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Cloud 73 from BYF catalog, CHaMP survey
❖ Near eta Carinae, 8150 

light years away
❖ 20,000 M⊙ cold cloud, 

low-power H+ nebula 
adjacent

❖ Prior Gemini + SOFIA 
data show most visible 
stars are foreground, only 
a few true protostars

❖ Most massive protostar is 
MIR 2 at 240 M⊙, with 
strongest mass inflow 
known 

Image: Spitzer 4.5µm 3.5µm + AAT 2.2µm
Contours: HAWC+ 154µm

Mid-IR and 3mm protostars



SOFIA far-IR maps warm dust
Polarization maps magnetic fields

Zoom-out from last slide: 
strong polarization in H+ nebula 

Zoom-in to MIR 2 core: sharp 
boundary with zero magnetic 
field; weak polarization in core + 
eastern lobe (EPL)

Image: HAWC+ polarized
Contours: HAWC+ total

B vectors:  10% p’ scale



ALMA maps cold dust
Zoom back out:
ALMA mosaic
HAWC+ contours 
➝ Very few cold protostars besides 
MIR 2, but a massive “Streamer” 
and “Hole”

Zoom back in:
ALMA polarization in cold dust
Contours: ALMA mosaic
Magnetic field: strong signal!
➝ Limited polarized emission area
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ALMA 3mm I image
HAWC+ I contours
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ALMA 3mm P 0 image with I contours
Polo. data selection: P 0/�P 0 > 2.5

Figure 2. (Top) ALMA 13-pointing mosaic of 3mm continuum emission from BYF73, in a 3.5GHz-wide band centred at an e↵ective
frequency of 102.1346GHz. The contrast is enhanced to bring out the fainter structures, in particular the E-W Streamer, as indicated by
the scale bar to the right. The point sources MIR2 and 11 (see Fig. 3) peak at 21 and 7mJy/bm, respectively. The synthesised beam
(2.93⇥2.74 @ –38�.0) is shown in the BL corner, and the noise �rms = 0.13mJy/bm where the primary beam correction is small, away from
the map edge, which is at a primary beam cuto↵ 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). Except for the extensions o↵-frame to the
NW and SW (i.e., into the HII region), the HAWC+ and ALMA 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 di↵erence (resp.) in wavelength and resolution.
(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 (mosaicking with ALMA was not available for polarisation mode in Cycle 7). The
image is the debiased polarised flux on the colour scale to the right, peaking at 0.55mJy/bm for MIR2 (S/N = 24, �rms = 23µJy/bm).
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 �rms = 4% in amplitude and 5� in angle.
The grey contours here (at 0.2, 0.6, 1.1, 1.6, 2.5, 5, 10mJy/bm) show the ALMA Stokes I from the mosaic in the top panel, which is very
similar to the I in this single primary-beam-limited field, but excludes spurious features (due to missing short spacings) along the N and S
field boundaries. The single-field I map has noise �rms = 85µJy/bm 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 cannot be accurately calibrated outside the
30% primary beam limit (dashed circle) of ALMA’s polarisation mode in Cycle 7. The synthesised beam (2.61⇥2.52 @ 21�.0) is shown in
the TL corner with a 30% polarisation scale bar.
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Infrared composite with field lines
Background = 
same Spitzer + 
AAT from earlier

Overlaid 
magnetic field 
pattern from 
SOFIA/HAWC+ 
far-IR warm dust

Numbered 
protostars from 
Gemini + ALMA



Spitzer-SOFIA-ALMA composite with field lines

Background = 
ALMA  
SOFIA  
Spitzer

Overlaid 
magnetic field 
pattern from 
ALMA cold 
dust



ALMA spectroscopy
❖ Doppler-shifted gas (carbon 

monoxide, CO): a distorted 
bipolar outflow from MIR 2

❖ Also gas infall much faster than 
expected, implying 4–6x larger 
protostellar mass than thought, 
950–1350 M⊙.  MIR 2 is a 
masquerading monster! 

❖ The EPL seems to be a “splash” 
effect of the deflection of the 
blue-shifted gas away from the 
outflow axis by the massive 
Streamer.  The red-shifted gas 
is also deflected 

❖ The magnetic field points 
radially to MIR 2 through the 
EPL, mostly along the 
Streamer, and along MIR 2’s 
outflow axis (next slide)

10 Barnes et al.

Figure 8. 12CO outflow features overlaid on the 3mm continuum mosaic from Fig. 2; the latter is displayed as a greyscale with grey
contours at 0.4, 1, 2, & 5mJy/bm. The blue and red wings of the 12CO 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 5� using the
smooth-and-mask (SAM) algorithm (Rots et al. 1990). The lowest red & blue contours also approximately indicate the circular boundary
of the single ALMA polarisation field at the 20% primary beam cuto↵. The rms noise in the 12CO line wings maps is .. K km s�1, giving
a peak S/N of ... Shown with green labels are 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. From detailed inspection of the 12CO total intensity I data
cube, the intrinsic outflow direction from MIR2 is along the magenta line 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. The blue-shifted outflow is apparently deflected by the highest-density portion of the Streamer into the direction shown
by the cyan arrow. The synthesised beam is 2.0083⇥2.0066 @–35.4�, shown in the TL corner as a gold ellipse.

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

vectors are p0⇠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 e↵ect B above.
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.

3.4. Magnetic Field Structure in the H ii Region:
HAWC+

We briefly remark on the distinctive, higher polarisa-
tion arcs in the HAWC+ map that extend into the H ii
region (Figs. 1,3). The inferred circumferential structure
of the B field is oriented along the H ii region’s open-
ing direction and PDR arcs (Fig 3b), and may be related
to the typical, well-known 10–20 km s�1 ionised outflows
from such regions, comparable to the sound speed in the
warm (⇠8,000K) gas (e.g., Habing & Israel 1979). Since
this radiatively-driven overpressured flow is thought to
be well-understood, and the polarisation pattern self-
evident and suggestive of such a flow, we do not discuss
its detailed structure nor origin here. However, statisti-
cal analysis of the polarisation vectors proves interesting:
see §5.

4. FEATURES OF THE MOLECULAR LINE EMISSION



Polo-spectroscopy: the GK effect
❖ Goldreich-Kylafis effect 

produces strongly polarized 
emission in CO maps, 
mapping the magnetic field 
in the outflow

❖ Background images = ALMA 
Doppler-shifted CO emission 
(unshifted emission is very 
opaque)

❖ Overlaid magnetic field 
pattern from ALMA Doppler-
shifted polarized CO

❖ Magnetic energy dominates 
the kinetic energy of the 
outflow near MIR 2; outflow 
probably magnetically driven
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