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Abstract

Magnetic fields likely play an important role in the formation of young protostars. Multiscale and multiwavelength
dust polarization observations can reveal the inferred magnetic field from scales of the cloud to core to protostar.
We presentcontinuum polarization observations dhe young protostellartriple system IRAS 16293-2422 at

89 pym using HAWC+ on SOFIA. The inferred magnetic field is very uniform with an average field angle of

89° + 23° (E of N), which is different from the ~170° field morphology seen at 850 um at larger scales ([J12000 au)
with JCMT POL-2 and at 1.3 mm on smaller scales (1300 au) with Atacama Large Millimeter/submillimeter

Array. The HAWC+ magnetic field direction is aligned with the known E-W outflow. This alignment difference
suggests that the shorter wavelength HAWC+ data is tracing the magnetic field associated with warmer dust likely
from the outflow cavity, whereas the longer wavelength data are tracing the bulk magnetic field from cooler dust.
Also, we show in this source the dust emission peak is strongly affected by the observing wavel@ihgtidust
continuum peaks closer to source B (northern source) at shorter wavelengths and progressively moves toward the
southern A source with increasing wavelength (from 22 to 850 um).

Unified Astronomy Thesaurus concepts: Young stellar objects (1834)

1. Introduction Zhang et al. 2014; Galametz et al. 2018). Most recently, Huang

et al. (2024) surveyed 61 protostarsin Orion (with 56

detections)from the Class 0/ identified disk sources in the

VANDAM survey (Tobin et al. 2022). They found that ~40%

09f the protostars exhibiB-fields thatare perpendicular to the
source outflows on scales of 400-1000 au, with the remainder
of the sources being consistent with random alignment.

Magnetic fields are thought to be a critical component of the
star formation processon all scales,from the assembly of
molecular cloud structure to protostellar accretion (eRpitle
et al. 2023; Tsukamoto et al. 2023). Nevertheless, the details
how magnetic fields affect star formation are not well
observationally constrained.he magnetic field is difficult to Th tic field | | le in the f i
directly observe in most regiong’he most common approach € magnetic ield may also piay a role in the formation
is to use dust polarization emission to infer the pIane-of—the-skfmd/Or evolution OI]. t?lnan?g ?_n_d mult|plr<]a systems.Maw]-h
magnetic field orientation. This is possible due to radiative sequence stars exhibia multiplicity rate that increases wit

alignment torques that tend to align the short axis of elongated Ztierizirr{/nraissz:st?rirrr?%ag :g?ggleanf%/ g;sr;egiir-gg&%irggﬁaesrto 21
dust grains with the magnetic field (e.g., Lazarian 2007). As a for O-type main sequence primaries (Moe & Di Stefano 2017).

result, the thermal emission of dust grains will be polarized in a ) L o .

direction that is perpendicularto the field. Many studies In addlt!on, the multiplicity fracpon is largesin the youngest

therefore rotate the polarization angles by 90° to presettte populatlon§ of protostars (.TOb'n etal. 2(.)16; Encalada etal.

inferred plane-of-sky magnetic field morphology. Although %028 ,t'tl'obmdet alt. 2%25.)’ Ilke]!y dectr_easmg as tth% systeThs age.

this technique works very wellin most star-forming regions 0 better ungerstand binary formationwe must observe tne
youngestprotobinary systemsduring binary formation. For

and spatial scalesyhen resolving the circumstellar disk other , . >
polarization mechanismssuch as scatteringdominate (e.g., young binary systems with separations <500 au, we expect the

Kataoka et al. 2015; Yang et al. 2016; Cox et al. 2018; Harris formation pathways are likely a combination of disk fragmen-

et al. 2018; Sadavoy et al. 2019). This makes it very difficult tc)tation by gravitationalinstability and turbulentfragmentation
. tr;e magnetic field morphology on smediales using with migration, whereas in systems with separations >1000 au
dust polarization observations. the binary formation mechanism is likely dominated by

