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Studying the formation of stars gives us a view into where we, as human beings, came from, because
by studying how stars form, we are studying the environments in which solar systems like our own
form. Studying binary stars is important since half of the stars in the Milky Way are binaries.

The results of this study were published in Hull et al. 2020a (ApJ, 892,
152). In that work, we presented 1.3 mm ALMA observations of polarized dust emission toward the
wide-binary protostellar system BHR 71 IRS1 and IRS2. IRS1 features what appears to be a natal,
hourglass-shaped magnetic field. In contrast, IRS2 exhibits a magnetic field that has been affected
by its bipolar outflow. Toward IRS2, the polarization is confined mainly to the outflow cavity
walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized emission is
sandwiched between the outflow and a filament of cold, dense gas traced by N2D+, toward which no
dust polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is
the irradiation of the outflow cavity walls, which enables the ali?nment of dust grains with
respect to the magnetic field -- but only to a depth of approximately 300 au, beyond which the dust
is cold and unpolarized.
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Early theories of magnetized star-formation suggested that at small scales (~1000
au), the formation of individual (or binary) protostars should be regulated by a strong
magnetic field. If observed with high-enough resolution, one should see an “hourglass”
morphology in the magnetic field lines, where a strong, poloidal magnetic field is pinched by
the gravitational infall very near the central source. And in fact, several examples of
hourglass magnetic fields were seen in some of the first sources whose magnetic fields were
observed at high resolution, including the bright, deeply embedded Class 0 protostellar
sources NGC 1333-1RAS 4A (Girart et al. 2006, Science, 313, 812), IRAS 16293 (Rao et al.
2009, ApJ, 707, 921), and L1157 (Stephens et al. 2013, ApJL, 769, 15, incl. C. Hull). These
sources exhibit other characteristics of strong-field star formation, including powerful
outflows and high magnetic field strengths of a few milli-Gauss. Furthermore, the sources
are not extremely fragmented, either being single sources (L1157), binaries (IRAS 4A), or
possibly triple systems (IRAS 16293), consistent with expectations of fragmentation models.
This is in contrast to recent ALMA observations that show a large amount of fragmentation
in a weakly magnetized region with chaotic magnetic fields (Hull et al. 2017a, ApJL, 842, 9).
However, after more than a decade of high-resolution observations of magnetic fields in
forming stars with BIMA, the SMA, CARMA, and now ALMA, it has become clear that
hourglass-shaped fields appear to be relatively rare. Why is it, then, that such a high
fraction of the first sources to be observed exhibited hourglass-shaped magnetic fields?

When astronomers used early interferometers to measure magnetic fields via
polarized dust emission, they observed sources that were very bright. This is because the
polarized intensity from thermal dust emission in young, Class O protostellar sources is
generally only a few percent of the total source intensity. We proposed that this is because
strong, poloidal fields in highly magnetized protostars help to funnel infalling material onto
the central source more efficiently, thus increasing their brightness. We predicted that one
or both components of BHR 71—which is an extremely bright system, and was the target of
this study—are also strongly magnetized, and will exhibit an hourglass-shaped magnetic
field. Other similarities lead us to this conclusion as well: like IRAS 4A and IRAS 16293,
the two components of BHR 71 generate very powerful outflows, which may indicate strong
magnetic fields; and like L1157, BHR 71 is embedded in a relatively isolated Bok globule,
where the magnetic field is less likely to be perturbed by external sources.

Note that IRAS 4A and IRAS 16293 have extremely well ordered, hourglass fields
in spite of having extremely powerful outflows that are not aligned with the hourglass axis,
suggesting that the outflows have not yet had time to disrupt the field structure. Thisisin
contrast with recent observations of several sources in Serpens, one of which has chaotic
magnetic fields (Hull et al. 2017a) and another of which exhibits a magnetic field that has
clearly been shaped by the outflow (Hull et al. 2017b, ApJ, 847, 92). Considering the youth of
BHR 71, we predicted that the outflows from the two sources will not have had time to disturb
the magnetic field, allowing us to see the morphology of the magnetic field during the earliest
stages of the fragmentation process.

The key purpose and main scientific question driving this research program was to
determine whether the individual components of this wide binary system have magnetic
fields that are aligned with one another, which would suggest that the magnetic field in their
common natal envelope played a role in regulating the fragmentation of the binary. Another
key purpose was to determine if an hourglass-shaped field is visible around one or both binary
components. We predicted that this is likely given the similarity of BHR 71 and other highly



magnetized sources, combined with the fact that both IRS1 and IRS2 are viewed nearly edge
on (inclination angles >85° with outflows nearly in the plane of the sky), which makes it
easier to detect the hourglass shape (see, e.g., inclination-based modeling by Frau et al. 2011,
AAR 535, 44).

We used standard observations of polarized thermal dust emission from the ALMA
observatory to investigate the predictions we list above. Our approved ALMA observations
allowed us to map the magnetic field morphology of the two components in BHR 71 on the
100-1000 au scale that is crucial to multiple star formation, which we did with standard data
reduction and image processing techniques.

The results of this study were published in Hull et al. 2020 (ApJ, 892, 152). In that
work, we presented 1.3 mm ALMA observations of polarized dust emission toward the wide-
binary protostellar system BHR 71 IRS1 and IRS2. IRS1 features what appears to be a natal,
hourglass-shaped magnetic field. In contrast, IRS2 exhibits a magnetic field that has been
affected by its bipolar outflow. Toward IRS2, the polarization is confined mainly to the outflow
cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by N2D+,
toward which no dust polarization is detected. This suggests that the origin of the enhanced
polarization in IRS2 is 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. However, in order to align grains deep enough
in the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning
photons are likely to be in the mid- to far-infrared range, which suggests a degree of grain
growth beyond what is typically expected in very young, Class 0 sources. Finally, toward IRS1
we see a narrow, linear feature with a high (10%-20%) polarization fraction and a well-
ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate
that this feature may be a magnetized accretion streamer; however, this has yet to be
confirmed by kinematic observations of dense-gas tracers.
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