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ABSTRACT
We present SOFIA+ALMA continuum and spectral-line polarisation data on the massive molec-

ular cloud BYF73, revealing important details about the magnetic field morphology, gas structures,
and energetics in this unusual massive star formation laboratory. The 154µm HAWC+ polarisation
map finds a highly organised magnetic field in the densest, inner 0.55×0.40 pc portion of the cloud,
compared to an unremarkable morphology in the cloud’s outer layers. The 3mm continuum ALMA
polarisation data reveal several more structures in the inner domain, including a pc-long, ∼500M�
“Streamer” around the central massive protostellar object MIR2, with magnetic fields mostly paral-
lel to the east-west Streamer but oriented north-south across MIR2. The magnetic field orientation
changes from mostly parallel to the column density structures to mostly perpendicular, at thresholds
Ncrit = 6.6×1026 m−2, ncrit = 2.5×1011 m−3, and Bcrit = 42±7 nT. ALMA also mapped Goldreich-
Kylafis polarisation in 12CO across the cloud, which traces in both total intensity and polarised flux,
a powerful bipolar outflow from MIR2 that interacts strongly with the Streamer. The magnetic field
is also strongly aligned along the outflow direction; energetically, it may dominate the outflow near
MIR2, comprising rare evidence for a magnetocentrifugal origin to such outflows. A portion of the
Streamer may be in Keplerian rotation around MIR2, implying a gravitating mass 1350±50M� for the
protostar+disk+envelope; alternatively, these kinematics can be explained by gas in free fall towards a
950±35M� object. The high accretion rate onto MIR2 apparently occurs through the Streamer/disk,
and could account for ∼33% of MIR2’s total luminosity via gravitational energy release.
Keywords: ISM: magnetic fields — stars: formation — ISM: kinematics and dynamics

1. INTRODUCTION

Magnetic fields (hereafter B fields) in astrophysical set-
tings are very widespread and may play an important
role in the evolution of the interstellar medium (ISM),
stars, galaxies, and the universe. Yet, they are techni-
cally challenging to measure, limiting our ability to un-
derstand the full physics within these settings. This is
because B field measurements depend on accurate values
for the polarised contributions to emission or absorption
(e.g., the Stokes parameters Q, U , V ), which are usually
much weaker than the total intensity I, and then inter-
preting the data in terms of particular physical polarisa-
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tion mechanisms, e.g., as explained by Crutcher (2012)
or Barnes et al. (2015).
In star formation (SF), the role and importance of

B fields is a long-standing problem (McKee & Ostriker
2007; Crutcher 2012). This is largely due to observa-
tional challenges of high-quality B field measurements
in large cloud samples at high spatial dynamic range
(SDR), and relating these to the clouds’ other physi-
cal conditions. Prior work on the Zeeman effect shows
that, below a threshold density n0 ≈ 300 cm−3, B fields
can support gas against gravity and have fairly uniform
strength. Above this level, studies suggest the line-of-
sight component increases with density, B|| ∝ n0.65, and
the ratio of magnetic to gravitational forces is close to
critical (Crutcher 2012).
Confirming the higher-density behaviour is important

to SF theory, since SF is not observed in low-density
gas (Lada 2015). Tracking local variations in the transi-
tion density n0 is also significant, since this could change
the SF efficiency and/or initial mass function. Catching
massive protostars, especially, in the act of formation is
even more difficult compared to low-mass protostars, be-
cause of their greater distances, accelerated timescales,
and rapid alteration of initial conditions.
The plane-of-sky component B⊥ has recently begun

to be mapped at high SDR via linear polarisation of
mm–µm continuum emission or absorption (e.g., Planck
Collaboration 2016). This probably arises from non-
spherical dust grains aligned by radiative torques to the
B field: while not all alignment mechanisms are mag-
netic, non-magnetic mechanisms are not thought to be
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dominant (Lazarian 2007). If the alignment is magnetic,
statistical methods can convert turbulent variations in
field orientation θB⊥ to estimates of |B⊥| (Davis 1951;
Chandrasekhar & Fermi 1953, hereafter DCF). Although
approximate, DCF methods have been effectively used
from cloud (10 pc) to core (0.1 pc) scales (Myers & Good-
man 1991; Barnes et al. 2015) to meaningfully constrain
the importance of B fields in different situations.
Large-scale maps of FIR/submm polarisation from

Planck and other missions coupled with new analysis
methods and high-quality molecular gas data (Fissel et
al. 2016; Soler et al. 2017; Lazarian et al. 2018) permit
new insights into the role of B fields in SF. In Vela C,
for example, the alignment of θB⊥ with dense structures
changes from parallel to perpendicular near the same
threshold n0 as in the Zeeman data (Fissel et al. 2019).
However, data on massive cluster-scale clumps, where
most massive protostars likely also form, are very sparse:
we need to precisely measure both |B| and n in a wider
variety of clouds and environments to test these results.
As part of a long-term project to systematically inves-

tigate the physics of B fields and dense gas in a uniform
sample of CN-bright, massive molecular clumps that are
likely sites of high-mass star formation (Sharpe 2019),
we obtained observing time with both the Stratospheric
Observatory For Infrared Astronomy (SOFIA) and Ata-
cama Large Millimeter/submillimeter Array (ALMA) to
map the first few targets in this sample. We used the
polarimetric far-infrared (FIR) High-resolution Airborne
Wideband Camera-plus (HAWC+; Harper et al. 2018)
aboard SOFIA and ALMA’s full-polarisation mode in
both the 3mm continuum and spectral line observations.
We report here the first results for this project, an

analysis of the B field properties in the molecular cloud
BYF73 with the most massive protostellar inflow rate
known (Barnes et al. 2010), and following up recent
multi-wavelength work on the same cloud (Pitts et al.
2018, hereafter P18) from Gemini with T-ReCS, SOFIA
with FIFI-LS, and ATCA. P18 found that, of the 8 mid-
IR point sources imaged with T-ReCS, MIR 2 seems to
be the overwhelmingly dominant protostellar source in
terms of mass (240M�) and luminosity (4700L�), yet
comprises only ∼1% of the cloud mass. After ruling out
gravitational energy release from the inflow and other
forms of mechanical or thermal energy, it was not clear
what MIR2’s energy source is. MIR 2 also seems re-
markably young, perhaps only 7000 yr old at the very
high mass accretion rate (0.034M� yr−1) in the cloud
(Barnes et al. 2010), making it potentially the most mas-
sive and youngest Class 0 protostar known.
Our intent was to map the global (5′) B field structure

and gas kinematics across this exceptional cloud exhibit-
ing such large-scale mass motions, at a high enough res-
olution (13.′′6 and 2.′′5 for SOFIA and ALMA, resp.) to
potentially constrain the role of the B field, gas dynam-
ics, and energy balance in this very unusual context.
This paper is structured as follows. In §2 we describe

the observational and data reduction approach, briefly
overview the continuum data, and compare their calibra-
tion with prior studies. In §3 we explore features of the
FIR and 3mm continuum emission globally and in de-
tail, including the polarisation data and inferred B field
morphology. In §4 we present the velocity-resolved 3mm
spectral-line mosaics and polarisation products, includ-

ing key insights into the significance of the continuum
features based on the lines’ kinematic and dynamical in-
formation. In §5 we use two standard statistical methods,
one in a new way for the spectroscopy, to analyse our po-
larisation data and obtain constraints on the role of B
fields in this cloud. We discuss all these results in §6 in
order to highlight new insights from the data as well as
their limitations. We present our conclusions in §7.

2. OBSERVATIONS AND DATA REDUCTION

2.1. SOFIA/HAWC+
We mapped BYF73 on 2019 July 17 at 0832–0905 UT

with HAWC+’s band D (λ154µm) filter.11 Chopping
and nodding were done asymmetrically due to the nearby
FIR emission to the Galactic west and south. The to-
tal on-source integration time was 784.4 s. Pipeline pro-
cessing with HAWC-DRP produced final Level 4 qual-
ity image products which were downloaded from the
SOFIA archive. This processing produces data that has
all known instrumental and atmospheric effects removed,
giving an absolute Stokes I calibration uncertainty of
20%, a relative polarisation uncertainty of 0.3% in flux
and 3◦ in angle, and astrometry which should be accu-
rate to better than 3′′ (Harper et al. 2018). However, we
found the HAWC+ L4 astrometry was still consistently
offset ∼2′′ to the Galactic south compared to the Gemini
10µm, Herschel 70µm, and ALMA & ATCA 3mm maps,
all of which are strongly and consistently peaked on the
massive protostellar core MIR 2 (allowing for MIR 1’s
proximity to MIR 2 in the Gemini data), so we inserted
this correction by hand into the HAWC+ data files.
At a distance of 2.50±0.27 kpc (near NGC3324; Barnes

et al. 2010; Samson 2021), the scale for BYF73 is 0◦.01 =
36′′ = 0.44 pc, or 0.1 pc = 8.′′25 = 0◦.0023. Thus, HAWC+
band D gives us a useful spatial dynamic range from 0.16
to 3.6 pc, a linear factor of 22 and almost 500 resolution
elements in area. The resulting full-field images in both
total intensity Stokes I and the debiased polarised flux
P ′ =

√
Q2 + U2 − n2

rms, where nrms is the combined in-
strumental and sky noise, are shown in Figure 1, overlaid
also with the inferred B field polarisation vectors.

2.2. ALMA
BYF73 was observed with ALMA at 3mm wavelength

on 2020 January 1 in the C-43 array (baselines 15–314m)
and in two correlator setups and mapping modes; the to-
tal on-source integration time was ∼7500 s. The first
mode mapped a standard, 13-pointing mosaic of size 2.′8
centered on the peak molecular line emission as measured
in the Mopra maps (Barnes et al. 2010), similar in extent
to the ATCA mosaic reported by P18, in both the 3mm
cold dust continuum plus the J=1→0 lines of 13CO &
C18O and N=1→0 line of CN. The second mode was
a single-pointing, full-polarisation, deeper integration at
the peak emission position near MIR2, to map the B
field strength & structure with (1) the cold dust contin-
uum, and potentially with (2) the Goldreich-Kylafis ef-
fect in the line wings of 12CO (Goldreich & Kylafis 1981),

11 See the HAWC+ description at https://www.sofia.usra.edu/
instruments/hawc, its Data Handbook at https://www.sofia.usra.
edu/sites/default/files/Instruments/HAWC_PLUS/Documents/
hawc_data_handbook.pdf, and the Cycle 7 Observer’s Handbook
at https://www.sofia.usra.edu/sites/default/files/Other/Documen
ts/OH-Cycle7.pdf for details of the observing modes.
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HAWC+ 154µm Polarised Flux image
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Figure 1. (Top) SOFIA HAWC+ band D (154µm) total intensity (Stokes I) image of BYF73 on a logarithmic scale, overlaid by white
contours as labelled. (In all figures, we use the notation x(y)z for contours running from level x in steps of y to level z.) All HAWC+ band
D images have 2′′.75 pixels, or 0.2× the 13′′.6 beam. At every 2nd pixel (0.4 beam) satisfying the indicated selection criteria, we also display
black “vectors” showing the measured polarisation percentage (p′) and position angle (with the usual ±π degeneracy) of the plane-of-sky
B field component (i.e., rotated 90◦ from the observed polarisation direction). The peak I intensity is 17.58 Jy/pixel with a typical rms
error in the interior of the image 2–3 mJy/pixel, rising to 4–6 mJy/pixel around the image boundary due to the dither pattern of the
observations; the peak S/N in the I image is >5000. Inside the I = 0.5 Jy/pixel contour, nearly all p′ vectors have S/N ranging from ∼5
to >30; for 0.25<I<0.5 Jy/pixel, displayed vectors have S/N∼2–6.
(Bottom) Same as the top panel except with the HAWC+ band D debiased polarised flux P ′ image on a linear scale; the peak is 189
mJy/pixel, with a typical error 4–5 mJy/pixel and S/N behaviour as for the p′ vectors.
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and/or (3) the Zeeman effect in the hyperfine structure of
CN (e.g., Hakobian & Crutcher 2011). Mosaicking with
ALMA was not available for polarisation modes in Cycle
7.
Standard reduction pipelines were applied to the data,

including bandpass, complex gain, flux, and polarisation
calibration on nearby quasars; images were formed by
a joint deconvolution for the mosaics with cleaning and
restoration as implemented in the CASA task tclean;
and primary beam correction was made within a cut-
off at 0.2. The resulting science-ready FITS files were
either downloaded from the ALMA Science Archive for
the pipeline-reduced data, or the ALMA-North America
servers for manually-reduced data not included in the
automated pipeline processing.
The continuum mosaic is shown in Figure 2 (top

panel), with a maximum recoverable scale (MRS) ∼55′′.
This is larger than the nominal single-field ALMA MRS
due to the joint deconvolution for a mosaic, which recov-
ers some of the larger spatial scales missed in a single
pointing (see caption and §3.1). The mosaic also pro-
duced data cubes of the 13CO, C18O, and CN emission at
0.16 km s−1 velocity resolution, but with slightly smaller
beams and MRS compared to the continuum, due to the
higher frequencies; see §4 for results and details.
In the top panel of Figure 2 it is clear that, except for

the extensions off-frame to the NW and SW (i.e., into the
H ii region), the HAWC+ and ALMA continuum I maps
seem to generally trace the same structures, including the
weaker point sources to the E and along the ionisation
front to the N, despite the 20- and 5-fold difference (resp.)
in wavelength and resolution.
In the single polarisation field, the MRS = 28′′ for

all polarisation products, and the synthesised beams are
also the same. An image of the debiased polarised contin-
uum flux P ′ is shown in Figure 2 (bottom panel), but vi-
gnetted to exclude spurious features due to missing short
spacings along the N and S field boundaries. The P ′ im-
age is also overlaid with the inferred B field polarisation
vectors.
At 2.5 kpc, the ALMA mosaics of BYF73 give a use-

ful spatial dynamic range from 0.030 to 0.67 pc (6,000–
140,000 AU): coincidentally with the HAWC+ maps, this
is a linear factor of 22 as well.

3. FEATURES OF THE CONTINUUM EMISSION

3.1. Comparison with ATCA and Herschel
It is instructive to compare the earlier 90GHz ATCA

data (P18), which only detected MIR2 within the
mapped mosaic of BYF73, with the 50× more sensi-
tive ALMA 102GHz images. The inferred flux density of
MIR2 was 50% higher (34mJy) in ATCA’s ∼2× larger
synthesised beam than in Figure 2, but on convolving
the ALMA data to the ATCA resolution, we recover the
identical flux density for MIR2. Further, P18 found that
MIR2’s 90GHz continuum and 89GHz HCO+ line flux
were <30% of the values expected from the ∼arcminute-
resolution SED fit to BYF73’s Herschel data (∼120mJy;
Pitts et al. 2019) and the Mopra single-dish line flux
(Barnes et al. 2010) respectively, which P18 attributed
to a smooth overall structure in BYF73 that ATCA ap-
parently resolved out. This turns out to be very close to
half-true: we find the total flux density in our mosaic to

be ∼70% of the projected SED value at 102GHz, despite
similar shortest baselines in both interferometers.
These results are explained by the mJy-level structures

around MIR2, which were too weak to be separately de-
tected in the ATCA map (noise σrms = 7mJy/beam)
but raised the measured flux density in the unresolved
structure of MIR2; also, these structures together con-
tribute ∼half the additional flux expected from the SED
fit to the ALMA map. With this insight, we see that
the older ATCA and current ALMA data are completely
consistent with each other, allowing for their respective
sensitivities.
We also note that the deconvolved size of MIR2 in the

ALMA data is measured to be 3.′′2×2.′′8 in both the mo-
saic and deeper polarisation field, which is only slightly
smaller than the 4.′′2×3.′′0 derived from the ATCA map
despite its ∼2× larger synthesised beam (∼4× in area).
Therefore it seems MIR2’s protostellar structure is close
to being resolved at this scale, 3′′ = 7500AU, and fu-
ture sub-arcsecond imaging may reveal useful informa-
tion about its mass distribution.
The spatially-resolved SED fit to Herschel data of Pitts

et al. (2019) not only provides the missing short-spacing
flux information as above, but also allows calculation of a
merged single-dish and ALMA 3mm continuum image.
The SED fits were used to project how BYF73 would
look at 3mm with Herschel’s λ500µm resolution of 36′′,
assuming that at 3mm, MIR2 has a negligible contribu-
tion from free-free emission in an unresolved UCH ii re-
gion, since that would tend to push MIR2’s flux density
above the SED fit. The derived image was combined with
the ALMA map via the Miriad task immerge (Sault et
al. 1995) to recover the missing flux density in Figure 2
that resides in larger angular scales. The result changes
the appearance of the image very little, nor the bright-
ness of the individual small-scale structures, except to fill
in the broad (∼50′′) but shallow (∼0.3mJy/beam) nega-
tive bowl underlying MIR2 and its environs. This shows
that the missing 30% of the flux density is distributed
very smoothly across BYF73 after all.