On the other hand, there have been a few surveys otthe turbulentfragmentation (e.g.Adams et al. 1989; Padoan &
magnetic field in the inner envelope of protostars comparing Nordlund 2002; Moe .& Kratter 201.8; Lee et aP019). .
the average B-field axis with the outflow axis (Hull et al. 2014;  |RAS 16293-2422 is a well-studied Class 0 protostellar triple

system located in the p-Ophiuchi star-forming region inside the
Original content from this work may be used under the terms dark cloud L1689N (Lynds 1962) at a distance of 141 pc (Dzib
9 y et al. 2018). The IRAS 16293 system consists otwo close

of the Creative Commons Attribution 4.0 licence. Any further . R
distribution of this work must maintain attribution to the author(s) and the title Dinaries in the southeast (separated by 54 au), sources A1 and

of the work, journal citation and DOI. A2, (Wootten 1989; Maureira et al. 2020), and a single
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2. Observations and Data Reduction
We observedIRAS 16293 on 2019 July 23, between

protostarin the northwest, source B (separated by 725 au;
Wootten 1989; Looney et al. 2000). SourcesA and B are

embedded in a large (6 — 8x10° au) envelope (e.9.Schdier  15.91.13 and 12:25:41 UTC, using HAWGC+ at _ Band G
et al. 2002; Crimier et al. 2010) with a bridge of material (89 pm). The observations V\;ere padf the Cycle 7 program
connecting them (e.g., Looney et al. 2000; Pineda et al. 2012).p|p 07 0147 (PI: Novak). The bandwidth was 16.9 umthe
Although there had been speculation that source B was a mor%ngular_resolution (fulwidth at half maximum: FWHM) was

evolved T Tauri star (Stark et al. 2004), observations ofan 7”8, and the field of view for the total intensity and polarimetry
inverse P-Cygniinfall profile toward source B (Pineda e#l. was 4.2x 2!7 and 2.1 x2!7, respectively.

2012) indicate that the differences in the sources are more due The HAWCH+ instrument is a far-infrared detector with five
to viewing angle, as source B is likely face-on (e.g., Rodriguezproadband filters for continuum, a rotating half-wave plate that
et al. 2005) whereas the binary sources A1 and A2 are more modulates the incoming polarizationand a grid that ortho-

edge-on (Pineda et aP012).

With three protostars and theirgeometry,the system has
both complicated envelope and outflow structures. The
envelope has complex chemistry (e.dgrgensen etl. 2016),
and due to the multiplicity and the connecting bridge, the
envelope presents difficulties in modeling the source details
(Jacobsen etl. 2018). The system has large and impressive
outflows that even at their discovery were known to be
multilobed and very complicated, likely due to multiple
systems(e.g., Fukui et al. 1986; Wootten & Loren 1987;
Walker et al. 1988; Mizuno et al. 1990). The multiple outflows,
some of which are observed only on large scales while others

gonally separates the polarizatiddultiple cycles of standard
nodding and chopping were used to build an image within a
few minutes (Hildebrand et al. 2000). The instrument typically
nods at 0.1 Hz and chops at 10 Hz. The four dithered positional
observations are used to construatsingle imaging block or
dither set. Due to a lack of bright visual guide stars in the
region, there was a small offset in some of the imaging blocks.
To correct this, we shifted the fit map Gaussian peak center to
align with the archival map from Herschel’s Photodetector
Array Camera & Spectrometer (PACS) at 100 um. No
individual observation was offset by more than half a beam.
The raw images are then processed through the HAWC+

are observed only on small scales, are well summarized in vandata reduction pipeline, which produces science-ready con-

der Wiel et al. (2019) and many references within.

On the largest scaleshere are two observed outflows: east
(blue)-wesft(red) (Fukui et al. 1986; Wootten & Loren 1987;
Walker et al. 1988; Mizuno et al. 1990; Stark et al. 2004) an
northeasired)-southwesgblue) (Walker etal. 1988; Mizuno
et al. 1990; Stark etal. 2004). However atsmaller scalesthe
northeast—-southwest outflow is not detectedplying that the
launching engine was quenched (van der Wiel et al. 2019). On
the other hand, the east-westoutflow, which is driven by
source A, is clearly detected on smaller scaleswith inter-
ferometers (Yeh etl. 2008; Girart et al. 2014; van der Wiel
et al. 2019). An additional outflow detected only on the small
scale is aligned northwest(blue)-southeasfred) originating
slightly north of source A with a blue bowshock in the location
of source B (Kristensen et al. 2013; Girart et al. 2014).

d

tinuum and polarization products. The details of the process are
summarized in Harper eal. (2018). Briefly, the pipeline flat-
fields the demodulated and usable chopped data, calculates the
Stokesl, Q, and U parametersfrom the combined nodded
fluxes, and then corrects the pointing and instrumental
polarization.Calibrations are applied to the flux via standard
atmospheric opacity models using Neptune planetary observa-
tions. Finally, the Stokes maps are combined via standard
regridding and Gaussian smoothing (Houde & Vaillan-

court 2007). We smoothed the final maps to increase the
signal-to-noise in the lowersurface brightness regions away
from the central sourcegreating a final beam size of 17.

