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B-fields tend to be well ordered 
from the molecular-cloud scale 
(~10 pc) down to the dense-core 
scale (0.5 pc), suggesting that 
they’re dynamically important 
d u r i n g l a r g e - s c a l e c l o u d 
fragmentation.  

But are B-fields dynamically important below the dense-core scale? 

If field are important on smaller 
scales, the fields should be: 
 
•  Well ordered  
•  Aligned with bipolar outflows 
 
The literature suggests otherwise! 

Magnetic fields are dynamically important on large scales 
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Hull+ 2012b, in prep. 

“Typical” situation: 
outflow‖to dust 
polarization (viewed 
edge-on) 

NGC 1333-IRAS 4B 

“Atypical” situation: 
outflow ⊥to dust 
polarization (seen 
pole-on) 

Hull+ 2012b, in prep. 

We probe B-field morphologies at scales < 0.1 pc 

We see both “typical” and “atypical” cases 
of outflow/B-field alignment in the results 
from a key project at CARMA that is 
currently underway.  Our survey of 30 
protostellar cores will shed more light on 
whether outf lows and B-f ields are 
intrinsically misaligned, or whether it’s just a 
question of projection effects. 

4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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Girart+ 2006 

Rao+ 2009 
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Figure 5. Top panel: contour maps of the dust emission overlaid with the
integrated intensity (zeroth moment) gray-scale image of the H13CO+ 4–3 line
emission. Contours levels are the same as those in Figure 2. Crosses mark the
position of Aa, Ab, and B. Blue and red arrows show the directions of the
E–W CO outflow and the NW–SE SiO outflow. Bottom panel: contour maps of
the integrated intensity (zeroth moment) overlaid with the intensity weighted
velocity (first moment) color image of the H13CO+ 4–3 line emission. Contour
levels go from 5% to 95% of the maximum value (8.7 Jy km s−1) with steps of
15%. The units of the vertical bar is in km s−1. Crosses mark the position of
Aa, Ab, and B.

of approximately 1.9 M". This calculated mass is comparable
to those derived from other observations of this source at a
number of different wavelengths. These observations show that
the envelope dust mass is in the range of 2–3 M" (Walker et al.
1990; Mezger et al. 1992; Andre & Montmerle 1994; Correia
et al. 2004), which is approximately 80% of the total mass of the
system. This ratio is not very different from that seen in other
Class 0 sources such as IRAS 4A where its value is almost 90%
(Jørgensen et al. 2007). The larger amount of envelope mass in
IRAS 4A indicates that it is likely to be not as evolved as IRAS
16293.

From the observed H13CO+ velocity gradient, we can de-
rive the dynamical mass needed for equilibrium between the
gravitational and centrifugal forces: Mdyn = v2

rot R /G, where
vrot is the rotation velocity and R is the radius of the flattened
structure. For the measured values, R = 5.′′2 (780 AU) and
vrot = 3.31/sin2i km s−1 (i is the inclination angle of the rota-

tion axis with respect to the line of sight), the dynamical mass
is Mdyn = 0.084 sin−2i M". Assuming that the rotation axis and
the outflow axis are parallel (as they appear to be in projection),
then the inclination angle derived from the outflow is i ∼ 50◦–
60◦ (Yeh et al. 2008), thereby Mdyn & 0.11–0.14 M". Therefore,
the circumstellar mass around source A plus the mass already
accreted onto the protostar is larger than the dynamical mass,
so this flattened structure is not stable, and likely is undergoing
collapse, and has been inferred from spectral signatures of infall
(Chandler et al. 2005; Remijan & Hollis 2006; Takakuwa et al.
2007).

4.3. Physical Parameters: Magnetic Field Properties

The magnetic field strength can be estimated indirectly using
two different methods: from the modified Chandrasekhar–Fermi
(C–F) equation (Chandrasekhar & Fermi 1953; Heitsch et al.
2001), and from the curvature of the deformed, “hourglass”-
like, field lines around source A.