3.2. Overall Geometry
To provide context, we show in Figure 3 composite

mid-IR images (similar to that in P18), overlaid with se-
lected contours of the HAWC+ and ALMA data from
Figures 1 and 2. We have added 5 more mid-IR point-
source designations to the 8 identified by P18. MIR9 and
10 are mid-IR bright in the IRAC images, especially band
2 (4.5µm), and would have been easily detected with
T-ReCS (8–18µm) if the imaged area had been slightly
larger. MIR11–13 are really mm-continuum sources, but
we use the mid-IR designations to avoid new nomencla-
ture that might be confusing.
At 7mJy, MIR11 is the second-brightest point source

in the ALMA mosaic, and is also clearly detected by
HAWC+ (154µm). However, in IRAC bands 2–4 (4.5–
8.0µm), it is detected not as a point source, but as a
biconical nebula around the 3mm position (Figs. 3e,f),
with a bright NE lobe and fainter SW lobe; evidently the
central object is deeply embedded and undetected short-
ward of 10µm. The NE lobe also shows redder mid-IR
colours at locations closer to MIR11 itself. These are all
classic hallmarks of another (massive) protostar. MIR13
is weakly detected at K and IRAC bands 2–4, while
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Figure 2. (Top) ALMA 13-pointing mosaic of 3mm continuum emission from BYF73, in a 3.5GHz-wide band centred at an effective
frequency of 102.1346GHz. The contrast is enhanced to bring out the fainter structures, in particular the E-W Streamer, as indicated by
the colour bar to the right. The point sources MIR2 and 11 (see Fig. 3) peak at 21 and 7mJy/beam, respectively. The synthesised beam
(2′′.93×2′′.74 @ –38◦.0) is shown in the bottom-left corner, and the noise σrms = 0.13mJy/beam where the primary beam correction is small,
away from the map edge, which is at a primary beam cutoff of 0.2. This gives a peak S/N of 170. For reference, magenta contours are
overlaid from the HAWC+ 154µm Stokes I data, at levels 0.44(0.10)0.84, 1.5, 3, 5, and 9 Jy/pixel (as in Fig. 3).
(Bottom) Zoom in to all detectable 3mm continuum polarised emission within a deeper, single ALMA pointing of BYF73’s central
structures, framed by the yellow box in the top panel. The image is the debiased polarised flux on the colour scale to the right, peaking at
0.55mJy/beam for MIR2 (S/N = 24, σrms = 23µJy/beam). The debiased percent polarisation vectors are overlaid in magenta, rotated
by 90◦ to show the B field orientation at every second pixel in l and b (as in Fig. 1). Away from MIR2, most vectors shown have S/N > 5
with typical noise σrms = 4% in amplitude and 5◦ in angle. The grey contours here (at 0.2, 0.6, 1.1, 1.6, 2.5, 5, 10mJy/beam) show the
ALMA Stokes I from the mosaic in the top panel. The single-field I map has noise σrms = 85µJy/beam for a peak S/N =240 at MIR2,
slightly deeper than the mosaic. The noisy polarisation features near the N-S ionisation front west of MIR2 are probably real, but are not
accurately calibrated outside the roughly 1/3 FWHM primary beam limit (20′′, large yellow circle) of ALMA’s polarisation mode in Cycle
7. The synthesised beam (2′′.61×2′′.52 @ 21◦.0) is shown in the top-left corner with a 30% polarisation scale bar.
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MIR12 is not detected shortward of 10 µm, like MIR11.
Together, however, MIR12+13 are marginally detected
in the HAWC+ I image as distinct extensions to the FIR
emission; in combination with their 3mm continuum de-
tections at S/N∼10, we consider them to also be probable
(lower-mass) protostars. In the spectral-line data (§4),
while MIR11–13 are all outside the single 12CO field of
view, the mosaics show interesting features near MIR11
consistent with its protostar status (§4.5). In contrast,
the mosaics near MIR12 & 13 are completely unremark-
able. Based on the spectroscopy, none of MIR11–13 seem
to have any impact on the wider cloud’s evolution.
This extensive multi-wavelength data, showing a rela-

tive paucity of mm-wave point sources and almost-as-
scarce mid-IR (i.e., 8–18µm) point sources, supports
P18’s inference that most of the plethora of near-IR (i.e.,
1–5µm) stars are likely to be in the foreground of the
BYF73 cloud. That is, while scores of stars within the T-
ReCS field show embedded near-IR colours (Andersen et
al. 2017), most of these cannot be deeply embedded, since
P18 only directly detected 8 of them with T-ReCS, sug-
gesting a lack of embedding envelopes. Based on compar-
isons with their near-IR visibility, T-ReCS would likely
only have detected 2 more sources outside the observed
mosaic, MIR9 and 10, at P18’s sensitivity level.
Even among these 10 mid-IR bright sources, only MIR

2 is detectable at all in the 3mm continuum; specifically,
even the very mid-IR-bright stars MIR1, 3, 9, and 10 are
not detected with ALMA. By comparison with MIR2,
this suggests that these other four mid-IR bright stars
have very minimal (if any) protostellar dust envelopes,
of mass <3–4M� (ALMA’s 3σ detection limits in the
two observing modes). Therefore, it is reasonable to con-
clude that, among all these point sources, only MIR11–
13 have similarly “cold” spectral energy distribution to
MIR2, and are in a similarly early stage of protostellar
evolution. Scaling MIR11’s 3mm flux density to MIR2,
which is 3× as bright, suggests that its mass may very
approximately be 80M�, still large by protostellar stan-
dards. Similarly scaling MIR12+13’s 3mm flux densities
yields dust masses ∼7M� and 10M�, respectively.
For the extended emission, both the polarised and

unpolarised 154µm structures simultaneously trace two
very different dust populations, each in their own way:
(1) the warm dust permeating and surrounding the H ii
region, arcing out to the west and northwest from the
molecular clump, and seen well in Herschel and Spitzer
images at 70µm and shorter wavelengths, and (2) the
cold dust in the massive (2×104 M�) molecular clump
to the east, traced well by the usual mm-wave molecular
lines and longer wavelength (≥250µm) continuum.
Similarly, the 3mm emission mostly traces the cold

molecular structures, but apparently also some high-
density warm dust associated with the N-S ionisation
front (IF) between the molecular cloud and H ii region.
Circumstantially, MIR3 appears to be the main driver of
the IF in Fig. 3a–d; MIR4 also lies close to the southern
end of the IF, but seems not to have as much impact
on its surroundings. The main extended features in the
3mm continuum are the rather striking arcs of emission
running mainly east and west of MIR2, which for lack of
a better term, we call the “Streamer”.12 There is also a

12 We resist calling it a filament since that term has a specific

notable ∼5′′×10′′ gap (the “Hole”) in the 3mm emission
within the Streamer, immediately adjacent to MIR2 on
its eastern side. It is unclear from its continuum prop-
erties whether this is a true lack of emission due to an
absence of material in the Streamer, or whether it is the
shadow of an extremely cold, high-optical-depth compo-
nent in the foreground of the Streamer, completely ab-
sorbing the 3mm emission beyond it. The spectral-line
maps, however, resolve this question; see §§4.1,4.4.

3.3. Magnetic Field Structures in the Molecular Core:
HAWC+

We begin our exploration of the molecular core’s B
field as revealed by HAWC+. Zooming in to the inner
portion of the molecular cloud near the massive proto-
star MIR2 (P18), a very striking feature of the polarised
emission stands out immediately – see Figure 4. There is
a strong, narrow null in P ′ curving around the western
side of the molecular peak, between it and the H ii region,
in particular the darker blue colours indicating very low
P ′. The EW width of this null is quite small, appar-
ently only 1 pixel or .7000 AU (i.e., much less than the
angular resolution of HAWC+, but we show this is not
unphysical below). Further, this null can be traced most
of the way around the molecular peak, although it broad-
ens out somewhat to the N, S, and E, to an approximate
width of 3–6 pixels, or 0.1–0.2 pc.
The area enclosed by this boundary layer, signified by

where P ′ rises above 0 on the inside, is an approximately
elliptical zone of size 0.55×0.40 pc at PA ≈ 80◦ (labelled
IBL for inner boundary layer in Fig. 4). The outer bound-
ary layer of the null is a vaguely elliptical polygon of
approximate height 0.91 pc and width 0.60 pc, at PA ∼
20◦ (labelled OBL in Fig. 4). The space between these
boundary layers has essentially zero (i.e., S/N<3) FIR
polarisation and B⊥.
To see why the narrow western null is real, we show in

Figure 5 the Stokes Q and U maps in the same zoomed
area as Figure 4. Carefully comparing the three images
in Figures 4-5 on the western side of the MIR2 core, one
sees that where P ′ ≈ 0 (e.g., close to the I = 5.6 Jy/pixel
contour), Q drops from positive to negative values going
into the centre, and U behaves similarly (Q and U are
both 0 where the images are orange). Therefore, the
P ′ null is very narrow here because both Q and U are
changing rapidly through 0 at the same locations (but
in a manner consistent with HAWC+’s angular resolu-
tion), from larger positive to larger negative values as
one traverses into the centre of the core.
In other words, each of these components of P ′ is

strongly reversing sign on this boundary, correspond-
ing to a null in P ′ and 90◦ change in direction (due to
the definition of the Stokes parameters) for both the ob-
served polarisation angle and inferred B field direction
θB⊥ across this boundary. West of MIR2, this change
is very sharp, much less than a beamwidth. Indeed,
this change of direction is visible in the p′ vectors them-
selves, as shown in Figure 4. The vectors just outside the
null, i.e., in the H ii region and also east of the MIR2

meaning in SF studies, which we do not wish to pre-judge. For
example, the IF also looks filamentary, but as is common with
such interfaces, it is likely only prominent in Fig. 2 due to its flat
geometry being viewed edge-on.
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HAWC+ I contours: 0.44(0.10)0.84, 1.5, 3, 5, 9 Jy/pixel HAWC+ P ′ contours: 50(16)98, 140 mJy/pixel

IRAC band 4 IRAC band 2
IRAC band 3 IRAC band 1
IRAC band 2 AAT K

(a) (b)

ALMA I contours: 0.4, 1, 2, 4, 8, 16mJy/beam HAWC+ I, HAWC+ P ′, ALMA I contours

IRAC band 4 IRAC band 2
IRAC band 3 IRAC band 1
IRAC band 2 AAT K

(c) (d)

ALMA I, HAWC+ I contours ALMA I, HAWC+ I contours

IRAC band 4 IRAC band 2
IRAC band 3 IRAC band 1
IRAC band 2 AAT K

(e) (f)

Figure 3. (All panels) Composite RGB images of Spitzer and Anglo-Australian Telescope data (Barnes et al. 2013, P18) as labelled in
each panel, plus locations of MIR sources 1–8 from P18 and new designations MIR9–13 in this work. Contours are also colour-coded and
labelled at the top of each panel. Panels in the left column are IRAC 4-3-2 composites, with c,e being more saturated than a in order to
bring out fainter features. Panels in the right column are IRAC 2-1 + AAT K composites. Panels on the same row are on the same scale
to facilitate comparisons; the top row is a wider view, other rows are successive zooms.
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Figure 4. Zoom in to P ′ image from Fig. 1’s lower panel on the
indicated colour scale, for all pixels with I > 0.25 Jy/pixel, plus
white I contours at 0.25(

√
2)16 Jy/pixel, blue HAWC+ beam, and

red 10% p′ vector scale. We also show the p′ vectors at every pixel
(0.2 beam) unmasked by S/N, since here low-S/N p′ vectors are
very small anyway. Also shown are positions of the outer & inner
boundary layers (OBL, black; IBL, red), described in the text.

core, are all oriented roughly east-west, while the vec-
tors inside the null, especially close to the MIR2 core,
are mostly oriented roughly north-south. The change in
PA is sharpest where Q+U are reversing most sharply,
just west of MIR2. For the small-P ′ locations between
the two boundary layers to the N, E, and S of the MIR2
core, the changes in sign for Q and U are more gradual.
But they do change sign in each case, when looking from
the outer areas of the cloud to the centre.
In the more gradually changing boundary N, E, & S of

the core, the P ′ nulls seem to indicate an area where the
2D plane-of-sky B field component (B⊥) is dropping to
zero, since the P ′-null boundary’s width is roughly beam-
sized and there are few pixels with P ′>3σ. In contrast,
the sharp P ′-null boundary west of MIR2 is much thin-
ner. Rather than merely dropping to zero, this seems to
be due to a 90◦ change in direction alone, i.e., that B⊥
is sharply changing in direction at the boundary layer
around MIR2, producing a null in P ′ without a corre-
sponding null in B⊥.
An alternative situation at the IBL is that the 3D B

vector is aligned very close to our line of sight there, i.e.,
that B consists only of B||. In other words, looking pro-
gressively from the H ii region (west) through the IBL
and towards MIR2 and its immediate east, the 3D B
field orientation points one way (∼EW) in the H ii re-
gion, twists through 90◦ at the null so B points directly
towards or away from us at the IBL, and then twists an-
other 90◦ to point in another 3D direction (∼NS) nearer
to MIR2 within the IBL, with Q & U changing sign
in the process. We consider this a less likely proposition,
however, since the P ′ is so narrow, any B|| would put ad-
ditional unresolved structure into the IBL, and it would
require a rather large flux annulus to be pointed right at
us, a fairly significant “finger of God” effect in our view.
On the other hand, a pure 90◦ change to B⊥ alone might
require a discontinuity in B⊥. To resolve this, higher-
resolution polarisation data could reveal more details to
this narrow change in B⊥ (see §3.4), while Zeeman mea-

HAWC+ Q image
I cntrs: 0.25(

√
2)16 Jy/pix

HAWC+ U image
I cntrs: 0.25(

√
2)16 Jy/pix

Figure 5. (Top) Same area of the inner molecular clump as Fig. 4,
except showing only StokesQ data with I contours. (Bottom) Same
as top panel but for Stokes U . Both Q and U images are displayed
on the same scale, with zero as orange.

surements could measure B|| directly, potentially distin-
guishing between a single 90◦ B⊥ twist or additional B||
in the IBL.
A third possibility for the IBL’s apparent null is that

the polarisation signal comes from dust emission on the
low-opacity (west, H ii region) side, but dust absorption
on the high-opacity (east, molecular core) side, making
the null more of a polarisation radiative transfer effect,
without necessarily implying anything significant for the
cloud’s inherent B field. This would be similar to the
FIR polarisation pattern in Sgr B2, although observed at
a much coarser physical resolution of 1.5 pc (35′′ beam)
with the KAO (Novak et al. 1997). In order to be rel-
evant, the dust opacity in the core would need to be
>∼1; however, based on P18’s SED fitting to Herschel
and other data, we compute an effective peak τ ≈ 0.001
for BYF73 at 154µm and 37′′ resolution. Allowing for
HAWC+’s 7.4× smaller beam area, it is unlikely that
the peak τ within the IBL is more than 7× higher than
this. Even in ALMA’s beam, ∼30× smaller in area than
HAWC+’s, τ could rise to ∼0.2 at 154µm if all the flux
were coming from MIR2, but this is still less than 1 and
we know MIR2 contains less than half the flux there,
§3.1. Therefore, we can discount this possibility. For
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now, we prefer the pure B⊥-twist interpretation since it
is the simplest.
Upon further inspection of the inner 0.5 pc ∼ 0◦.01, one

can see another significant feature around MIR2 in the
polarisation maps, even where the central I structure is
very smooth. While the I and P ′ emission peak exactly
on MIR2’s position, the I morphology is slightly more
extended to the east, compared to the sharper decline
towards the west/H ii region. This morphology is mim-
icked in the inner P ′ distribution, i.e., where P ′ > 0 in-
side the IBL, except that in P ′ the point-source nature of
MIR2 is much more distinct, while the extension to the
east is revealed as a semi-circular ring structure adjacent
to MIR2. We dub this the “eastern polarisation lobe”
(hereafter EPL). Morphologically, it seems unlikely that
this lobe is associated with any of MIR1–8, as can be
seen in Figure 6, which overlays their positions on both
the P ′ and p′ images. This is underscored by indications
from P18 that MIR1 and 3–8 are possibly on the near
side of the BYF73 cloud, and not as deeply associated
with the MIR2 core.
Intriguingly, the EPL shows a similar polarisation sig-

nature to the MIR2 core proper (see top panel of Fig. 5)
but inverted in Q, going from negative values outside
the EPL to positive values across it. This is equiv-
alent to a sharp rotation of the inferred B field be-
tween each structure as we will see in the next sec-
tion, further suggesting that the EPL is distinct from
the MIR2 core/protostar, each having its own physics,
despite the much more amorphous appearance around
MIR2 in Stokes I (Fig. 1). Identification of these fea-
tures was based solely on the HAWC+ data, and before
the ALMA maps (next) were in hand.