We compared our Stokes|, Q, and U maps acrossthe
different dither sets using a®@nalysis. A ¥ is calculated for
each pixel, which is then compared with the pipeline error
result for that pixel. If the x? is larger, then we inflate the

Although there are some observational hints of an outflow frompipeline error (also see Novak 2011;Chapman etal. 2013).
source B (e.g., Yeh et al. 2008), there are no observations thatFollowing Cox et al. (2022), we perform the inflation by fitting

show clear evidence of outflow emission from source B.

In this paper, we presenffar-infrared observations (89 um)
on the scale of ~1000 au toward IRAS 16293-2422. The
observationsused the High-Resolution Airborne Wide-band
Camera (HAWCH+; Vaillancourt et al. 2007; Harper et al. 2018)
on board the Stratospheric Observatory Fdnfrared Astron-
omy (SOFIA). We use the 89 pm dust continuum observations
to infer the magnetic field in the envelope of IRAS 16293-

2422, hereafter called IRAS 16293. The inferred magnetic field

morphology is compared to 850 pm observation from the
POL-2 polarimeteron the James Clerk Maxwell Telescope
(JCMT) and to 1.3 mm observations from the Atacama Large
Millimeter/submillimeter Array (ALMA). In addition, we
comparethe peak flux location variation with wavelength
using archival observations from Wide-field Infrared Survey
Explorer (WISE),Herscheland SCUBA 2 on the JCMT.

The paper is organized as followsdn Section 2 we present
the observationsand data reduction. Section 3 covers the

a parameterized ¥ with Stokes | intensity, allowing us to
inflate each pixel based on its continuum brightness. This was
done to handle the uncertainties more carefully in the brightest
regions,where intensity-dependent errors dominate.

Finally, the percentpolarization (p) and its error (g,,) are
calculated for each pixel following the HAWC+ handbook
(Clarke et al.2020) by

2 U
p = 100 (%) . (T) (1)
and
1
100 W(QS% + Ust + 2QUs) o

U

I

Q

I

Q

T &+ (G)])#- 22a- Y

results of the observations. Section 4 discusses the results, andhere @ and g, are the uncertainties in Stokes Q and U and

Section 5 contains our conclusions.

where Gy, 0qi, and gy, are the covariance uncertainty terms.



The Astrophysical Journal, 968:101 (7pp)2024 June 20

The polarization fraction is debiag&y following the HAWC+
handbook (Clarke et al. 2020) By = ,/P? - sf,. From all of
these, the debiased polarization interfdity ' P¢/100) and

its errors are calculated. Although the uncertainties are calculat

per pixel,the median Stokes | rms is; & 2.2 mJy arség, and
the median polarization intensity rms=10.22 mJy arset.

For the final maps, we selected the debiased polarization
vectors that met the criteria of P¢o, >3, the debiased
polarization percentage was 50%, and the Stokes | flux
values were afeastx10 the Stokes | rms noise level While
this was done at every pixel in the image, we presentonly

enough vectors to be considered Nyquist sampled, for a total of

45 polarization vectors.

We estimate the overalflux calibration uncertainty of the
observations a20%, but for the remainder of the paperany
flux uncertainty listed will only be consideredstatistical
uncertainty.

2.1. Archival Data

To compare our polarization observations with other
wavelengths,we used JCMT POL-2 850 uym wavelength
polarization observations af4” resolution from Pattle et al.
(2021),and ALMA Band 6 (1.3 mm wavelength) polarization
observationsfrom (Sadavoy et al. 2018), smoothed to 1”
resolution.

In addition, we also used Herschel70, 100, and 160 pm
PACS datd and 250, 350, and 500 pm Spectral and
Photometric Imaging Receiver (SPIRE) déafa.

We included the 24 pm Spitzer Multiband Imaging Photo-
meter (MIPS) datd! All of these data were obtained from the
HerschelScience Archive'? Lastly, the 22 pm WISE datd?®
from the NASA/IPAC Infrared Science Archive* were also
included.

3. Results
Figure 1 shows the HAWC+ Band C (89 uym) dust
continuum observationsof IRAS 16293 with the inferred

magnetic field polarization direction (i.e polarization rotated
by 90°) plotted over the 89 um continuum map as line
segmentshereafter called vectors.

