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High-resolution ALMA observations reveal enhanced polarization along outflow cavity walls
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Summary. We present 1.3 mm ALMA observations of polarized dust
emission toward the wide-binary protostellar system BHR 71. While
IRS1 seems to have an hourglass-shaped magnetic field that is not
obviously affected by its outflow, IRS2 exhibits strongly enhanced
polarization along its outflow cavity walls. The origin of the enhanced
polarization in IRS2 is most likely the irradiation of the outflow cavity
walls, which enables the alignment of dust grains with respect to the
magnetic field—but only to a depth of ~300 au, beyond which the
dust is cold and unpolarized. Our combined dust-polarization and
Hull
et al.
spectral-line observations tell the
story.

Observations of dense gas tracers help us better understand the
magnetic field morphology in BHR 71. Below we find a clear
anti-correlation between C18O and N2D+. The latter of these
is also anticorrelated with the dust polarization, suggesting
that it, and similar species like N2H+, are good tracers of
conditions in the ISM that are not favorable for dust-grain
alignment via Radiative Torques (RATs).4
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Figure 4. Maps of integrated (moment 0) CO (J = 2 ! 1) emission in the red- (left) and blueshifted (right) lobes of the bipolar outflows
toward BHR 71 IRS1 and IRS2, from the data presented in T19. The redshifted emission was integrated from –2.2 to 29.9 km s 1 ; the
minimum and maximum values of the map are 0.6 and 13.05 Jy beam 1 km s 1 , respectively. The blueshifted emission was integrated from
–40 to –6.0 km s 1 ; the minimum and maximum values of the map are 0.6 and 13.92 Jy beam 1 km s 1 , respectively. BHR 71 has a systemic
velocity of –4.5 km s 1 (Bourke et al. 1997). The line segments are the inferred magnetic field orientation, plotted as in Figure 2. The black
ellipses in the lower-left corners of both panels represent the synthesized beam of the polarized dust emission, which measures 1.00 10 ⇥ 0.00 89.
The red and blue ellipses represent the beams of the spectral-line emission; the beams of both the blue- and redshifted emission measure
1.00 50 ⇥ 1.00 33. Crosses indicate the continuum peaks of IRS1 and IRS2.
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findings are consistent with many other observational and

Declination (J2000)