3.4. Magnetic Field Structures in the Molecular Core:
ALMA

Turning now to the ALMA data, the only high-column-
density dust structures seen in the 3mm continuum
(Fig. 2) are (i) MIR2; (ii) the 1–3mJy/beam structures
east and west of it which we call the “Streamer” and
“Streamer-west,” respectively; (iii) a ∼0.5mJy/beam lin-
ear feature aligned almost exactly N-S with the H ii re-
gion’s ionisation front (IF); (iv) another ∼0.5mJy/beam
patch NE of MIR2 aligned with the EPL; (v) some even
weaker diffuse features ∼1′ to the east of MIR2; plus
(vi) three other eastern point sources which we have des-
ignated MIR11-13 in Figure 3. The larger-scale features
in Stokes I at the two different wavelengths have a very
nice overall correspondence, despite the different resolu-
tions: the EW extension of the brightest core emission,
the weaker emission extending north along the IF, and
the new point sources MIR11–13 and diffuse emission ex-
tending to the east all look mutually consistent. Even the
EPL’s structure, inferred from the HAWC+ data alone,
is easily and gratifyingly verified in the ALMA I images.
The detectable ALMA polarisation, however, is limited
to a subset of these features, namely MIR2, both sides of
the Streamer, the EPL, and possibly the southernmost
parts of the IF (near MIR4).
The ALMA P ′ map is therefore much more spatially

compact than the HAWC+ P ′ map. However, the
ALMA p′ values in the molecular core are quite large,
typically 5–20% or more in high S/N areas, as opposed
to the more typical HAWC+ p′ values around 1% within

HAWC+ P ′ image
I contours
P ′ contours

HAWC+ p′ image
I contours
P ′ contours

Figure 6. Further zoom-in (compared with Figs. 4–5) to MIR2
area in P ′ (top) and p′ (bottom), with the same contours as in Fig. 3
(i.e., I = yellow at 0.44(0.10)0.84, 1.5, 3, 5, 9 Jy/pixel, P ′ = grey
at 50(16)98, 140 mJy/pixel). Here we also label the locations of
MIR1–8 from P18 (numbers with magenta circles), the MIR2 core
(black), the eastern polarisation lobe (EPL, blue), and the inner
P ′ = 0 boundary layer (IBL, red).

the IBL/molecular core (HAWC+ p′ is 10% or more only
in the H ii region, but does rise to ∼5% in the diffuse,
eastern extremes of the molecular cloud). This lower per-
centage polarisation at shorter wavelengths could be due
to two effects:
(A) The polarisation signal is being diluted in the

larger HAWC+ beam due to its origin in small structures,
such as those found in the ALMA maps, but which to
some extent cancel each other out in the HAWC+ beam.
For example in the MIR2 core, the correspondence be-
tween HAWC+ and ALMA vectors is modest, and the
ALMA vector PAs vary more strongly than the HAWC+
PAs. However, due to the correspondence between both
HAWC+ and ALMA inferred B field morphologies de-
scribed below, we discount this effect.
(B) More probably, in the denser parts of the cloud,

the 3mm emission is more efficiently polarised by the
cold dust than the 154µm emission: the “polarisation
spectral index” (PSI) is >1. This would run counter to
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HAWC+ ALMA P ′ images

2% 30%

Figure 7. Zoom in to all high-S/N polarisation data among the central structures of the BYF73 molecular core, from HAWC+ (green P ′
image with displayed range 0–190mJy/pixel, and cyan rotated p′ vectors with maximum 1.47%) and ALMA (red P ′ image with displayed
range 0–32mJy/beam, and pink rotated p′ vectors with maximum 65%). These are like Fig. 4 for HAWC+ and the bottom panel of Fig. 2
for ALMA, with coloured p′ vector scale bars in the bottom-left corner and coloured beam sizes in the bottom-right. For HAWC+, the
typical uncertainty above 50mJy/pixel is ∆P ′ = 5–6mJy/pixel and ∆θ = 2◦, for a S/N = 10–30. For ALMA, the uncertainty is ∆P ′ =
23µJy/beam, giving a typical ∆θ = 5◦and S/N = 5–10. Six of the 8 MIR point sources from P18 are also shown for reference, as are labels
for the MIR2 core, and in orange, the ALMA Streamer and the arc of the EPL.

the situation in the ρ Oph cloud, where radiative torques
from external illumination are thought to more efficiently
align grains in the less dense parts of that cloud, giving a
PSI < 1 (Santos et al. 2019). Here, we argue that MIR2’s
radiation could be aligning grains more efficiently in the
cloud core, if radiative torques from internal illumination
are the cause (Lazarian 2007).
We overlay both instruments’ polarisation maps of the

IBL, the peak column density area in all maps, in Figure
7. Within the cold, high column density dust preferen-
tially traced by the 3mm maps, we note two distinct
magnetic domains comprised of five sub-structures, each
with its own orientation and character:
(1a) Close in to MIR2, the field is oriented mostly

N-S, which is very similar to that inferred from the
HAWC+ data, but with amplitudes p′∼1% for HAWC+
and p′>∼3% for ALMA. We call this the “MIR2 core.”
(1b) Just to the SE of MIR2, at the western end of

the main Streamer, there is a small patch of polarisation
with a similar N-S orientation, which we call the “MIR2
extension.”
These two structures comprise the predominantly N-

S magnetic domain inside the IBL. The following three
structures comprise a different magnetic domain, ori-
ented mostly E-W or somewhat NE-SW.
(2a) Across the EPL, the uniformity is almost as good

as in the MIR2 core, with most HAWC+ vectors p′∼1%
@ N60◦E, while the ALMA vectors range over p′=10–
20% and run mostly E-W, although some vectors turn

towards ∼N60◦E at the more distant fringe from MIR2.
(2b) Along the main Streamer east of MIR2, ALMA

vectors are p′∼5–15% while running mostly E-W nearer
to MIR2, but again turning more towards ∼N60◦E as
they move away from MIR2. HAWC+ does not detect
high S/N polarised emission from the Streamer; thus, its
vectors are somewhat jumbled in orientation there, but
their alignment with the ALMA vectors is still reasonably
good.
(3) In the Streamer-west, while the HAWC+ vectors

continue to align N-S, the ALMA vectors turn E-W, but
this is beyond the reliably-calibrated polarisation radius
in the ALMA field, so the divergence may not be signifi-
cant. It is also possible that, because of the larger beam,
the HAWC+ data are dominated by the bright emission
from MIR2 (polarised N-S) further into the Streamer-
W, IF, and H ii region than are the ALMA data, before
HAWC+ finally picks up the E-W B field orientation in
the H ii region itself. If true, this would make the po-
larisation signal from both instruments more consistent
with each other here too, as per effect B above.
In terms of the P ′ null and sharp 90◦ B⊥ twist seen in

the HAWC+ data, Figure 7 seems to suggest that it is
mostly an artifact of resolution and sensitivity, as per the
pure B⊥-twist explanation (§3.3). In other words, we can
see the inferred B⊥ direction change quickly between the
MIR2 core and the Streamer-west, right under the edge
of the N-S B⊥ vectors in Figure 7, even if the ALMA
Streamer-west vectors are less reliable there.
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Figure 8. 12CO outflow features overlaid on the 3mm Stokes I continuum mosaic from Fig. 2; the latter is displayed as a greyscale +
grey contours at 0.4, 1, 2, & 5mJy/beam. The blue and red wings of the 12CO Stokes I emission are shown with blue and red contours at
levels of 30(40)450Kkm s−1 in each case, integrated from –60 to –22 km s−1 and –17.5 to +18 km s−1 respectively, for all voxels above 5σ
using the smooth-and-mask (SAM) algorithm (Rots et al. 1990). The lowest red and blue contours also approximately indicate the circular
boundary of the single ALMA polarisation field at the 20% primary beam cutoff. The average rms noise in the 12CO line wing maps is 0.14
(blue) and 0.25 (red) Kkm s−1, giving S/N peaks ∼2400 and 1850, respectively. Green labels show various continuum features as discussed
in the text, along with selected MIR point sources (Fig. 3) in magenta with white labels, except for MIR2 which is shown in black. The
synthesised beam is 2.′′83×2.′′66 @–35.4◦, shown in the top-left corner as a gold ellipse.

In summary, the significant B field structures in the
molecular core of BYF73 are MIR2, the EPL, and the
Streamer, where both the HAWC+ and ALMA inferred
B fields are broadly consistent. The B field structures
seen by both facilities in the H ii region may also be con-
sistent with each other. We reserve discussion of the B
field structures in the H ii region for §5.1.

4. FEATURES OF THE SPECTRAL LINE EMISSION

4.1. A Strong Bipolar Outflow in 12CO
The continuum structures seen in the molecular core at

both the SOFIA/HAWC+ and ALMA wavelengths are
intriguing, both in total intensity and polarised emission.
However, while apparently related to the dominance of
MIR2, from their structure alone their physical signifi-
cance is not entirely obvious, nor is how they are con-
nected to BYF73’s star-forming activity.
Not surprisingly, the ALMA spectroscopy provides im-

portant insights; perhaps more surprising is that it is the
12CO data that provide the key. Although the 12CO
spectral polarisation cubes only cover a single ALMA
field as in the bottom panel of Figure 2, the information
they reveal about the nature of the continuum emission
in BYF73 is pivotal. First, the brightest 12CO emission
by far lies in the highly Doppler-shifted line wings, ex-
tending up to ±35–40 km s−1 from the cloud’s systemic

VLSR, as illustrated in Figure 8. Spatially, these line
wings delineate a massive bipolar outflow clearly ema-
nating from MIR2. The opening angle appears small
near MIR2, θopen

<∼10◦, and the outflow appears to im-
pact the Streamer: the flow directions are apparently
strongly affected by the large inertia of ambient cloud
material in the Streamer, and deviate from their initial
vectors. Based on the small θopen and lack of overlap
between the red & blue wings, we estimate the outflow’s
inclination to the line of sight lies in 40◦<∼θincl

<∼80◦.
From detailed inspection of the 12CO Stokes I cube,

the intrinsic outflow direction from MIR2 is along the
magenta line in Figure 8 at a Galactic PA = 120◦, but
this terminates at the magenta boxes at each end of that
line. The red-shifted outflow then deviates around both
sides of the Streamer-West along the paths indicated by
the gold arrows in Figure 8. The blue-shifted outflow is
apparently deflected by the highest-density portion of the
Streamer into the direction shown by the cyan arrow of
Figure 8. Spectrally, the highest relative speeds appear
to lie near MIR2 in the red wing, but are displaced from
MIR2 by ∼14′′ = 0.17 pc downstream in the blue wing.
Apart from this offset, the outflow speeds are generally
more modest as one looks further downstream.
In the case of the blue wing, the outflow direction along

Galactic PA = 120◦ close to MIR2 is seemingly deflected
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by a clear 47◦ “bounce” into a single new direction along
PA = 73◦. The flow then continues to at least the east-
ern edge of the single polarisation field, 0.6 pc away from
MIR2. This deflection is clearly seen in the individual
12CO Stokes I cube’s channel maps, and is not an arti-
fact, for example, of opacity-masking of a more southerly
portion of the blue wing by the Streamer, hiding a con-
tinued blue outflow along PA = 120◦. This is because (1)
the Streamer and outflow are well separated in VLSR, so
there is no opportunity for the Streamer to mask some
parts of the blue wing (see also below); and (2) the 13CO
line, which is much lower opacity than 12CO, shows the
same structural features coincident with the deflection
9′′ east of MIR2.
In the case of the red wing, the initial outflow from

MIR2 along PA = –60◦ appears to be somewhat blocked
by the Streamer-west, such that the flow deviates to ei-
ther side of this obstruction, before continuing to flow at
the same PA to the western edge of the field, 0.3 pc away
from MIR2. These deviations are similarly easy to see
in the channel maps.
Note that the outflow widths, at ∼10′′–15′′, are well

under the ALMA MRS in the single 12CO field, so we
believe we recover essentially all the outflow structure in
the line wings. It is difficult to say, however, if the out-
flow continues beyond these boundaries (e.g., into the
H ii region), since the 12CO data are limited by the field
of view. But it is fairly obvious that the outflow and
Streamer interact strongly, one sculpting the other, in-
cluding the appearance of the EPL and Hole.
The second noticeable feature of the 12CO data, apart

from where the outflow can be specifically traced in to
MIR2, is that the rest of the cloud is much fainter in
the line core between roughly –22 and –17 km s−1, with
any non-outflow features being <10% as bright. This
confirms that the cloud is extremely optically thick ev-
erywhere, and that except for the large outflow-driven
Doppler shifts, virtually no 12CO emission can escape
from the cloud’s interior.
Third, and even more interestingly, we detect the

linearly-polarised Goldreich-Kylafis effect almost every-
where in the outflow, and at high S/N in Pd in almost all
channels which trace the outflow in I. This is presented
and analysed in §5.3.

4.2. Cloud Architecture from Spectral Line Mosaics
The ALMA 13CO, C18O, & CN mosaics provide fur-

ther details for analysis of the BYF73 cloud emission,
but we focus here on kinematic features associated with
the Streamer and MIR2, in order to shed further light
on the B field structures described above, and their dy-
namics.
In contrast to the very compact 3mm continuum emis-

sion (compared to the mosaic size, Fig. 2), the 13CO,
C18O, & CN mosaics illustrated in Figure 9 all show
much more extended structure, although this emission
is brightest near the continuum features, and for 13CO,
across much of the IF visible in the Spitzer images as well
(Fig. 3). The 13CO and C18O emission fills most of the
mosaic, seemingly even extending beyond it, in all direc-
tions for 13CO, and to the north and east for C18O. Even
the CN is somewhat extended, although less so than the
iso-CO lines. The 13CO+C18O extents include parts of

the H ii region (the area west of the IF), presumably due
to residual molecular gas on its near and far sides that
has not yet been ionised by the UV field or swept up in
the general H ii region expansion. Some of this effect is
more easily visible in the LV diagram of Figure 10, where
the 13CO is brightest at velocities slightly redward and
blueward of the C18O across the cold cloud.
In fact, in the data cubes this is very widespread: the

effect can be seen at positions and velocities of nearly all
structures, even deep within the molecular cloud. There
are many extended, often filamentary features with shal-
low velocity gradients and a distinct 13CO layer lying just
westward of, and slightly red- or blue-shifted from, each
bright C18O structure. Evidently, the cloud is actually
somewhat porous to the UV field emanating from the H ii
region, despite the cloud’s more opaque appearance in
the near-IR. The C18O structures then seem to delineate
the colder, more shielded parts of the cloud’s interior,
while the cocooning 13CO around each feature may define
its more excited side, facing the H ii region. Curiously,
the brightest CN emission seems to track better with
bright 13CO in position and velocity rather than with
C18O, although widespread fainter CN does lie across
the mosaic and various C18O features. The variation of
line ratios with position and velocity is difficult to por-
tray here, but Figures 9 and 10 give some idea of the
complexity.
The most noticeable kinematic feature in the spec-

tral line cubes is an EW velocity gradient across the
Streamer, one remarkable in several respects. Near the
bright continuum emission (and thus the brightest parts
of each emission line), the gradient is consistent across
all three species, reaching a maximum blueshift of –22.0
±0.1 km s−1 about 20′′ = 0.25 pc east of MIR2, and a
maximum redshift of –17.0±0.2 km s−1 around 11′′±2′′
= 0.13±0.02 pc northwest of MIR2: see Figure 11. The
gradient is also at its sharpest exactly across the middle
of MIR2 itself, ∼2–3 km s−1 across only 1 ALMA beam
(∼6000AU = 0.03 pc), or ∼75 km s−1 pc−1. The steep-
est part of the gradient, defining a symmetry axis, lies
on a nearly N-S curve, just like the B field orientation
in Figure 7. Moreover, this symmetry axis across the
middle of MIR2 (straddling the width of the Streamer)
looks identical in all 3 lines, underscoring its dynami-
cal importance and strongly suggesting a flat NS feature
within MIR2 as the origin for the outflow (more on this
next). Meanwhile, the full extent of the EW blue-to-red
velocity gradient lies along a curved line across l∼286◦
.23–286◦.20, roughly 1.3 pc.
These details suggest the possibility that the main and

western extensions of the Streamer form part of a rather
large structure (perhaps including a disk), in which in-
ward flow to MIR2 must occur and there generate the
outflow. While the case is somewhat circumstantial so
far, the evidence becomes much stronger upon closer in-
spection.