We fit the protostellar envelope continuum emission using a
Gaussian. The protostellar envelope is resolved with a
deconvolved fit size of 1073+ 04 by 8 7£ 0 4 With a
position angle (PA)of 108° £ 11°. The integrated fitflux is
1236 * 25 Jyand the peak flux is 1.25 + 0.02 Jy arcsec

The continuum Gaussian fit of the HAWC+ 89 um
observation is different than Gaussian fits to the Herschel
archival data. The PACS 100 um source fits are somewhat
smaller (77 0 4 by 4 8% 0 4 &nd a PA of 141° + 5°),
whereas the PACS 70 pm source fits are a little larger (11 9
+ 08 by 10 1£ 0 3’and a PA of 113° £ 7°).  The variation
indicated in the Gaussian fits of the HAWC+ and PACS 70
and 100 ym images likely arises from differences in the

® PACS observing labels 1342205093, 1342205094, 1342227150, and
1342227151.

0 SpIRE observing labels 1342205093 and 1342205094.
" MIPS observing label 4321536.

12 http://archive.esac.esa.int/hsa/whsa/

3 WISE observing coadd id: 2477m243_ac51.

14 https://irsa.ipac.caltech.edu/applications/wise/
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Figure 1. HAWC+ 89 pm continuum map overlaid with the inferred magnetic
field direction in black. The three protostellar peaks at 3 mm are shown in white
(Maureira et al2020),source A1/A2 in the south and source B in the north.

The vectors were selected to show Nyquist sampling. The image has a
smoothed image beam size of 17. The polarization scale bar is in the top

right corner, the beam is in the bottom left corner, and a spatial scalebar of 10
(1400 au) is provided in the bottom right corner.
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Figure 2. Our continuum map overlaid with our normalized, Nyquist sampled
inferred magnetic field vectors in black. In orange vectors, we show the

850 pm POL-2 normalized vectors from Pattle et. (2021) atthe published
pixel scale of 12 The corresponding beams,”11 7 and 14" for our observation
and POL-2,respectivelyare in the bottom left corner.

source morphologies (e.g., outflows, envelopes,and the
bridge connecting source A and B) so close to the overall
emission peak near 100 yn©n the other handthe PA from
the HAWC+ Band C fit is within 10° of the 850 pm dust
emission (Pattle et al. 2021), although the 850 um core
extension is measured on much larger scales.

We can compare the inferred magnetic field from other
observationswith varying wavelength and spatial scales.
Figure 2 shows the inferred magnetic field from our89 pym
data from Figure 1 (black vectors) with the 850 um data from
POL-2 (orange vectors)which have 14" resolution and 12"
pixels (Pattle et al. 2021), both wavelengths presented as
normalized vectors. The vectors align on the western side of the
source (and one vector in the southeast), but otherwise, there is
generally notmuch agreemenbn the inferred magnetic field
direction.
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Figure 3. The HAWC+ 89 pm continuum image overlaid with the normalized
magnetic field vectors from HAWC+ in black and from POL-2 in orange. Both
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Figure 4. Image of the IRAS 16293-2422 system with Gaussian-fitpeak
positions observed by various telescopes/instrumefite background image

maps show oversampled vectors at 4” pixels to better match the ALMA scales.is our HAWC+ Stokes | map. From right to left: the magenta marker is the

The white vectors show the ALMA 1.3 mm polarization vectors, smoothed to
1" resolution (white beam in the bottom left corner). The ALMA vectors

are notnormalized,and a 5% scale bar is given in the top rightorner.The
dotted contourshows the ALMA continuum at the 10g level, where g =
1.72 mJy arcsec . The locations of the hierarchicatiple protostars (source
A1/A2 and source B) at 3 mm (e.g., Maureira etal. 2020) are labeledThe
bridge is the region connecting the two sources.

On the other hand, misalignmentis also seen when
comparing the core scale (POL-2) with the cloud scale
(Planck). As pointed out by Pattle et al. (2021), there is a
misalignmentof the large-scale Planck field with the POL-2
850 pm magnetic field near the IRAS 16293 protostars, which
is also seen in Figure 2 as a field shift nearthe protostars
comparedto the outer region. In Figure 1, the inferred
HAWC+ magnetic field is generally aligned E-W. This is
offset by ~65° from the overall ~arcminute large-scale field
inferred from Planck observationsof the OphiuchusL1689
molecular cloud corewhich is 24°E of N (Pattle et al2021).

At a higher spatial scale, Figure 3 compares the 89 pm
HAWC+ data and 850 ym POL-2 data with high-resolution
polarization observations at 1.3 mm with ALMA from Sadavoy
et al. (2018), which are consistentwith 880 um polarization
observations from Rao etal. (2009). The ALMA data have
been smoothed to 1" resolution to bettercompare with our
observations.