theoretical studies that have seen enhanced chemistry
in the vicinity of shocked, irradiated gas (e.g., in HH
objects: Girart et al. 1994; Taylor & Williams 1996; Viti
& Williams 1999; Girart et al. 2002; Christie et al. 2011).
CO (J = 6 ! 5) was detected in observations of BHR 71
with the Atacama Pathfinder EXperiment (APEX) telescope by van Kempen
00 et al. (2009b) and Gusdorf et al.
(2015); the observations by Gusdorf et al. resolve this
high-J CO emission in both the IRS1 and IRS2 outflows.
Here we consider the scenario that the enhanced polarization along the outflow cavity walls of IRS2 may be the
result of irradiation by photons generated in accretion
and outflow shocks.
The polarized lane along the northern edge of the blueand redshifted IRS2 outflow lobes is marginally resolved,
00
with an average thickness
of ⇠ 300 au. Based on PDR
models by Girart et al. 2005, UV radiation is fully extincted at an AV of order unity, which is achieved at a
molecular hydrogen column density of between 1021 and
1022 cm 2 (Bohlin et al. 1978). To estimate the amount
of material along the IRS2 outflow cavity wall, we use
the standard conversion from flux density S⌫ to gas mass
Mgas (see, e.g., Hull et al. 2017a; Hull & Zhang 2019):
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where B⌫ (Td ) is the Planck function at
s the 233 GHz
frequency of our observations, the distance d = 200 pc,
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and the dust opacity at 1.3 mm ⌫ = 2 cm2 /g (Ossenkopf
& Henning 1994). We assume a gas-to-dust ratio of 100.
In a circle with a diameter equal to 300 au, which is
the approximate width of the enhanced dust emission
along the outflow cavity, the flux density along the entire
northern edges of the blue- and redshifted outflow cavity
walls is a roughly constant ⇠ 2–3 mJy. The fact that the
brightness of the cavity walls is constant—as opposed
to decreasing with distance from the central protostar—
suggests that the heating of the outflow cavities is indeed
from distributed shocks and not purely from high-energy
radiation from the central protostar, the latter of which
would decrease with distance from the central source.
This is perhaps unsurprising in the case of IRS2, which,
in addition to having a bipolar CO outflow, is known
to have a high-velocity (± 100 km s 1 ), bipolar SiO jet,
whose internal shocks may contribute to the illumination
of the cavity walls (Bourke et al., in prep.).
To calculate the column density along the IRS2 outflow
cavity walls, we use the IRS2 temperature estimate of
20 K from T19, assume a mean molecular weight of 2.8 in
the gas (Kauﬀmann et al. 2008), and assume an average
flux of 2.5 mJy in a 300 au-diameter circle centered on
the outflow cavity wall. The resulting column density is
⇠ 2.6 ⇥ 1022 cm 2 . However, the dust along the outflow
walls could be warmer than the overall dust temperature
toward the IRS2 core. The gas temperature of the IRS2
outflow could be up to 300 K (Parise et al. 2006), which is
reasonable based on the models of UV-irradiated outflow
s by, e.g., Visser et
h al.m(2012)
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ALMA 1.3 mm observations of the magnetic field toward the wide-binary Class
0 protostellar system BHR 71.1 Line segments are the magnetic field
orientation inferred from polarized dust emission. Blue and red color scales
show the bipolar outflows from IRS1 and IRS2 in CO (J=2→1). Contours are
N2D+ (J=3→2).
For the curious poster viewer: Top panels: color scales show red- (left) and blueshifted (right) lobes of the bipolar outflows
toward BHR 71 IRS1 and IRS2.2 The redshifted emission was integrated from –2.2 to 29.9 km s−1; the minimum and maximum
values of the map are 0.6 and 13.05 Jy beam−1 km s−1, respectively. The blueshifted emission was integrated from –40 to –6.0
km s−1; the minimum and maximum values of the map are 0.6 and 13.92 Jy beam−1 km s−1, respectively. BHR 71 has a systemic
velocity of –4.5 km s −1.(3) Crosses indicate the continuum peaks of IRS1 and IRS2. Bottom panel: Note that the two lobes of
the outflow have been plotted on different flux scales to enhance their visibility; as a result, relative fluxes should not be inferred
from this image. The over-plotted contours show the N2D+ emission at levels of 3, 4, 6, 8, 10 × 0.04 Jy beam−1 km s−1, which is
the rms noise level in the moment 0 map. The black ellipse represents the synthesized beam (resolution element) of the
polarized dust emission, which measures 1.10ʺ × 0.89ʺ. The gray ellipse represents the beams of both the blue- and redshifted
CO emission (and is nearly identical to the beam of the N2D+), and measures 1.50ʺ × 1.33ʺ.
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Dense gas tracers toward BHR 71. The color scales show integrated emission
from N2D+ (J=3→2) [left] and C18O (J=2→1) [right] toward BHR 71.1 The
line segments are the inferred magnetic field orientation.
For the curious poster viewer: The C18O emission was integrated from –6.7 to –1.7 km s−1; the minimum and maximum values of
the map are 0.06 and 3.28 Jy beam−1 km s−1, respectively. The N2D+ emission was integrated from –5.5 to –3.4 km s−1; the
minimum and maximum values of the map are 0.04 and 0.44 Jy beam−1 km s−1 , respectively. BHR 71 has a systemic velocity of
–4.5 km s−1.(3) The black ellipses in the lower-left corners of both panels represent the synthesized beam of the polarized dust
emission, which measures 1.10ʺ × 0.89ʺ. The green ellipses represent the beams of the spectral-line emission; the beam of the
C18O emission measures 1.71ʺ × 1.54ʺ, and the beam of the N2D+ emission measures 1.49ʺ × 1.32ʺ. Crosses indicate the
continuum peaks of IRS1 and IRS2.

Conclusions. After analyzing the inferred magnetic field morphology
toward both BHR 71 IRS1 and IRS2 alongside maps of their bipolar
outflows and dense-gas tracers, we draw several conclusions in
addition to those listed above.

1. In the case of the polarization along the IRS2 outflow cavity, we
find polarization to a depth of ~300 au. In order to align grains
deep enough in the cavity walls, the aligning photons are likely
to be in the mid- to far-infrared range, which implies a degree
of grain growth beyond what is typically expected in very young,
Class 0 sources.
2. Enhanced polarization along outflow cavity walls is common, having
also been seen in several other Class 0 sources.5,6,7
3. Even more common are narrow, highly polarized features that
are not associated with outflow cavities: e.g., the NE arm of the
IRS1 hourglass pictured above, as well as features in many other
sources.6,7,8,9,10 We speculate that these features may be
magnetized accretion streamers; however, this scenario has yet to
be confirmed by kinematic observations of dense-gas tracers.
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