4.3. High Velocity 13CO Emission:
A Massive Keplerian Disk or Freefalling Accretion?
For BYF73 as a whole, we estimate that its systemic

velocity is Vsys = –19.6±0.2 km s−1 on the LSR scale,
based on inspection of the C18O data cube. As seen
in Figures 9+10, nearly all of the mosaics’ line emis-
sion lies between –24 and –16 km s−1. However, there
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Figure 9. Slightly cropped composite RGB image of ALMA spectral line mosaics’ total intensities (species as labelled, integrated from
–24.5 to –15.5 km s−1 for all voxels above 5σ using SAM; Rots et al. 1990) and overlaid by contours (at 0.4, 1, 2, and 5 mJy/beam) of
the 3mm continuum (Fig. 2) plus selected MIR point sources (Fig. 3). The IBL, EPL, and IF (Figs. 6–8) are also labelled in yellow. The
brightness scales in each colour channel run from dark at 0 to saturation at 38.15, 11.71, & 11.65Kkm s−1, respectively; the respective
overall peak levels, and error levels in areas away from the map edges, are 53.28±0.11, 13.42±0.08, and 16.66±0.21Kkm s−1. Thus, the
C18O and CN moment maps have typical S/N ≈ 20–60, while that of 13CO is 100–300 across much of the mosaic.

Figure 10. Longitude-velocity diagram of the same data presented in Fig. 9, i.e., integrated over the same latitude range as displayed
therein. The brightness scales are dark for 0Karcmin in each colour channel, and the saturation/peak ± uncertainty levels (in areas away
from the map edges) are 13CO 10.42/12.77±0.04 (red), C18O 4.14/5.08±0.04 (green), and CN 1.73/2.69±0.10Karcmin (blue).

is clear evidence in the 13CO cube of high-velocity line
wings close to the position of MIR2: up to ∆Vblue =
–11.5 km s−1 and ∆Vred = +16 km s−1, for a total VLSR

range of 27.5 km s−1 (i.e., from –31 to –3.5 km s−1). This
emission is quite small in spatial extent, with length ∼
20′′ = 0.25 pc and width 10′′–15′′ = 0.12–0.18 pc for each
lobe: see Figure 11.
This compact configuration is completely different to

the massive, more extended bipolar outflow clearly vis-
ible in 12CO (§4.1), which is indicated in the bottom
panel of Figure 12 to help distinguish the LV patterns of
the two species. In particular, the 12CO outflow emis-
sion that extends beyond an area ±10′′ around MIR2

must be relatively low opacity τ and high excitation Tex,
since it is much brighter than the superimposed 13CO
emission, where the latter is even detectable at the same
(l,V ) coordinates. In contrast, the high-velocity emis-
sion coincident with MIR2 has 13CO almost as bright as
12CO, suggesting a much higher τ and lower Tex. The
respective excitation conditions are consistent with gas
being entrained by a powerful mechanical outflow, and
gas responding to the local gravitational potential.
Finally, the extended, low-velocity 13CO wings are not

visible in 12CO due to the latter’s high τ , although much
of the 13CO line wing emission (Fig. 11) is spatially ori-
ented similarly to the inner 12CO outflow, including the
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Figure 11. Velocity fields (first moments with SAM) of 13CO line wings integrated from –31 to –24.5 km s−1 (left, blue wing) and from
–15 to –3.5 km s−1 (right, red wing). The colour scales match the corresponding truncated velocity wedges. Overlaid are the same 3mm
continuum contours as in Fig. 9, plus selected labels.

43◦ bend in the blue wing and the deviations around the
Streamer-west in the red wing (Fig. 8). Line wings simi-
lar to either the 12CO or 13CO high-velocity patterns are
not detectable in either the C18O or CN cubes.
Thus, while the brightest 13CO emission is probably

also tracing the outflow, the small extent of the high-
∆V emission is more peculiar. It becomes progressively
tinier as the velocity channel being viewed moves further
from the cloud’s systemic value, contracting to within a
beamwidth of MIR2 at the highest velocities. This is
the opposite of what is typically seen in protostellar jets,
where the highest velocities are usually at the most distal
parts of the outflow (Lee et al. 2000).
Instead, the LV-moment diagrams in Figure 12 suggest

this pattern might arise from a Keplerian disk. Sample
rotation curves Vrot =

√
GM/R are overlaid for 3 differ-

ent central masses in Figure 12 as well. The only free
parameter in fitting such curves is the central mass:13
the position of MIR2 is well-constrained, as is the veloc-
ity extent of the emission. Only the highest mass curve
of the 3 examples fits the high-∆V 13CO emission enve-
lope adequately. The lower mass curves and P18’s mass
estimates are all much too small, and are strongly ruled
out under this interpretation.
Indeed, a 1350±50M� curve fits the data remarkably

well over a longitude extent of 0◦.008 = 0.35 pc, or a
radius of 36,000AU, which is about half the longitude
extent (286◦.203–216) of the IBL as measured in the
HAWC+ data (Fig. 6). Such a disk would also be ∼half
the size of the Keplerian disk seen in another massive
cloud, K3-50 (Howard et al. 1997), and about half or less
of K3-50’s disk mass (Barnes et al. 2015), so these num-
bers are not unheard of in high-mass SF. But it means
that the central mass of MIR2 (presumably comprising
a massive protostar and its envelope) is 5–6× larger than
P18’s preferred estimate, and that it dominates the dy-

13 Of course, the distance (2.50±0.27 kpc) also matters. If this
is changed, the linear scale and mass will change proportionately.
However, with an 11% uncertainty, the implied mass of MIR2 re-
mains above 1200M� for rotation, or above 850M�for infall.

namics of the gas over that span.
Alternatively, the kinematics can also be explained by

gas in free fall towards a 950±35M� object, since Vff =√
2Vrot decreases the central mass required to produce

the curves seen in Figure 12 by
√

2. Reference to either
scenario hereafter is meant to include both as feasible
physical settings near MIR2.
In our view, such rotation/freefall curves are so distinc-

tive that there is no other reasonable explanation for the
motions of the gas, at least within the IBL (i.e., excluding
a much smaller amount of apparently counter-rotating
gas in the same window). Outside the IBL, the devia-
tions from Keplerian rotation are stronger, and may be
due to more typical, modestly turbulent cloud motions
and/or internal structures.

4.4. The Eastern Polarisation Lobe (EPL)
Even if we have constructed a plausible picture of

BYF73’s internal structure and mass flows, the EPL is a
distinctive feature in both the SOFIA and ALMA polar-
isation maps (Fig. 7) with an as-yet undetermined role or
import. It lies north of the plane of the Streamer/disk
around MIR2, yet the inferred B field directions through
it still point towards/away from MIR2. It is bright in
line emission as well (Fig. 9), particularly C18O, but also
13CO and CN in turn around its arc. The velocity fields
(Fig. 10) reveal little except that it is close to systemic
(–20 km s−1) in C18O at its northern apex, and slightly
blueshifted (–21.5 km s−1) in both CN and C18O at its
base near the Streamer, but blending smoothly with the
Streamer’s rotational pattern. Scanning through the
channels in the 13CO cube, the changing pattern gives
the impression of a splash effect or prominence-like ten-
dril, driven by the outflow off ambient Streamer material
downstream of the 47◦ bend in the blue wing, with a
relatively gentle relative blueshift of 1.5 km s−1.
If true this would be quite interesting: does it signify

the expulsion of surface material from the Streamer?
Or is it a wisp from the wider cloud, falling in at a
slightly higher speed, unconstrained by the Streamer due
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Figure 12. (Top Left) Integrated longitude-velocity diagram (ze-
roth moment) of 13CO emission across the Streamer, latitudes 0◦
.1677–0◦.1733. The log10 brightness scale (needed to display the
image’s dynamic range of ∼200) peaks at 4.92±0.02K.arcmin. The
emission at –8.5 km s−1 is presumed to arise in a diffuse foreground
cloud unrelated to BYF73. Overlaid are coloured curves represent-
ing Keplerian rotation for 3 sample masses contained within 1.′′8 of
MIR2’s position, each half joined by a straight line inside that ra-
dius. Dotted lines indicate MIR2’s longitude (l = 286◦.20745 from
T-ReCS astrometry; P18) and BYF73’s Vsys = –19.6 km s−1.
(Top Right) Longitude-velocity first moment map of the same data
as in the top panel. The colours represent the intensity-weighted
mean latitude of the integrated emission, e.g., the highest-velocity
emission lies at the same latitude as MIR2 (the cyan colour, b =
0◦.16975±0◦.00004 in T-ReCS’ 0◦.00007 = 0.′′25 PSF/beam).
(Bottom Right) Longitude-velocity second moment (intensity-
weighted latitude dispersion, or latitude width of the emission) of
the same data as in the above panels, with additional labels to dis-
tinguish between the 12CO and 13CO LV patterns. On this scale,
unresolved features smaller than the ALMA beam (∼2.′′6) are a
medium blue or darker, such as the highest-velocity emission, all
velocities along the inner edge of the disk, and along a good por-
tion of the 1350M� curve. Most of the interior of the disk, i.e., the
portions between the 1350M� curve and VLSR = –19.6 km s−1,
have widths <∼ 5′′, while the super-rotating and solid-body portions
of the Streamer (the brighter features in the top panel) have widths
up to ∼7′′.

to its northerly approach? While at a lower surface den-
sity than the disk, perhaps 1027 m−2 or a tenth of the
Streamer (§5.2), the continuum data show that its mass
is not insignificant, perhaps 15M� in total. Higher reso-
lution polarisation data would be desirable to determine
exactly what the EPL signals.

4.5. A Second Massive Protostar
Around MIR11 there appears to be a second strong ve-

locity gradient, similar to that straddling MIR2 (§4.1).
This gradient is somewhat vague in 13CO, clearer in
C18O, but most obvious in CN (see Fig. 13), and is
oriented with the strongest ∆V along a similar axis
(∼N40◦E) as the biconical mid-IR nebula (Figs. 3e, f):
blue-shifted emission on the more IR-visible side to the
NE, and red-shifted emission to the SW. The various line
profiles show only a narrow velocity range, however, ±2–
5 km s−1, rather than a strong outflow signature, and
for 13CO and C18O, the red- and blue-shifted emission

overlaps somewhat on the sky. Both lines have strong
self-absorption around the line centre of at –19.8 km s−1.
The CN is better separated on the sky into blue and red
lobes, with no self-absorption. These biconical character-
istics suggest the possibility of MIR11 being in an even
earlier, pre-outflow stage of evolution than MIR2.

5. MAGNETIC FIELD ANALYSIS

5.1. Davis-Chandrasekhar-Fermi (DCF) Method
5.1.1. Preamble

We start with the method of Barnes et al. (2015)
to make some reasonable estimates of B field strength,
based on the dispersion s in inferred field directions from
the polarisation data. The basic DCF approach (Davis
1951; Chandrasekhar & Fermi 1953) assumes a statisti-
cal connection between turbulent motions in the gas and
the dispersion in B field direction in the presence of a
transverse MHD wave. Such analysis is necessarily ap-
proximate, since other thermal, rotational, gravitational,
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Figure 13. ALMA mosaic velocity field (first moment) of main
hyperfine component of CN around MIR11 (black), overlaid by
white ALMA 3mm I continuum contours at 0.4, 1, 2, 4 mJy/beam
and orange HAWC+ I contours at 0.64(0.10)0.84 Jy/pix (compare
with Figs. 3e, f).

or even magnetic effects may affect the two processes
treated by DCF. On the other hand, even for supersonic
(M ∼ 5–9) MHD gases (as in H ii regions), Ostriker et
al. (2001)’s numerical simulations showed that the DCF
method can give some useful information, despite not
being developed for such a setting.
One approach to evaluating the behaviour of s is that

of Myers & Goodman (1991). In their language, the
goal is to identify a “correlation length” in the implied
B field orientation, within which the B field directions
are correlated and aligned with each other, and outside
of which they are not.
Using the formalism of Myers & Goodman (1991), we

fit the distributions of polarisation position angle θ with a
simple gaussian e−θ

2
B/2s

2

to obtain a best-fit value for the
dispersion s in θB (measured in radians). Our method is
a simplified version of Myers & Goodman (1991)’s anal-
ysis, since they showed that this approach gives very
reliable results even for their comprehensive data (hun-
dreds of stellar polarisation measurements) on the Tau-
rus molecular clouds. We have a smaller data set of θB ,
so will not need the full Myers & Goodman (1991) treat-
ment.

5.1.2. HAWC+ Data Analysis

In the HAWC+ data, the measured θB⊥ in any given
region with S/N >∼5 will have an uncertainty in orienta-
tion dominated by instrumental noise, ∆θB⊥

<∼3◦. This
occurs at a level slightly less than the P ′ = 50mJy/pixel
contour in Figures 1 and 3, and we show the correspond-
ing θB⊥ maps in Figure 14. There are three regions of in-
terest (hereafter ROI) satisfying these criteria: two arcs
of polarised emission in the H ii region (labelled north
& south), and the area within the IBL containing the
MIR 2 core (but excluding the EPL due to the paucity
of statistics, ∼20 pixels). To begin the DCF analysis,
we show in Figure 15 the θB⊥ distribution in all pixels
within each ROI. None of these is really gaussian, but we
overlay such fits in order to compute effective dispersions
in θB⊥ for reasons which will become clear shortly.
We next construct histograms for subsets (comprised of

square boxes of area A) of each ROI, computing a disper-
sion s(A) in θB⊥ for each subset. The smaller the boxes,
the more choice we have of where to fit them inside each

ROI. We then compute a mean dispersion <sθB⊥
(A)>

(± a standard deviation) in the field orientation for all
small boxes of a given area A, no matter where they are
placed within the ROI. Finally, in Figure 16 we plot all
such results as a function of box size A1/2, ranging from
a minimal useful size of A = 3×3 pixels (roughly one
Nyquist sample given the HAWC+ band D beam) to the
full size of each ROI.
In each ROI, the mean dispersion <s> within all boxes

of area A rises as the box size increases, meaning that
θB⊥ is more correlated on small scales (e.g., s < 5◦ within
the H ii region over spans < 0.5 pc), and becomes less cor-
related over longer distances (s∼10◦across >∼1 pc within
the H ii region). The scale at which s seems to plateau
is where we identify the correlation length as per My-
ers & Goodman (1991). Thus, the HAWC+ polarisation
data suggest that, as far as the B field is concerned, the
H ii region consists of one or perhaps two coherent struc-
tures, with a correlation length ∼0.5 pc as evidenced by
the plateauing of s at 6◦–7◦ in the smaller H ii-North
(Fig. 16), and the slow rise of s across H ii-South as the
B field orientation slowly changes across the 1 pc arc of
the H ii region.
In contrast, the interior of the IBL (already much

smaller than the H ii region) shows two closely-spaced
and distinct B field configurations, namely the EPL and
MIR2 core. While no useful statistics could be com-
piled for the EPL, even the MIR2 core has insufficient
resolution to discern more than a strongly rising s at all
measured scales, and no correlation length can be defined
beyond the ∼0.2 pc extent of the core itself, as in Figure
7.