4.3.1. Modified Chandrasekhar–Fermi Method

The modified C–F equation is B = Q (δv/δθ )
√

ρ, where δv
is the velocity dispersion along the line of sight, δθ is the intrinsic
dispersion in the polarization P.A.s, ρ is the volume density, and
Q is a dimensionless parameter that depends on the relative
strengths of the magnetic field and the turbulence. We adopt a
value of Q = 0.5, which is appropriate for turbulent magnetized
clouds with relatively strong fields, δθ ! 25◦ (Ostriker et al.
2001). We use the values derived in the previous section for the
volume density and the intrinsic dispersion δθ . The velocity
dispersion is obtained from the H13CO+ 4–3 spectral line
emission as this spectral line approximately traces the same
spatial scale as the polarization that is detected by us. From the
intensity weighted velocity dispersion (second moment) map,
the line-of-sight velocity dispersion is δv & 0.35 km s−1 (i.e.,
a FWHM of 0.82 km s−1) in the regions where the emission is
strong and is not affected by the strong velocity gradient seen
in the north–south direction around source A. Then, using the
modified C–F expression given in Lai et al. (2002), we find that
the component of the magnetic field strength on the plane of the
sky is &4.5 mG.

4.3.2. Magnetic Field from Curvature of Field Lines

The gravitational collapse of the cloud (neutral and ion parti-
cles) pulls the field lines into the canonical “hourglass” shape,
producing a magnetic tension force resisting the collapse. This
force, which is proportional to (B·∆)B, can be approximately
expressed as B2/R, where R is the radius of curvature. If the
gravitational force is known, it is possible to estimate the mag-
netic field strength from the observed curvature of the field lines
using the following equation as derived from the expressions
given by Schleuning (1998):

[
B

1 mG

]2

=
[

R

0.5 pc

] [
D

0.1 pc

]−2 [
M

100 M"

] [
n(H2)

105 cm−3

]
,

(3)
where D is the distance of a field line from the protostar. The
radius of curvature of the magnetic field lines can be estimated
from the family of fitted parabolic functions. For a parabola,
y = a x2 +b, the radius of curvature at the origin of the abscissa,
is R = 1/(2 a). We selected the distance from the protostar to
be 2′′ as this is approximately equal to our resolution along
that direction. Furthermore, at larger distances along the center
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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
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Many outflows are 
misaligned with B-fields 

Pereyra & Magalhães 2004 

2.5 deg (10 pc) 

Musca dark cloud 

B-fields are well 
ordered at large 
scales 

No. 2, 2009 ANCHORING MAGNETIC FIELD IN TURBULENT MOLECULAR CLOUDS 893

(A)
(B)

(C)

(E) (F)

(G)

(H)

(D)

Figure 1. Magnetic fields in the Orion molecular cloud region. The background image shows the IRAS (Neugebauer et al. 1984) 100 µm map in logarithmic scale. We
superpose on this map the magnetic field directions inferred from optical data (blue vectors), and the mean of all the optical data is shown as the thick gray vector. The
Hertz polarimeter (Dotson et al. 2009) at the Caltech Submillimeter Observatory mapped eight clouds (see labels A through H on the IRAS map) in this region at 350 µm
with 20′′ resolution, and these CSO results are shown as insets, using red vectors on individual false-color intensity maps. The mean direction of all the 350 µm
polarization detections from a given core is shown as a white vector superposed on each core’s map, and these white vectors are also plotted on the IRAS 100 µm map.
All the false-color Hertz intensity maps are plotted to the same scale: 140 arcseconds across (approximately 0.3 pc). Note that the spatial scales and mass densities are
very different between the regions probed by the two wavelengths, but the field orientations are very similar.

Li+ 2009 
Sub-mm CSO data 
n ~ 105 cm-3 
L ~ 0.3 pc 

IRAS data 
n ~ 1 cm-3 
L ~ 100 pc 

0.3 pc 

B-fields are consistent 
from cloud to core scales 

Machida+ 2006 
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Many different B-field vs. outflow 
orientations are possible, according 
to simulations 
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