !0) is large (Fig. 9, bottom), the axis ratio grows more in
models with large !0.

The evolution of the angles !B, !!, !P, and "B for group C is
plotted against the central density in Figure 12. The angle be-
tween the magnetic field and z-axis becomes !B ’ 90! even in
the early phase of isothermal collapse for all the models C30,
C45, and C60. The rotation axis and the disk normal maintain
their angles !!; !P ’ 0!. Figures 4 and 12 show that in both
magnetic- and rotation-dominant models the directions of the
magnetic field, rotation axis, and disk normal are qualitatively
the same for models with the same $ and !, irrespective of !0 in
the range 30! $ !0 $ 60!.

Figure 13 shows the magnetic field lines, velocity vectors,
and density distribution for the epoch t ¼ 1:52 ; 106 yr (nc ¼
1:5 ; 109 cm#3) for model C30. Note that the box scale and
level of grid are different for each panel. The spatial scale of
each successive panel is different by a factor of 4, and thus the
scale between Figures 13a and 13d is different by a factor of 64.
The magnetic field has an angle !0B % 30! in Figure 13a, where
!0B is defined as the angle between the volume average magnetic

Fig. 11.—Same as Fig. 1, but for C00 at the core formation epoch.

Fig. 10.—Same as Fig. 5 (left), but for model C45. The lower left inset is an
enlarged view of the center.

CLOUD EVOLUTION WITH OBLIQUE FIELD 1237No. 2, 2006

?
180 AU 



Future work with 
ALMA 
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FUTURE: Cycle 2 ALMA observations 

Ser-emb 8, 8(N) 

Class 0 

CORE POLARIZATION 
(PI: Hull, high priority) 

 
•  0.36” resolution @ Band 7 (dust pol) 

•  Also outflow maps (@ Band 6) 

•  Probing ~150 AU disk scales 

•  Are B-fields always toroidal? 

CARMA data: Hull+ 2014, ApJS, in press 



FUTURE: Cycle 2 ALMA observations 
Class II 

DISK POLARIZATION 
(PI: Hull, filler) 

 
•  0.1” resolution @ Band 7 (dust pol) 

•  Probing ~7 AU elements within disk 
 

Credit: ESA/C. Carreau 

Credit: Jim Stone (astro.princeton.edu/~jstone/images/3d-disk.gif) 

TW Hya 



FUTURE: Cycle 2 ALMA observations 

Star-forming regions 
W43 (PI: Cortés, Co-I: Hull)  

 
Cores with disks 

VLA 1623, L1527 (PI: Looney)  
 

Class I/II disk 
HL Tau (PI: Stephens) 

 



FUTURE: Cycle 2 ALMA observations 
PROTOPLANETARY 

NEBULAE! 
(ALMA Co-I: Sabin) 

 

CARMA data: Sabin & Hull (in prep) 

OH231.8+4.2 

ß  
OH231.8+4.2  

à 

Credit: PNIC catalogue 
astro.washington.edu/users/balick/PNIC 



• B-fields are randomly aligned with respect to outflows 
at the ~1000 AU scale 

• Thus, circumstellar disks are misaligned with fields in the 
cores from which they formed 
 

0 15 30 45 60 75 90
Projected angle between outflow and B-field (deg)

0.0

0.2

0.4

0.6

0.8

1.0
C

um
ul

at
iv

e
di

st
ri

bu
ti

on
fu

nc
ti

on
(C

D
F)

Outflows vs. small-scale B-fields

Summary (1/4) 

C
D

F 

𝜽outflow – 𝜽B-field (deg) 0º 90º 

Hull+ 2013, ApJ, 768, 159 



• Consistent large- to small-scale B-fields 
• Outflows and B-fields are randomly aligned 
• Global field doesn’t affect final angular momentum 
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Summary (2/4) HI-POL sources 



• INconsistent large- to small-scale B-fields 
• Outflows and B-fields are perpendicular 
• Fields may be wrapped up by envelope rotation 

Summary (3/4) LO-POL sources 
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• Questions: 
• Why are B-fields and outflows randomly aligned? 
• What will disk-scale B-field measurements show? 

• TADPOL data release (ApJS, in press): arXiv:1310.6653 
• TADPOL outflows vs. B-fields: ApJ, 768, 159 
• TADPOL survey: tadpol.astro.illinois.edu 

Summary (4/4) 



Summary 
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TADPOL data release (ApJS, in press) 
arXiv:1310.6653 

 
TADPOL outflows vs. B-fields  

ApJ, 768, 159 
 

TADPOL survey 
tadpol.astro.illinois.edu 

(1) Random outflows vs. B-fields 

(2) HI-POL: consistent B-fields, random outflows 

(3) LO-POL: B-fields wrapped by rotation 
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