5.1.3. ALMA Data Analysis

The same approach can be used with the ALMA polar-
isation data, which has high enough resolution to resolve
the DCF analysis for the MIR2 core and its environment,
unlike its minimal representation in Figures 14–16. We
therefore define the ALMA ROIs in Figure 17 where θB⊥
has S/N > 2.5 but is typically 5–10, as in Figures 2 and 7
and conforming to the description in §3.4. Then in Fig-
ure 18 we show the ALMA θB⊥ distributions, compiling
the ALMA DCF statistics in Figure 19.
We first notice that, in the overlapping range of scales

(0.1–0.3 pc), the dispersion s in the IBL from both
ALMA and HAWC+ data are in agreement, rising ap-
proximately from 10◦ to 20◦ when averaging broadly over
the 5 structures in Figure 19. Focusing next on the small-
est ALMA scales (0.02 pc), s in the IBL also starts out
at a few degrees, then gradually rises. In each of the 5
ROIs, Figure 19 hints at an s plateau for each structure,
before rising further as other uncorrelated structures are
included. In Table 1 we compile the (A1/2

corr, scorr) pairs
that can be read off the trends in Figure 19, and for com-
pleteness also include the values for the H ii region ROIs
from Figure 16. The EPL seems to have the fastest-rising
s and the least well-defined plateau in Figure 19, suggest-
ing that it has not mapped out a single correlation length
in its structure.
Therefore, the measurable correlation lengths in the

IBL are perhaps only a tenth those in the H ii region,
0.05–0.15 pc compared to ∼1 pc. The dispersions in B
field direction at those lengths are respectively ∼6◦–20◦,



Magnetic Fields and Gas Structures in BYF73 17

H iinorth

EPL +
MIR 2 core

H iisouth

Figure 14. Cutouts of the θB⊥ distribution in HAWC+ ROIs with S/N(P ′) >∼5, overlaid by P ′ contours 50(16)98,140 mJy/pixel (the
same as in Figs. 3, 6). These ROIs correspond to arcs of polarised emission in the H ii region, and to the EPL+MIR 2 core within the IBL.
In the analysis shown in Figs. 15 and 16, however, the ROI enclosing MIR 2 excludes the pixels covering the EPL.

compared to 7◦–12◦for the H ii region. Such lengths and
dispersions are the scales above which B field directions
are not correlated with each other between neighbouring
areas, and are therefore the scales we should explore for
other physical thresholds, and particularly for any con-
straints on B field strength.

5.1.4. Numerical Results

Figure 15. Histograms of θB⊥ at all pixels within each of the
ROI cutouts from Fig. 14, as labelled. Also shown are gaussian fits
to, and the dispersions in, each θB⊥ distribution.

As described by Ostriker et al. (2001), Crutcher et al.
(2004), Barnes et al. (2015) and many other workers, the
standard DCF analysis (Davis 1951; Chandrasekhar &
Fermi 1953) directly links the dispersions in polarisation
angle δθ = s (tracing variations in the B field orien-
tation) to three other physical parameters that simply
and naturally describe the propagation of a transverse

Figure 16. Mean dispersion of polarization position angles θB⊥ ,
with the dispersion in the dispersion shown as error bars, as a
function of box size within each ROI shown in Figs. 14, 15.
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Figure 17. Cutouts of the θB⊥ distribution in ALMA ROIs) with S/N(P ′) >∼3, overlaid by P ′ contours 50(16)98,140 mJy/pixel (the same
as in Figs. 2, 7). These ROIs correspond to polarised emission from the Streamer, EPL, and parts of the MIR2 core within the IBL.

MHD wave in a turbulent plasma: the gas density n, the
line-of-sight velocity dispersion δV , and the plane-of-sky
magnetic field strength B⊥. That is, s will increase as
(1) B decreases, since then the magnetic restoring forces
are reduced; (2) n increases, since then the medium’s in-
ertia to the MHD wave is greater; or (3) δV increases,
since that describes the strength of the MHD wave.
According to Crutcher et al. (2004), with appropriate

SI unit conversions (1 nT = 10µG) the projected B field

Figure 18. Histograms of θB⊥ at all pixels within each of the
ROI cutouts from Fig. 17, as labelled. Also shown are gaussian fits
to, and the dispersions in, each θB⊥ distribution.

strength

B⊥,DCF = 0.543 pT
√
µn (∆V/s) , (1)

where n (m−3) is the gas density with mean molecular
weight µ=2.35, ∆V =

√
8ln2 δV is the velocity FWHM

(km s−1) in the cloud, and s is measured in degrees. In-
cluded in the constant is a numerical factor Q=0.5 from
Crutcher et al. (2004) to correct for various smoothing

Figure 19. Mean dispersion of polarization position angles θB⊥ ,
with the dispersion in the dispersion shown as error bars, as a
function of box size within each ROI shown in Figs. 17, 18.
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effects (e.g., see Ostriker et al. 2001).
For an illustrative example, consider the region of dens-

est gas inside the IBL. From modelling of HCO+ emis-
sion by Barnes et al. (2010) at the 40′′ Mopra resolution
(roughly 3× the HAWC+ beam), we take δV ∼ 1 km s−1

as a median intrinsic value and the estimated peak n ∼
5×1011 m−3 ostensibly near MIR2, to connect scorr in
our polarisation maps to the field strength B⊥. Eq. (1)
then becomes

B⊥,DCF(MIR 2, Mopra) ∼ 92 nT (s/15◦)−1 (2)

at these values of n and δV around MIR 2 (or 0.9mG in
cgs units). Indeed, the value for n may well be higher in
the smaller HAWC+ beam, and is certainly much higher
in the 0.03 pc structures revealed by ALMA (see §5.2),
peaking at 3.6×1013 m−3. Then,

B⊥,DCF(MIR 2, ALMA) ∼ 1.18µT (s/10◦)−1 (3)

(12mG), a value which has not been observed in any star-
forming region outside of maser spots. Even the smaller
value in Eq. (2) is among the highest non-maser B field
strengths in similar massive star-forming clouds, accord-
ing to the compilation of (Crutcher 2012, his Fig. 7).
Despite the possibly record-setting value for B⊥ near

MIR2, it is commensurate with MIR2’s high gas den-
sity, i.e., together they indicate a mass-to-flux ratio that
is very close to critical (see below). In other words,
any field strength much less than this (or density much
greater) would probably not provide sufficient support
against gravitational collapse (allowing, of course, for the
likelihood of |B| > B⊥). However, this density is derived
from SED fitting which, as we have already noted, may
be significantly underestimating the gravitational poten-
tial near MIR2, based on the apparently Keplerian or
infalling motions seen in the 13CO data (§4.3). In that
case, even this high B field cannot avoid criticality.
As a contrasting example, we also consider the H ii re-

gion ROIs. In such regions, bulk expansion speeds are
typically 2–3× the velocity dispersion (= sound speed)
in the roughly 8000K ionised gas, ∼12 km s−1 (Habing &
Israel 1979; Franco et al. 1990). Such flows are thought
to dominate the energetics in the gas. For BYF73,
the H ii region has a total flux density at 843MHz of
only 60mJy (Green et al. 1999). This corresponds to a
small emission measure EM = n2D = 9.5×1015 pcm−6

(Mezger & Henderson 1967). With an apparent diameter
2R=D∼0.5 pc, this yields a much lower electron density
ne ≈ 1.4×108 m−3 than in the molecular cloud,14 but we
also have a somewhat larger dust-based estimate of nd ≈
7×109 m−3 from SED fitting (§5.2) which may average
in material from outside the H ii region. We bracket this
uncertainty by combining these values in Eq. (1) with two
estimates (e.g., using a lower µ=1.28 in the ionised gas),

B⊥,DCF(H II, ions) ∼ 21 nT (s/5◦)−1 and

B⊥,DCF(H II,dust) ∼ 195 nT (s/5◦)−1 , (4)

for the H ii region ROIs, depending on which parts of the
line of sight through the H ii region are being sampled by

14 From these parameters, one can also derive an excitation pa-
rameter U = Rn2/3 = 6.7×104 pcm−2 (Mezger et al. 1967) for the
H ii region, needing only a single ∼B1 star (Panagia 1973) to power
it, and confirming its modest impact on the molecular cloud.

Table 1
Davis-Chandrasekhar-Fermi correlation statistics for

BYF73 polarisation structures from SOFIA & ALMA data

Structure Correlation B Field Angular σB/B̄⊥
Scale A1/2

corr Dispersion scorr

H ii-North 0.5 pc 6◦ 0.1
H ii-South 1.5 pc 12◦ 0.3
Streamer-W 0.14 pc 18◦ 0.3
MIR2 core 0.08 pc 16◦ 0.4
EPL 0.12 pc 22◦ 0.6
Streamer 0.14 pc 13◦ 0.3
MIR2 extn. 0.05 pc 6◦ 0.1

the HAWC+ polarisation data.
Even the lower (pure-H ii) value seems somewhat high

compared to a more typical 1 nT in other H ii region
studies (Crutcher 2012; Barnes et al. 2015); whether this
value is reasonable is unknown, but B field measurements
could also be obtained, for example, via high-resolution
HI Zeeman observations. The higher dust-based esti-
mate would apply if the polarisation contribution is pre-
dominantly from outside the H ii region, but then the B
field configuration still suggests a connection to the H ii
expansion. This could be reconciled with an origin in
a sheathing, higher-density PDR layer rather than the
ionised cavity.

5.1.5. Energetic Considerations

For our purposes, though, the point is whether the en-
ergy densityM in these somewhat strong B fields exceeds
or is less than the kinetic energy density K in the ionised
outflow. Borrowing from Eq. (15) in §5.3, we can write

this ratio as M
K = 5.2%

(
∆V/Vrel

s/6
◦

)2

. From the flow in the
H ii region, we have that ∆V/Vrel ∼ 1, while from Fig-
ure 16 we have s = 6◦, 12◦ in the H ii region-north and
-south, respectively. Thus, the B field energy density in
the H ii region is probably still small compared to the
kinetic energy in the ionised flow.
This approach is only valid, however, if the situation of

the DCF analysis holds, namely the presence of an MHD
wave with turbulent motions. If other processes operate,
then the B field strength may be indeterminate without
direct measurements, either smaller or larger than the
DCF value. For example, if other motions enhance vari-
ations in θB⊥ , s may be larger than the DCF-only value,
underestimating B⊥.
In expanding H ii regions, the kinetic energy density of

the expansion K often exceeds the thermal energy density
T by a wide factor (i.e., in addition to exceeding M):
K/T = 2

3M
2 (Barnes et al. 2015), where M (= 2–3 in

the example above) is the Mach number of the flow. For
star formation in cold molecular gas, the most interesting
question is the relationship between B fields and gravity.
If M � G, gravity dominates and the gas is considered
“supercritical;” if M � G, it is “subcritical.” We discuss
this question further in §§5.2, 5.3, and 6.3.
However, there is an additional factor in criticality: we

need to understand not only the value of the dispersion
s, but also its behaviour on different length scales. As
explained by Myers & Goodman (1991), where the DCF
method applies, these dispersions are related to the ratio
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Figure 20. Relative alignment between polarization position an-
gle θB⊥ and the tangent to iso-column density N contours, as a
function of N across the HAWC+ field. An angle of 0◦ means
the B field is oriented along the iso-N contours, while at 90◦ the
field is perpendicular to the contours and aligned with the gradi-
ent ∇N . Also shown as red lines and labelled in N , in units of
1026m−2, are the boundaries of the separate bands in N for which
each histogram in Figure 21 was computed. The boundaries were
chosen to ensure histogram equalisation, i.e., to divide all N data
into 10 equally-populated bins with comparable statistical noise in
each N -bin.
of the disordered vs. ordered B field strengths via

scorr =
σB

L1/2B̄⊥
. (5)

Here scorr is measured in radians, L is the number of B
field correlation lengths (assumed ≈ Acorr) in the line of
sight, B̄⊥ is the strength of the ordered component of
the projected B field, and σB is the dispersion in the
strength of the random component of the projected B
field. For now, we estimate L from the behaviour of s
as seen in the DCF structure functions (Figs. 16, 19), ie.,
where s plateaus in each structure at some size scale A,
and so constrain somewhat the ratio σB/B̄⊥.
In the H ii region, L = 1–2, scorr≈ 0.1, so we estimate

(σB/B̄⊥)HII ≈ 0.1–0.3. This is another way of describing
the highly ordered appearance of the B field vectors over
large scales (Fig. 1). Likewise, for the 5 structures in the
IBL, effectively L = (1–3) × A

1/2
corr by construction, and

we estimate the random:ordered B field strength ratios
for all 7 structures described here in the same way, and
list them in Table 1.

5.2. Histogram of Relative Orientations (HRO)
The HRO method of analysing B field orientations

in star-forming gas is by now a fairly standard tech-
nique (e.g., Soler et al. 2017, and references therein).
In the Vela C molecular complex, for example, Soler et
al. (2017) used BLASTPol data with a resolution 3.′0 =
0.6 pc at Vela to examine how the B field orientation
changes with column density. They found that at lower
molecular gas column densities ∼1026 m−2, the B field
direction tends to be mostly parallel to or not show any

Figure 21. HRO plots in each of the N -bins shown in Figure 20.
Each window is labelled by the range of column density N in that
bin and its fitted HRO shape parameter ξ ± uncertainty, as defined
by Soler et al. (2017).

Figure 22. HRO shape parameter ξ as a function of column den-
sity N as fitted in Figure 21. The black labels and dashed line are
solutions to the parameters C (the slope) and X (log of the N -axis
intercept) of a linear regression to all the ξ data.

preferred direction relative to gas structures, whereas the
B field is mostly perpendicular to higher column density
structures ∼1027 m−2. This generally confirms a series of



Magnetic Fields and Gas Structures in BYF73 21

Figure 23. Overlay of the HAWC+ B field vectors (similar to Fig. 1 but including all vectors with P ′/σP ′ > 1.4, with a 20% p′ scale in
the bottom-right corner) and a column density map (contours 0.8, 1.1, 1.58, 2.27, 3.5, 5.1, 7, 10, 13×1026 m−2) derived from the SED-fit
NH2

map from Herschel data (Pitts et al. 2019) (hence the two beams).

results by the lower resolution (∼10′) Planck Collabora-
tion (e.g., Planck Collaboration 2016) over a wider range
of molecular gas column densities.
In the various structural components of Vela C, the

transition from mostly parallel to mostly perpendicular
can be rather sharp at a certain column density for each
structure, but this transition density is different in each
structure. This is widely attributed to a transition from
subcritical gas at lower densities, where the flow is at
least guided to some extent by the B field, to near-critical
or slightly supercritical gas at higher densities, where
gravity is capable of overwhelming the magnetic pressure,
allowing stars to form.

5.2.1. HAWC+ Data

With our substantially higher resolution ALMA and
SOFIA/HAWC+ data, it should be instructive to con-
duct a similar HRO analysis from several pc down to
<0.1 pc scales in the massive star formation environment
of BYF73. We show first in Figure 20 the relative align-
ment of B field vectors with the SED-fit column density
N map (Pitts et al. 2019) as a proxy for “structure” in
the molecular gas, in all the HAWC+ data as shown in
Figure 1. That is, where the rotated polarisation vectors
θB⊥ are aligned with the tangent to the iso-N contours,
the relative angle is close to 0◦ and the field is considered
to be “parallel” to the gas structures. Where θB⊥ is per-
pendicular to the contours and aligned with the column
density gradient ∇N , the relative angle is close to 90◦
and the field is considered to be “perpendicular” to the
gas structures.
This approach has the advantage of not imposing any

preconceived interpretation of whether the gas structures
represent “clumps,” “cores,” “filaments,” or any other po-
tentially subjective term (see, e.g., Planck Collaboration
2016; Soler et al. 2017). The distribution is quantified

by computing histograms on each N -bin separately as in
Figure 21, including the HRO shape parameter –1 < ξ
< 1 computed on each N bin’s HRO, as described by
Soler et al. (2017). This parameter objectively indicates
whether there is a preponderance of parallel (ξ > 0) or
perpendicular (ξ < 0) alignments in the data, and can be
plotted as a function of N (Fig. 22) to reveal any trends
via linear regression,

ξ = CHRO (logN −XHRO) . (6)

Already in Figure 20 we can see that the distribution
of relative alignments has definite patterns in various col-
umn density ranges. These observations are reflected
numerically in Figures 21 and 22. Thus, in the lower-
N ranges, there is an overabundance of parallel align-
ments (relative PA < 20◦) between the inferred B field
orientation θB⊥ and the iso-N contours, and ξ > 0 at
high significance, 3–13σ each across 8 N -bins. In the
top two N ranges, however, there is a sudden transition
to clearly more perpendicular alignments, PA ∼ 40◦–
70◦ in the penultimate N bin (ξ ≈ 0), and 60◦–90◦ in
the top bin (ξ < 0 at 6σ). Indeed, compared to Vela
C (Soler et al. 2017), the slope CHRO is substantially
closer to –1 in the HAWC+ data for BYF73, indicating
an even stronger alignment trend with increasing N and
a sharper transition (XHRO intercept) than in the Vela
cloud, at Ncrit = (3.9±1.0

0.8)×1026 m−2. Interestingly, the
steepness of CHRO as seen in Planck+BLASTPol large
scale maps may be correlated with the inclination angle
of the mean B field (e.g., Sullivan et al. 2021). One sees a
shallower slope in clouds where the polarisation fraction
levels indicate that the B field is inclined closer to the
line of sight. Thus, the steeper slope in BYF73 may be
related to its B field lying close to the plane of the sky
(see §§4.1, 5.4, 6).
The distribution of points in Figure 20 can be more
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Figure 24. Similarly to Fig. 20, this shows the relative alignment
between polarization position angle θB⊥ and the tangent to iso-
column density N contours, as a function of N , except here across
the ALMA field. The red N -bin boundaries for each histogram in
Figure 25 are labelled here in units of 1027m−2.
intuitively understood in Figure 23, which overlays the
HAWC+ p′ vectors and N contours from the Herschel-
based SED fits (Pitts et al. 2019). This map shows that
the large number of points with N <∼ 1026 m−2 and pref-
erentially parallel alignments arises in the H ii region,
while the other large concentration of points with N ≈
2×1026 m−2 arises mostly from the extended IF to the
north and the similar arc bounding the H ii region to the
southwest of MIR2. The transition between these two
column density levels contains relatively few points due
to the sharp density gradient across the IF. For N ≥
3×1026 m−2 and progressively closer to MIR2, the align-
ments become preferentially more perpendicular.

5.2.2. ALMA Data

We can repeat the HRO analysis on the smaller scale of
the ALMA field. Figures 24–26 similarly show the over-
all relative alignment distribution as a function of N , the
HROs in separate N -bins, and the ξ vs. N plot for all
ALMA data. The relative alignment distribution shows
similarly striking changes withN as in the HAWC+ data.
In the three lowest-N bins, the B field shows no partic-
ular preference for parallel or perpendicular alignments
in the ALMA maps (ξ ≈ 0 within the uncertainties). In
the middle six N bins, though, the distribution changes
to show a substantial preference for perpendicular struc-
tures (ξ < 0 at a S/N of 2.5–5σ in each bin). These 9
bins together behave similarly to the BLASTPol results
in Vela C, again including the existence of a sharp transi-
tion from positive to negative ξ, but now at a 4× higher
N ≈ 1.6×1027 m−2 than in the HAWC+ data.
However, in the highest-N bin, the distribution

changes back to a very strong (7σ) parallel signature, ξ
= 0.60±0.08. This produces a very atypical non-negative
result in Figure 26 for the fitted HRO parameter CHRO

(black labels and dashed line). In Vela C and elsewhere,
a negative CHRO means that ξ changes systematically

Figure 25. HRO plots in each of the N -bins shown in Figure 24.
Each window is labelled by the range of column density N in that
bin and its fitted HRO shape parameter ξ ± uncertainty, as defined
by Soler et al. (2017).

Figure 26. HRO shape parameter ξ as a function of column den-
sity N as fitted in Figure 25. The black labels and dashed line are
solutions to the parameters C and X of a linear regression to all
the ξ data, while the red labels and dashed line are for a fit to all
data except the highest column density bin with logN > 28.

from weakly positive to definitely negative values as N
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Figure 27. Overlay of ALMA B field vectors (similar to Figs. 2, 7, 17 but including all vectors with P ′/σP ′ > 1.4; 20% p′ scale in
bottom-left corner) with a column density map (contours 0.3, 0.6, 1, 1.6, 2.5, 5, 10×1027 m−2) derived from scaling the ALMA I mosaic
(Fig. 2) to an SED-fit Tdust map from Herschel data (Pitts et al. 2019).

rises, meaning a transition from parallel or random B
field alignments to perpendicular ones, often with a sharp
transition across ξ = 0 at a particular N . In this context,
the last data point in Figure 26 may be anomalous, but
as it turns out, this may not be that significant.
To see this, consider the θB⊥ and N maps together

(Fig. 27), where one can see where each of the ten N
bins are located. The three lowest-N bins with ξ ≈ 0
arise in the weaker emission features of the Streamer to
the west and farthest east, and southern parts of the IF.
The middle six N bins with ξ < 0 arise in the brighter
emission of the EPL, MIR2-ext, and the main part of the
Streamer. The highest-N bin arises exclusively from the
brightest parts of the MIR2 peak, where the structure is
actually not well-resolved in the 2.′′6 ALMA beam. This
would not only preclude accurate θB⊥ measurements at
MIR2, but also might include Q and U cancellation
within the ALMA beam, underestimating P ′. Resolu-
tion alone would make any alignment inferences ques-
tionable, but in addition we recall that MIR2 is near the
limit of the reliably-calibrated window of the ALMA po-
larisation field. Therefore, we cannot accurately quantify
the alignment measurements or their uncertainties right
at the MIR2 peak, and conclude that the ξ value in this
N bin should be discounted.
As an exercise, therefore, we also computed the regres-

sion parameters C and X for the nine lower-N bins in
Figure 26, and show these as red labels and a dashed
line. In this case C is definitely negative (3σ) and more
in line with the Vela C results, while the XHRO intercept
gives Ncrit = (9.5±5.3

3.4)×1026 m−2. Based on this alone,
it seems desirable to obtain an even higher-resolution po-
larisation map of MIR2 and its immediate surroundings.
Such a map would allow us to explore the massive proto-
stellar core’s B field in much finer detail and track the ξ
trend to even higher N , not to mention better resolving

Figure 28. Combined HRO ξ vs. N plot from both HAWC+ and
ALMA data (Figs. 22,26), where the two data sets overlap in theN -
bins from 0.5 to 1.5×1027 m−2, and we have increased the number
of N -bins to 25 because of the roughly doubled number of points.
The overall results of the fitting, however, are very similar for any
number of N -bins between 10 and 30. As in Fig. 26, the black
labels and dashed line are solutions to the parameters C and X of
a linear regression to all the ξ data, while the red labels and dashed
line are for a fit to all data except the highest column density bin
with logN > 28. Overlaid in green and cyan are the respective fits
from Figs. 22 and 26 for comparison.

the core itself (e.g., 250AU at 0.′′1).

5.2.3. Combined Data
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The ξ–N trends in Figures 22 & 26 overlap nicely in
column density, and we present a combined plot in Fig-
ure 28. There, the slope C is slightly shallower com-
pared to either the HAWC+ or ALMA-only results, but
the overall trend is firmer (the uncertainties in C & X
are smaller) due to the wider range of N being sam-
pled. In combination, the data suggest that the transi-
tion to perpendicularity in BYF73’s Streamer and MIR2
core occurs (from the red intercept X in Fig. 28) at Ncrit

= (6.6±1.2
0.9)×1026 m−2, near the geometric mean of the

transitions from the individual instruments. This can
also be converted into an equivalent critical gas density if
we assume a line-of-sight depth to the Streamer approxi-
mately equal to its projected width, n ∼ N/D, where D
≈ 0.087 pc. Then, ncrit = (2.0±0.5

0.4)×1011 m−3.
This is actually a rather suggestive threshold: in Fig-

ure 27, it is the column density of the second-lowest con-
tour, and includes the MIR2 core, ∼all of the Streamer-
main and -west, and much of the IF. It suggests that
the Streamer’s width may be related, locally at least,
to the transition between MHD forces governing the gas
dynamics and self-gravity, as seen in §4.
It is instructive to compare this result with other HRO

studies. For example, Planck Collaboration (2016) used
10′ resolution Planck data to study B field orientations
in 10 nearby (150–450 pc) Gould Belt clouds, with a
finest physical resolution similar to our HAWC+ data
and ranging up: ∼0.4–40 pc. At this scale the median gas
densities are n ≈ 5×108 m−3, substantially less than is
typical in the Streamer as estimated above. The thresh-
old column densities in these 10 clouds are also lower
than that for BYF73, by a factor of 10 on average, X
≈ 6×1025 m−2. Similarly in Vela-C, a massive but rela-
tively unevolved cloud at 700–900 pc, Soler et al. (2017);
Zucker et al. (2020) used Herschel and BLASTpol data at
3′ resolution for their HRO analysis (i.e., with a similar
physical resolution to Planck Collaboration 2016), and
found a typical X ≈ 3×1026 m−3 or about half BYF73’s
value. Finally, in two portions of L1688 in Ophiuchus at
140 pc, Lee et al. (2021) combined HAWC+ and Planck
data (giving similar physical resolutions to our ALMA
data) to confirm a column density threshold similar to
Planck Collaboration (2016)’s 10 clouds, and a volume
density threshold n ≈ 1010 m−3.
We can relate this column density threshold to the

equivalent B field threshold if gravity and the magnetic
pressure were critically balanced. Using the mass-to-flux
ratio approach of Crutcher et al. (2004) as adapted by
Barnes et al. (2015), we have

λ =
(M/Φ)obs

(M/Φ)crit
= 0.064

NH2
/1024m−2

BTOT/nT
, (7)

or
Bcrit (nT) = NH2

/(1.57× 1025m−2) , (8)

when λ = 1. With the above threshold, we obtain
Bcrit = 25±6 nT for the HAWC+ measurements, Bcrit

= 61±27 nT for the ALMA data, and Bcrit = 42±7 nT
averaged over the mapped HAWC+ and ALMA emission
in BYF73, based on the combined HRO analysis.
Again, we can compare this result to equivalent Bcrit

for the nearby clouds of ∼4 nT (Planck Collaboration
2016), ∼20 nT for Vela-C (Soler et al. 2017), and ∼4 nT

for L1688 (Lee et al. 2021), placing BYF73 at a higher-
Ncrit and -Bcrit level than these other clouds. Our
Bcrit result for BYF73 generally is also about half the
DCF value at the peak of MIR2 with Mopra’s reso-
lution (Eq. 2), which is not unreasonable given the re-
spective density levels. Thus, both the DCF and HRO
analyses give us mutually consistent clues about the B
field strengths in BYF73, which seem to be significantly
stronger than in other clouds.

5.3. The Goldreich-Kylafis (GK) effect in 12CO
5.3.1. Widespread Polarisation in the Outflow

The GK effect can arise when B fields (even weak ones)
and velocity & excitation gradients in molecular gas com-
bine to produce imbalances from thermal equilibrium in
populations of magnetic sublevels M of spectral lines
with opacity ∼1 (Goldreich & Kylafis 1981; Girart et
al. 2004; Crutcher 2012). This can produce linearly po-
larised spectral line emission that is either aligned with
(π transitions) or perpendicular to (σ transitions) the lo-
cal B field, depending on the radiative transfer circum-
stances, namely the unknown angles between the radia-
tion anisotropy, the line of sight, and the B field direc-
tion. In addition, the classical Zeeman effect can give
rise to circularly polarised σ transitions parallel to B,
observable for that component of B oriented along the
line of sight.
We report here the widespread detection of strong,

linearly polarised emission in the 12CO line wings from
BYF73 (i.e., its bipolar outflow) that is consistent with
the GK effect. The native Stokes data have high S/N,
up to 21 for P ′ and p′, in individual 0.16 km s−1-wide
channels and across much of the outflow visible in both
line wings. However, where the polarisation signal weak-
ens, the p′ values tend to rise and, with the larger un-
certainties, the resulting vector maps become somewhat
confusing to look at. Therefore, we averaged (binned)
the native Stokes data into ∼3 km s−1-wide channels for
display purposes only, and formed the polarisation prod-
ucts on the binned cubes with proper noise weighting:
the significant polarisation features are then more easily
visualised in the binned data. Figure 29 shows overlays
of the blue- and red-shifted I and P ′ emission in these
binned data, together with all observed polarisation vec-
tors above 4σrms (and up to 72σ) across the full velocity
range of the line wings.
Interpreting GK polarisation vectors requires some res-

olution of the 90◦ ambiguity described above, depending
on whether σ transitions from the M=±1 magnetic sub-
levels (polarised perpendicularly to the B field) will be
stronger or weaker than the π transitions fromM=0 sub-
levels (parallel to B). In general, whether outflows are
driven by magnetocentrifugal forces anchored in proto-
stellar disks, or by collimated protostellar jets carrying
their own B fields, the nominal expectation is that in-
ferred B fields should be aligned along outflows. In Fig-
ure 29 we have rotated the vectors by 90◦ from those
observed, and it is this orientation which, remarkably
clearly, shows an overwhelming orientation along the out-
flow direction in each wing, especially for the higher-S/N
pixels. Equivalent plots of the observed vectors show a
near-universal circumferential alignment around MIR2,
which would seem to be unphysical based on the above
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Figure 29. BYF73 12CO outflow polarisation maps shown in 3 km s−1-wide panels, each labelled by their centre velocities in the top-left
corner and a 5% polarisation vector scale (yellow bar) in the bottom-left corner. The panels overlay several components, averaged over
the same velocity ranges: polarised flux P ′ images scaled to the colour bar on the right in K; I contours in red at 2,4,8,16K, dashed for
negative values from missing short-spacing information; and orange percentage p′ vectors at every second pixel above 4σ, with PAs rotated
by 90◦ to indicate θB⊥ . For the P ′, p′, and θB⊥ data in each panel, they were constructed by first binning the native Stokes data by 19
channels, and then forming the products P ′, p′, and θB⊥ on the new binned cubes. In order to better display the high-S/N features, the
top 12/bottom 8 panels respectively show the blue-/red-shifted line wings vignetted to the east/west of MIR2.

understanding.
Indeed, the high-S/N vectors track both the bend in

the blue wing and the fork in the red wing inferred solely
from the I emission pattern (Fig. 8). There are some
low-S/N vectors which don’t align with this general pat-
tern, however, typically near the p′ threshold. This is
most notable in the –24 km s−1 panel, both north and
south of the outflow itself. In the northern portion of
this polarised emission, the alignment is instead approx-

imately across the EPL as mapped by HAWC+ (Figs. 6–
8). South of the outflow, the emission appears to be an
artifact of missing short spacings in the field of view, so
we discount it.
An arrangement with outflows oriented along the B

field direction is typical of Crutcher (2012)’s summary of
outflow studies via GK mapping. The data for BYF73
show that the observed polarisation is preferentially ori-
ented 90◦ from the presumed B field direction down the
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Figure 30. Simplified DCF analysis of polarisation orientations in the ALMA 12CO data (left, blue shifted emission; right, red-shifted
emission) as a function of velocity, treated as single boxes encompassing all polarised emission in each channel. All pixels of θB⊥ above
4σ are shown as black dots; their mean values in each channel are connected by a red line, while the dispersions in each channel’s θB⊥
distributions are drawn as green error bars. The dark blue line shows χ2 values (on the right ordinate axis of each panel) of gaussian fits to
the θB⊥ distributions in each channel. For reference, the horizontal magenta and cyan lines respectively show the orientation of the red-
and blue-shifted outflow axes, as illustrated in Fig. 8, and each left ordinate is additionally labelled with compass directions.

outflow axes, and so supports an excitation condition in
which the σ M=±1 transitions are robustly overpopu-
lated in the outflow relative to the π M=0 transitions.

5.3.2. Simplified DCF Analysis

Quantifying this description, however, is challenging
due to the sheer volume and effectively 4D nature of the
data. As a first attempt, we perform a simplified DCF
analysis per unbinned 0.16 km s−1-wide channel in the
data. We argue that this is reasonable, even though the
original DCF method was not developed for outflows.
Indeed, we believe that DCF analysis of spectral-line lin-
ear polarisation will give a better result than for dust
polarisation, in the following sense.
A GK-imbued spectral line directly samples the tur-

bulence, density, and polarisation dispersion in the same
region. A problem with application of DCF to dust po-
larisation is that one needs to estimate the density sam-
pled by the dust polarisation, plus a turbulent linewidth.
Although we have dust-based column density maps of
BYF73 (Figs. 23, 27) from which density estimates can
be simply inferred, densities and linewidths are more
generally inferred from observations of spectral lines:
excitation analysis for density, and directly measured
linewidth. However, different spectral lines sample dif-
ferent density regimes and different lines have different
linewidths, so just what is appropriate for the dust po-
larisation analysis is never clear. One often ends up with
some sort of ill-defined average along the line of sight.
On the other hand, for spectral-line polarisation things
are self-consistent. One can infer the polarisation disper-
sion, density, and measure the turbulence directly in the
same parcel of gas, namely that sampled by the spectral
line being observed. DCF then gives an estimate of the
B field strength in that spatial and density parcel, not
for some ill-defined and possibly different regions along

the line of sight.
If GK polarisation can be detected in multiple spectral

lines that sample different density regimes, one can in
principle build up a 3D picture of the B field. So far,
however, detections of the GK effect in species other than
CO have been rare, but presumably that will improve as
time goes on.
For this channel-DCF analysis of BYF73, we do not

include sub-ROIs of each channel at smaller scales, as in
Figs. 16 and 19, and assume instead for simplicity that
the whole-channel-ROI gives an approximate measure of
the θB⊥ correlation length for that channel, since the
polarised emission is dominated by the outflow structure,
as seen in Figure 29. The results are shown in Figure 30
for both 12CO line wings.
Several features are immediately evident. The most

significant are the clear trends in θB⊥ , for the blue wing
from VLSR = –22 to –36 km s−1, and for the red wing
from VLSR = –17 to –2 km s−1, showing a B field orien-
tation that changes gradually, in both cases, from EW to
more along the outflow axis and then back to EW, as one
looks from the lower to higher outflow speeds. This in-
ternal consistency is not so surprising since the statistics
in these channels (a few hundred pixels each) are quite
robust. Observationally, however, there is no reason to
expect the polarisation to line up so reliably, channel by
channel, unless the polarisation signal in all channels is
strongly governed by the intrinsic physics of the outflow.
Thus, over these velocity ranges, the dispersion in θB⊥
for each channel is quite small, s = 11◦±4◦, even where
a few pixels appear as outliers in the θB⊥ distribution of
some channels. This is not much larger than the aver-
age noise-derived ∆θrms ≈ 7◦, giving an intrinsic mean
dispersion s ≈ ±8◦.6, or as little as ±7◦in some places.
Overall, the polarised emission at these velocities appears
very well organised.
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At velocities from VLSR = –36 to –55 km s−1 and >–
2 km s−1, however, the mean θB⊥ direction in each chan-
nel becomes more erratic as the outflow speed increases,
on average still lying near the outflow directions but
with a dispersion among the channels s ≈ ±40◦ for the
blue wing. This wider variation probably reflects poorer
statistics, with typically only a few, or a few dozen, pixels
per channel.
At velocities closer to the line core, VLSR = –22 to –

17 km s−1, aliasing of extended line emission throughout
the field of view introduces many polarisation features
with probably unreliable θB⊥ , indicated in Figure 30 by
both the increasing density of dots at all θB⊥ and higher
χ2 from the non-gaussian θB⊥ distribution, all becom-
ing more noticeable as the velocity approaches Vsys =
–19.6 km s−1.

5.3.3. Magnetic Field Strength Calculations

As with the continuum data (§5.1), we can use this ba-
sic DCF information on the dispersion in θB⊥ per chan-
nel from the GK effect, to make estimates of the B field
strength in the outflow. For Eq. (1) from §5.1, we first es-
timate the 12CO column density in the line wing emission
I12CO via the velocity-resolved, opacity-corrected con-
version law from Barnes et al. (2018, their Fig. 5b, not
their integrated law in Fig. 9b). Next, we convert that
to an H2 column density with Pitts & Barnes (2021)’s
dust temperature-dependent abundance law. Finally, we
turn this into a volume density assuming a line-of-sight
depth D ≈ 0.087 pc through the outflow (and correlation
length, later) equal to the outflow’s average projected
width:

nch =
N0

D

(I12COdV/K km s−1)p

10[−10 log2(Td/T0)+logX0]
. (9)

From Barnes et al. (2018), N0 = 1.27×1020 m−2 and p
= 1.92; the ALMA channel width dV = 0.159 km s−1

converts I to the proper units; and from Pitts & Barnes
(2021), T0 = 20K is the dust temperature at which the
gas phase CO abundance relative to H2 peaks, at a value
X0 = 0.74×10−4.
Eq. (9) thus converts the I12CO data cube into a cube

of H2 density per channel at the observed velocity. To
combine this with Eq. (1), we need a turbulent veloc-
ity dispersion. We can choose a velocity FWHM ∆V in
the gas corresponding to 1 ALMA channel to be consis-
tent with the above formulation, but in reality it may
be several times larger, since the outflow is likely to be
turbulent at some level related to the ±25 km s−1 range
of flow speeds. In that case, the true velocity FWHM
in the gas would re-scale the single-channel B⊥,DCF esti-
mated via Eq. (1) by ψ = (∆V /dV )1+p/2, since we would
need to evaluate I in Eq. (9) over the same ∆V -wide bins
(the column density inferred from I, and hence the den-
sity, is additive across channels). With p as above, ψ
∝ (∆V /dV )2 approximately, or as the ∼square of the
number of channels in a ∆V bin.
So for molecular gas with µ as before and s = 7◦ in the

inner part of the flow, where minimal gas-phase densities

inferred from Eq. (9) are nch ∼ 109 m−3 ch−1, we obtain

B⊥,DCF,outflow = 0.61 nT

√
nch

109m−3

(
ψ

s/7◦

)
or (10)

≈4.5 nT

(
I12COdV

10 K km s−1

)p/2(
ψ

s/7◦

)
(11)

as a minimum for B in the molecular outflow, when ap-
proximating the dust temperature at 20K throughout to
compute a minimal H2 density at the peak CO abun-
dance.
As described above, 1 channel probably slices the tur-

bulent structure in the outflow rather finely: for ∆V
= 3 km s−1, for example, the scaling would increase the
single-channel B⊥,DCF coefficient by ψ = 320×, e.g., to
1.4µT for the same value of I in Eq. (11). Indeed, the
brightness of the mapped 12CO outflow emission in Fig-
ure 29 ranges up to 90Kkm s−1 in 3 km s−1-wide bins,
suggesting that B fields might be stronger still in some lo-
cations. Of course, this scaling may not actually be valid:
while simulations of turbulent plasmas suggest that DCF
estimates are reasonable up to Mach numbers M ∼ 5–9
(Ostriker et al. 2001), such values may be far exceeded
(M>100) in the outflow.

5.3.4. Energy Densities

Despite these somewhat large uncertainties, we at least
have rough estimates for B⊥,DCF field strengths in the
outflow. As a final exercise, we compare the energy den-
sity M that would exist in such B fields with the kinetic
energy density K of the outflowing gas. M follows di-
rectly from Eq. (10),

M=B2/2µ0 = 1.49× 10−13Jm−3 n9

(
ψ

s/7◦

)2

, (12)

where µ0 is the permeability of free space (or the
magnetic constant in preferred SI usage) and n9 =
nch/109m−3. Thus, smaller values for M will obtain
at lower gas densities (and approximately I, through
Eq. (9)), either at the edges of the outflow or at higher
velocities, whereas larger M will lie closer to the outflow
origin where the density or I is higher.
For K we can assume a cylindrical outflow geometry

(diameter D, length L) to approximately compute

K=
1
2MV 2

rel
1
4πD

2L
=

1

2
ρV 2

rel

= 3.9× 10−12 Jm−3 n9 (Vrel/km s−1)2 (13)

where L ≈ 0.6 pc is the physical length of the 50′′-long
blue lobe of the outflow. The second expression is much
simpler to use, since the mass density ρ = 2µmHnch,
with the number density nch from Eq. (9). This can ac-
tually be done separately for each channel if we use its
relative outflow speed Vrel as measured from Vsys = –
19.6 km s−1. Thus, the value of K will be larger at higher
ρ ∝ I (approximately) but especially at higher Vrel, or
smaller at lower I or especially lower Vrel.
We can now compute a datacube of the M/K ratio,

M

K
= 3.8%

n9

(
ψ

s/7
◦

)2

n9(Vrel/km s−1)2
, (14)
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Figure 31. Logarithm of the ratio of magnetic M and kinetic K energy densities (colour bar on the right) in the 12CO outflow wings of
BYF73. Each panel is a binned average of 3 channels (0.47 km s−1 wide) labelled by their mean VLSR in the top-left corner, and covering
both the red & blue vignettes of Fig. 29. Red contours in each panel are of the respective binned Stokes I of 12CO at 2,4,8,16,32K.

which turns out to be independent of the density as long
as we measure both over the same channels or velocity
bins. Since ψ is part of the density scaling, this simplifies
to

M

K
= 3.8%

(
∆V/Vrel

s/7◦

)2

, (15)

which we can evaluate per native channel of width dV
(or any other binning), even while using a larger ∆V
to represent the turbulence in the flow. In other words,
the M/K ratio can reasonably be estimated with some
knowledge of only the gas turbulence ∆V and polarisa-
tion dispersion s in the B field directions in each channel
at Vrel, which is ultimately just a restatement of the DCF
method, per unit volume.
For purposes of illustration, we take ∆V = 3km s−1

and a more conservative s = 13◦, and present the M/K
ratio results in Figure 31 at some representative channels
Vrel. Different ∆V or s values would obviously scale the
ratios as (∆V /s)2. Despite the larger s and smaller M in
Figure 31 than discussed above, M/K peaks at 37, i.e.,
�1. We discuss this further in §6.

5.4. The Zeeman effect in CN
As the only observational technique capable of directly

measuring B field strengths, the Zeeman effect has been
widely utilised over five decades (Crutcher 2012). How-
ever, successful detections are notoriously difficult: for

extended thermal emission from molecular clouds, only
HI, OH, and CN have yielded B field detections, and
among these, only CN can provide information on field
strengths in dense (>∼1011m−3) gas. Despite considerable
effort, there still exist only 14 individual CN Zeeman
measurements from a heterogeneous sample of clouds
(Falgarone et al. 2008). But with the advent of full po-
larisation capability in Cycle 7, anticipation has been
high that ALMA might fundamentally change the state
of play in this field.
Unfortunately, despite the very high S/N (∼200) in the

ALMA Stokes I data for BYF73, covering 8 of the 9 hy-
perfine transitions of the CN J=1→0 line, the V cube
shows nothing discernible above the noise. Computing
the ratio of Stokes V to dI/dV and scaling this to the
Zeeman splitting coefficient of any of the brightest hyper-
fine transitions (as in Table 1 of Falgarone et al. 2008)
yields only 3σ limits ∼1µT (10mG), as seen in Figure 32.
This is near the upper end of the range of field strengths
seen before in dense gas (Crutcher 2012), but the noise
level would need to be at least halved to obtain reliable
measurements even at those levels. A further issue was
the Cycle 7 limit for accurately-calibrated V data lying
within the inner 10% of the primary beam.
This also means we can’t use Zeeman data to dis-

tinguish between the scenarios (a pure B⊥-twist or an
additional B|| component) put forward to explain the
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HAWC+ P ′ null on the western edge of the IBL (§3.3).
While somewhat discouraging, the non-detection may

partly be due to the cloud’s orientation. That is, the
Zeeman effect can only measure the line-of-sight compo-
nent B||. The fact that the outflow is viewed close to
side-on (§4.1) suggests that most organised structures in
the molecular cloud, such as an accretion disk around
MIR2, would also probably be presented edge-on to us,
as might any structures being accelerated away from it,
thus possibly maximising B⊥ and minimising B||.

6. DISCUSSION

6.1. Dynamics: ALMA Reveals the Outflow
and Isolates the Inflow

Based on 40′′ resolution Mopra HCO+ maps, Barnes
et al. (2010) first described a massive infall of dense, cold
material within the wider BYF73 cloud, without any ev-
idence of an outflow characteristic of lower-mass YSOs.
This suggested an extremely early evolutionary state for
a very massive protostar, which seemed to be confirmed
by the mid- and far-IR data of P18. With the higher-
resolution SOFIA and ALMA data presented here, par-
ticularly the strong bipolar 12CO outflow, we see that
the original appearance of outflow-free, extremely young
massive star formation may have been something of a
masquerade.15 Nevertheless, through the ALMA 13CO
data, we are able to discern more specific clues to the
configuration of the inflow originally seen in HCO+.
However, the 3D relationship between the Streamer,

outflow, and disk or infall as described in §4 remains
puzzling. The disk can be traced from an outer radius
of 0.18 pc = 36,000AU to an inner radius no larger than
the limit of the ALMA resolution, 1.′′8 = 4500AU. Ap-
parently, this disk is close to edge-on based on the sharp
velocity gradient across MIR2, so the filamentary im-
pression of the Streamer may be an illusion. For exam-
ple, we see that both the outflow and rotational/infall
patterns are oriented EW, but this arrangement would
seem physically counterintuitive. Undoubtedly, there is
some depth to these features in the line of sight, and
it is possible that any inflow to the disk might be ap-
proaching MIR2 from behind its eastern side, even while
the blue jet is receding from MIR2 on the same side.
Likewise, inflow overlying the western Streamer may be
from the front, while the red jet recedes from MIR2 as
it encounters the H ii region. Separating these features
in the line of sight requires only a few ×104 AU ∼ 0.1 pc,
so we consider this scenario reasonable. Moreover, the
Streamer/disk is clearly not flat; there is a measurable
width and curvature to its structure.
What are the dimensions of the disk/infall zone cen-

tred on MIR2? The modal value of the latitude across all
the disk emission, from the LV-1st moment map in Fig-
ure 12 (middle panel), is b = 0◦.16997±0◦.00005, only 0.′′8

15 Inspired by the ALMA results, we re-examined the Mopra
12CO data (Barnes et al. 2018) to see if we could tease out hints of
the outflow, but still found no clear evidence of the strong red- and
blue-shifted emission so easily visible in the ALMAmaps. However,
convolving the ALMA data to the Mopra resolution, and adding in
the missing short-spacing 12CO information plus the higher Mopra
noise per 40′′ beam, we found that the outflow became invisible to
Mopra at that sensitivity. So the two instruments’ results are con-
sistent, and provide an object lesson against similar masquerades
in other sources.

Figure 32. (Top) Sample Zeeman calculation of B|| at the lati-
tude labelled in the top-left corner, using the Miriad task zeemap
for the brightest CN hyperfine component at 113.490982GHz, pre-
sented as an LV diagram. (Bottom) S/N ratio of the data in the top
panel. Note that for Cycle 7, the reliably-calibrated Stokes V data
are limited to the inner 10% of the ALMA primary beam, which
encompasses only the area within 286◦.214 >∼ l >∼ 286◦.212 (∼6′′).
Also, to the west (right) of this area, zeemap underestimates the
noise due to the ALMA primary beam correction, and so the few
pixels with apparently larger S/N are actually not. Effectively,
there are no pixels with B|| measurements > 3σ.

= 0.3 ALMA beamwidths north of MIR2 itself. Three-
quarters of this emission lies within 0◦.169 < b < 0◦.172,
a span of only 11′′ or ∼4 ALMA beams, strongly sug-
gesting a somewhat narrow structure for the high-∆V
material. We also computed an LV-2nd moment map
(Fig. 12, bottom panel) to examine the latitude width,
confirming that it is indeed thin, from only ∼3 ALMA
beams = 7′′ thick to <1 beam. From an inspection of
all three LV moment maps, we see that the eastern side
of the disk at the higher velocities (VLSR < –25 km s−1)
seems to lie mostly at one latitude close to that of MIR2,
b = 0◦.1698±0◦.0005, and so is indeed quite flat in the EW
plane to within 1 ALMA beamwidth. This is across an
extent of 0◦.01 = 36′′, for an aspect ratio of 15–20:1 ori-
ented EW.
Given this, it is hard to imagine a disk oriented in the
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same direction as the outflow it is supposed to be driv-
ing. This favours the 13CO data tracing free-falling ma-
terial onto a 950M� MIR2 within a 36′′×2′′ structure,
rather than a Keplerian disk, since such a disk ought to
be oriented close to NS, parallel to the sharpest velocity
gradient across MIR2. If this is indicative, the gradi-
ent suggests a disk thickness perhaps <∼2′′ or 5000AU,
but possibly even narrower. On the other hand, even
if we separate the infall from the outflow along our line
of sight, it is equally hard to see how a predominantly
EW infall (i.e., along a polar direction) produces a disk
oriented NS. So the puzzle persists.
Additionally, if both the MIR absorption and FIR

emission mass estimates at MIR2’s peak position are 5–
12× too small (P18), this is possible evidence for signif-
icant grain growth in MIR2’s protostellar envelope; any
free-free emission from MIR2 (§3.1) would make this dis-
crepancy worse. P18’s gravitational energy release lumi-
nosity also scales with the mass, raising it to perhaps
20–33% of MIR2’s total luminosity. Indeed, if future
higher-resolution observations revealed an impact radius
for the inflow only 5× smaller at 1000AU, this could not
only account completely for MIR2’s brightness via grav-
itational energy release, but also possibly reveal it to be
the first example of a massive “first hydrostatic core.”
At velocities closer to systemic, the brightest LV emis-

sion in the eastern disk, corresponding to the Streamer
at 286◦.22 > l > 286◦.21, also lies very close to this EW
plane, although slightly north of it. However, it is not
distributed along any of the Kerplerian curves: instead,
its velocity drops linearly from –23 km s−1 to systemic
over its 36′′ length, with kinematics mimicking that of
solid-body rotation. This portion of the eastern disk
is thicker, 5′′–7′′, than the high-velocity emission there,
<3′′, giving it an aspect ratio around 6:1. Continuing
the non-Keplerian behaviour, east of l = 286◦.22 or out-
side the Streamer’s distance from MIR2, there appears
to be some material in “super-rotation” in the bottom-left
quadrant of the curves, i.e., with VLSR exceeding the ro-
tational curve for 1350M�. This lies at b = 0◦.172 (red in
the middle panel of Fig. 12), or 7′′ north of MIR2, but is
again about as thin (1 ALMA beam) as the high-velocity
disk material. However, the envelope of this material’s
super-rotation is moving at close to

√
2× this curve, sug-

gesting either free-fall of ambient material towards the
Streamer/disk from the rear of the cloud, or that the
enclosed mass at this radius has ∼doubled.
In contrast, the western side of the disk seems to curve

somewhat north of the EW plane of the eastern disk, to
a latitude as far as 12′′ north of MIR2 at 0◦.173, and
at a moderately high velocity (VLSR = –10 km s−1) from
systemic. The rest of the western disk ranges in latitude
from MIR2’s value up to this limit, and the line of maxi-
mum velocity in the red-shifted wing map (Fig. 11, right
panel) is clearly curved to the north-west from MIR2.
The western disk’s thickness (Fig. 12) is also broader
than for the eastern disk overall, up to 7′′, but is also
thin (<3′′) in many places, even where it curves to the
NW. It is worth noticing that the solid-body portion of
the Streamer/eastern disk seems to continue part-way
(0◦.006 = 22′′) into the western disk in both the 1st- and
2nd-LV-moment maps, but then seems to reverse bluntly
back to MIR2’s longitude at VLSR = –16 km s−1, while

thickening to a width of almost 10′′ just west of MIR2,
almost as if the Streamer’s infall (if that’s what it is) were
being deflected from the EW plane by some obstacle west
of MIR2.
What of the counter-rotating parts of the LV diagrams

(i.e., the “empty” top-left and bottom-right quadrants
of the rotation curves)? Much of this emission, espe-
cially the brighter portions thereof, lie north (b > 0◦.172,
magenta) or south (b < 0◦.168, black) of the disk, and
outside the longitude range of the IBL (286◦.216 > l >
286◦.203): they appear to be associated with other in-
ternal structures of the cloud, supporting the rotational
interpretation for the inner parts of the Streamer.
While MIR2’s mass seems dynamically dominant

within the IBL, the mass in the Streamer/disk must nev-
ertheless also be significant. In §5.2 we find a mean
column density 3×1027 m−2 ≈ 6000M�/pc2 along the
Streamer, or roughly 15M� per 4′′ box, assuming there
is not the same mass deficit/degree of grain growth as in
the MIR2 core. A rough total along the full 72′′ length
and 8′′ width of the streamer is then perhaps 500M�.
This would explain why MIR2’s gravitational influence
seems to drop beyond the outer Keplerian radius deter-
mined above, since there the gas mass of the broader
cloud starts rivalling MIR2’s effects.
In such a disk, the 0.034M�/yr mass accretion rate

determined by Barnes et al. (2010), still a record as far
as we know, can be supported by a merely 0.01%/yr
“leakage” of mass through the disk onto MIR2’s core, or
alternatively, that the Streamer can supply this accre-
tion rate for another 104 yr. On the other hand, the time
required to build up the more massive MIR2 core at this
accretion rate is closer to 40,000 yr instead of the 7,000 yr
estimated by P18, assuming that Barnes et al. (2010)’s
accretion rate is correct. Without detailed modelling,
we cannot refine the accretion rate value here beyond an
approximate calculation below, but the true rate seems
unlikely to be too much less than this, with such a mas-
sive reservoir available for accumulation.
As one example, consider the velocity difference be-

tween the brightest disk material within the bottom-left
quadrant of the rotation curves, and the 1350M� curve
itself, as seen in Figure 12 between 286◦.217 >∼l >∼286◦
.208 and at latitudes ∼4′′ north of MIR2. This dif-
ference runs from 0 km s−1 at the eastern end of this
window to ∼+10 km s−1 at MIR2, in the sense of be-
ing “sub-rotational” in our line of sight. If we suppose
that the rotational motion here is being translated into
proper motions inward to MIR2, the effective accretion
speed can be taken (very approximately!) as Vaccr ∼
5 km s−1 = 5pc/Myr. The emission along this feature
(which covers perhaps half of the main part of the 8′′-
wide Streamer) averages ∼10K/ch in brightness, or con-
servatively, ∼20Kkm s−1 integrated.
Using a simple conversion factor X(13CO) = 1026 m−2

(K km s−1)−1 (probably an underestimate; Barnes et al.
2018), the column density in this feature alone runs
around Naccr ∼ 2×1027 m−2 = 4000M�/pc2, or perhaps
2
3 of the Streamer’s total column density as seen in Figure
27. This translates to a linear density Λaccr ∼ 400M�/pc
within the 0.1 pc width of the presumed accretion stream.
Therefore we have a mass flux in this accretion stream
of Ṁaccr = ΛaccrVaccr ∼ 2×10−3 M�/yr.
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This very rough estimate is still on the large side com-
pared to other massive protostars (Rygl et al. 2013), but
smaller than Barnes et al. (2010)’s rate of 0.034M�/yr.
The true value is likely a multiple of the above example,
however, due to several factors: our conservative starting
column density, other accretion flows such as the western
side of the Streamer, the super-rotating material, higher
density streams traced better by C18O or CN, 2× faster
flow closer to MIR2, and a probably 5× larger effective
X(13CO). Thus, the Barnes et al. (2010) rate may still
be a reasonable global estimate.
In summary, the complex yet potentially understand-

able structure of the Streamer near MIR2, and Keplerian
disk/freefalling infall zone around it, may have much to
tell us about heavy mass accretion onto a massive proto-
star. Clearly, MIR2 is an exceptional and exciting object
that demands further study.

6.2. Magnetic Fields: Driving the Outflow?
The 12CO outflow from MIR2 is fairly massive: with

a typical line brightness I12CO∼ 10–30K per 0.16 km s−1

ALMA channel or average integrated intensity ∼200K
km s−1, we can use Eq. (9) or its ilk (Barnes et al. 2018)
to estimate gas column densities of about 8×1025 m−2

or 160M� pc−2 in the outflow. Inside the flow dimen-
sions of roughly 1×0.1 pc, this gives a total outflow mass
of perhaps 16M�. This mass is being driven to speeds
of 10s of km s−1, so the kinetic energy of the flow is
similarly large, about 1.6×1039 J. If this emerges over
timescales of 10s of kyr, then the mass outflow rate is
Ṁout = ΛoutVout ∼ 5×10−4 M�/yr (or ∼10% of the in-
fall rate as estimated above, similar to other outflows;
Pudritz & Ray 2019) and the mechanical luminosity of
the outflow Lout ∼ 4L�. Could this mechanical power
be imparted by B fields?
From Eq. (15) and Figure 31, we see that the energy

density in the B field is typically well below the kinetic
energy density in the higher-velocity and lower-density
gas: the B field is therefore likely a passenger in the flow
at these points. On the other hand, M may rival or even
exceed K where Vrel is small. This result, however, should
be taken as merely suggestive, since M/K > 1 only in the
20 lowest-Vrel channels, where the 12CO opacity is still
high and we may not be mapping much of the outflow via
12CO. But B fields do seem to be detected throughout
the outflow, at a few × 10 nT. It seems reasonable to
suppose that similar B fields (at least!) should exist close
to BYF73’s Vsys, and specifically close to the base of the
flow at MIR2. If this were true, the B field would at
least have the potential of being energetically important.
As such, this is circumstantial yet valuable evidence

that the B field may be intimately involved in driving,
or at least shaping, the outflow. Pudritz & Ray (2019)
showcase some other recent observational results mak-
ing this B field connection to the outflow, typically on
∼100AU (i.e., disk) scales. As far as we are aware, this is
the first instance where the structure of the whole molec-
ular outflow might at least partially be attributable to
the B field at its origin. The connection is not always
clear, however: a rare case where the B field seems to
play an important role in massive star formation is the
compact H ii region K3-50, where a strong ionised out-
flow emanates from a high-mass protostellar object, sur-

rounded by a Keplerian disk extending over radii 0.1–
0.7 pc (Howard et al. 1997). There, the B field inferred
at the inner edge of the disk seems to be strong enough
to provide support against gravity; however, even in K3-
50, the B field does not seem strong enough to influence
the outflow (Barnes et al. 2015).
Our results for BYF73 seem to provide additional

observational support for the picture of magneto-
centrifugally powered protostellar outflows (Shu et al.
1994; Ouyed & Pudritz 1997; Tomisaka 2011), as opposed
to the main competing model of turbulent entrainment
of gas from a bipolar jet (e.g., Raga et al. 1993). Recent
numerical work on solar coronal mass ejections (Jiang et
al. 2021) may even supply a specific mechanism for the
high speeds in such outflows, namely sudden magnetic re-
connection in bipolar loops, presumably anchored in the
inner parts of a protostellar accretion disk. It is tempt-
ing to suppose such reconnecting loops drive the vigorous
outflows widely seen in other star-forming clouds, as may
be happening here with MIR2/BYF73. Future work
in this area, supported by ALMA+SOFIA observations,
should be very interesting.

6.3. Magnetic Criticality
We briefly also note that the critical N , n, and B⊥ val-

ues derived from HRO analysis of the SOFIA+ALMA
data (§5.2) place BYF73 just below the maximum B||
trend line in Crutcher (2012)’s n vs B summary plot
(his Fig. 6), nicely among other dense clouds’ CN-Zeeman
measurements. In contrast, BYF73 is slightly above the
line of criticality in Crutcher (2012)’s N vs B|| plot (his
Fig. 7), on the side of being subcritical and a little above
its supercritical counterparts in this regard. Given the
uncertainties in our results, however, this may not be
terribly significant. Further, BYF73 is not the most ex-
treme strong-B outlier compared to the line of critical-
ity, but it may be the highest column density subcritical
cloud. As Crutcher (2012) points out, this would be un-
usual in the sense of at least supporting the possibility
of ambipolar diffusion playing an important role in cloud
stability (Mouschovias & Ciolek 1999). However, our
HRO result is not the same as a direct Zeeman strength
measurement, and it should probably not yet be overin-
terpreted without some confirming evidence.
Nevertheless, it is tempting to wonder what higher-

resolution and -sensitivity observations might reveal
about the material closer in to MIR2, where the infall
might be more clearly imaged, the outflow may be driven,
and its originating disk might be discerned.

7. CONCLUSIONS

We have presented a range of new observational data
exploring details of the massive molecular clump BYF73,
previously thought to harbour a massive (240M�),
very young (7,000 yr), Class 0 protostar (MIR2) with
the largest mass inflow rate (0.034M�/yr) observed to
date. The new data include far-IR (SOFIA/HAWC+)
and 3mm (ALMA) continuum emission, mm-wave spec-
troscopy of several molecular species, and polarisation
maps in both the continuum and spectral lines from both
facilities. The polarisation data in particular have been
analysed in order to learn about the structure, strength,
role, and significance of the B field in this cloud (as sum-
marised in Table 2), and the continuum and spectral line
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data were analysed and interpreted in this context. Our
results include the following.
• The 14′′ resolution HAWC+ data show a centrally

concentrated cloud with generally low polarised emission
(a few percent) from the central 0.5 pc of the molecular
clump, but at a relatively high polarisation (10–20%)
extended across the adjacent, 2 pc wide, low-power H ii
region. The polarisation structure east of MIR2 shows a
second, distinct feature in the form of an arc, the eastern
polarisation loop (EPL); there is also a clear, very-low
to zero-polarisation boundary layer (IBL) around MIR2
and the EPL.
• The 2.′′5 resolution ALMA continuum data show four

main features: a narrow, massive EW Streamer of cold,
dense gas; a fainter, NS line of emission coincident with
the ionisation front (IF) facing the H ii region; another
faint spur of emission aligned with the EPL; and a small
number (5) of 3mm point sources, of which MIR2 is by
far the brightest. These 3mm point sources are far fewer
than the number seen at near- or mid-IR wavelengths,
suggesting that many of the latter may be relatively low-
extinction and/or more evolved objects. The polarised
3mm emission comes from parts of the Streamer, IF, and
EPL; it is somewhat patchy but also mainly oriented EW,
switching to a NS orientation across MIR2, with very
high (20–40%) fractional polarisation in most locations.
• The ALMA 12CO Stokes I cube reveals a prominent,

powerful, bipolar outflow from MIR2, extending over a
velocity range almost ±40 km s−1 from the cloud’s Vsys.
Both the 0.4 pc red and 0.6 pc blue wings of this out-
flow appear to be deflected from their starting vectors
by inertially significant parts of the Streamer. The EPL
may be a result of this deflection in the blue wing of the
outflow.
• The wider ALMA 13CO, C18O, and CN mosaics re-

veal much more extended emission across the cloud than
in the 3mm continuum, with only modest structural or
kinematic correspondence to the Streamer, IF, or point
sources. These suggest that the wider cloud is somewhat
porous to the UV radiation from the adjacent H ii region.
The outflow can, however, be traced closer in to MIR2
within the 13CO cube.
• In the same area, the 13CO also shows clear evi-

dence for material in either Keplerian rotation about, or
free-fall onto, MIR2; the apparent axial geometry of this
material, however, is puzzling. If Keplerian, it implies a
gravitating mass 1350±50M� within 1.′′8 = 4500AU of
MIR2 and any envelope; if freely infalling, the implied
mass within that radius is 950±35M�. These masses
are >∼5× larger than from SED fitting, suggesting possi-
bly significant grain growth has occurred in MIR2. The
larger mass in a small radius also suggests up to 33%
of MIR2’s luminosity could be powered by gravitational
energy release. In light of these higher-resolution and -
sensitivity data, the prior mass infall rate is found to be
reasonable; however with a 5× larger mass, MIR2’s age
may be more like 40,000 yr.
• Davis-Chandrasekhar-Fermi (DCF) analysis of the

continuum polarisation data suggest relatively strong B
fields are present in the gas near MIR2: 92 nT at the
Mopra scale ≈ 2×the HAWC+ scale, and 1.18µT at the
ALMA scale, the latter a possible record in cold, non-
masering molecular gas. Despite these high values, they

Table 2
Summary of Magnetic Field Results in BYF73

Structure Facility Method B n
(nT) (m−3)

H ii-N,ionsa HAWC+ DCFc 17.5 1.4e8
H ii-N,dustb HAWC+ DCF 162 7e9
H ii-S,ionsa HAWC+ DCF 8.8 1.4e8
H ii-S,dustb HAWC+ DCF 81 7e9
MIR2 core HAWC+ DCF 77 4e11
Streamer-W ALMA DCF 92 8e11
MIR2 core ALMA DCF 740 3.6e13
MIR2 extn. ALMA DCF 330 1e12
EPL ALMA DCF 49 3e11
Streamer ALMA DCF 106 5e11
Streamer HAWC+ HRO 25±6 1e11
Streamer ALMA HRO 61±27 3e11
Streamer HAWC+ALMA HRO 42±7 2e11

a Using a mean molecular weight µ = 1.28 for ionised gas.
b Using a mean molecular weight µ = 2.35 for molecular gas.
c DCF B field values (Eq. (1)) are scaled to the local dispersion
s (e.g., Table 1) with uncertainties ∼ ±30%.

are nominally consistent with critical balance between
B fields and gravity. With the higher central mass for
MIR2 indicated by the Keplerian pattern in the 13CO
data, the gas is supercritical in these areas. In the H ii re-
gion, the DCF estimate is 21 nT, also somewhat stronger
than typical in such gas, but where the ionised flow still
dominates the energetics.
• Histogram of relative orientations (HRO) analysis

gives a sharper estimate of where the B field might reach
criticality in the gas. In the Streamer, we obtain thresh-
olds for criticality of Bcrit = 42±7 nT at log(Ncrit/m2)
= 26.74±0.09 or log(ncrit/m3) = 11.31± 0.09, where B
likely dominates gravity and helps organise the gas struc-
tures below these thresholds, and gravity likely domi-
nates above them.
• The 12CO polarisation cubes reveal the presence of

the Goldreich-Kylafis effect almost everywhere in the
outflow. The orientation of the B field is seen to lie
closely along the outflow direction, consistent with prior
studies but in a far more widespread manner than seen
before. A simplified DCF analysis of the 12CO emission
in each channel shows that, for most of the outflow, the
B field does not dominate the kinetic energy of the flow.
However, the two energy densities may be comparable at
the lowest outflow velocities, where the B field may even
drive the flow close to MIR2.
• Despite a peak S/N of 200 in Stokes I, the ALMA

CN polarisation data detects no Zeeman effect above the
noise in the Stokes V cube, with a 3σ limit of 1µT. This
may partly be attributable to the outflow’s predominant
orientation across our line of sight, perhaps organising
other cloud structures in a similar direction, and min-
imising B||.
These results suggest that even higher resolution

and/or sensitivity data on BYF73 and MIR2 would pro-
duce exciting constraints on early stages of massive star
formation.
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