Note that the region mapped in Figure 3 is only slightly
larger than the POL-2 and HAWC+ beam sizes, soit is
difficult to do more than compare broadly. However, in
generalthe vectors from the three observations are nwéll-
aligned. The HAWC+ and ALMA observations have some
agreementto the northwest, and the ALMA and POL-2
observationshave some agreementin the bridge region
between source A and B.On the other hand, HAWC+ and
ALMA observations are antialigned in the south, while ALMA
and POL-2 observationsare antialigned in the middle-east-
ern side.

4. Discussion
4.1. Continuum Wavelength Dependence

When comparing the HAWC+ dust continuum emission
Gaussian fits with the Gaussian fits from Herschas, well as

Gaussian peak of the WISE W4 filter a2 um; the white marker is Spitzer
MIPS 24 pm peak; light coral, pale green, and blue corresponding to Herschel
PACS at70, 160, and 100 pm;orange and chartreuse for SPIRE 260 and

350 pym; the pink marker corresponding to SCUBA-2 at 850 um; and the cyan
is SPIRE at 500 um. Errors represent pointing uncertainties collected from the
respective telescope’s manuabain publicationspr relevantsources (WISE;
Wright et al. 2010), MIPS on Spitzer (MIPS Instrument And MIPS Instrument
Support Teams 2011), PACS & SPIRE on Herschel (Sanchez-Portal
Marston et al. 2014), SCUBA2 on JCMT (Pattle et al. 2015; Kirk et al. 2018).
Contours are 1.3 mm continuum from ALMA (smoothed to) With levels at

No for N &[10, 30, 100, 300] and 0 =1.72 mJy arcsec ' (Sadavoy
etal. 2018).

the emission varied with wavelength, with the far-infrared
wavelengths peaking between the protostellar source locations.
As expected, the flux peak dust continuum of the IRAS 16293-
2422 system is strongly dependent on observing wavelength, as
can be seen in the spectraknergy distribution from Schoier

et al. (2002) with a maximum around 100 pm, but it also seems
that the spatial location of the peak is very strongly dependent
on observing wavelengtiBy using the archivalobservations,

we can compare this trend more broadly.

We fit the different wavelength emissions(e.g., WISE,
Herschel,and SCUBAZ2 listed in Section 2) to Gaussians.
Figure 4 shows the Gaussian fit peak to wavelengths from 22 to
850 um.There is a clear gradient from northwest to southeast
from short wavelengths to long wavelengths$n other words,
we detecta gradientin the cloud dust temperatureswith
wavelength. This is likely due to differences in the morphology
or detailed properties of the sourcg@pssibly arising from the
structure of the envelope or disks in the binary system.

Another explanation for the shiftn wavelength could be a
difference in the evolutionary stage of the binary sourcés
stated in Section 1, source B has been argued to be more
evolved than source A (Stark et al. 2004). As we probe shorter
and shorter wavelengths, we are most sensitive to the hot dust
in the less obscured sourcklowever,the evolutionary stages
of the protostarsare still uncertain with most recentwork
suggesting that the sourcesare likely at about the same
evolutionary stage or that source B is slightly less evolved (van
der Wiel et al. 2019), but the evolutionary ages are still a point
of contention.

One of the complications is that the two protostars have
different inclinations with respect to the line of sight. Source A,

the peak in the POL-2 observations, we noted that the peak of which is the tight binary, is closer to edge-on (inclinations of

4
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59° and 74°; Maureira eél. 2020) while source B is close to -24°28'00"F " 3 T ; v 1 200
face-on (inclination ~18°;Zamponi et al. 2021). The source A 11000
protostars are modikely Class 0 based on evidence of them 1800

driving active outflows (e.g., Yeh et al. 2008), but the evolution 15}
of source B is harder to verify due to its face-on inclination and
lack of outflow activity (see, Yeh et al. 2008). The difference in
inclination could explain the observed peak shifseen atthe
shorterwavelengths since the shortewavelengths are most
sensitive to the hotter dust seen in the more face-on disk, whicl &
is less obscured. In addition, source A is also surrounded by a 45"
~100 au circumbinary disk with a PA of ~50° (Maureira et al.
2020), which could increase the obscuration for the binary. We

1600

F 1400
30"F

(J2000)

1200

Flux Density (m]y/arcsec?)

suggestthat such continuum peak positional shifts with 29'00"} 1400 au
wavelength may be presetih other binary sourcestequiring 1o
careful consideration of variation in peak position at the shorter T Ly Ly F ol 7 I R T Y ER—T
wavelengths. RA (J2000)
Figure 5. Same as Figure 1 butoverlaid with the blue and red '2CO 3-2
) ) outflow contour lines of Yeh et al. (2008) using contours at 3a, 100, 300, and
4.2. Magnetic Fields 500, where g is 1.4 Jy beanl for the blue and 2.3 Jy bean} for the red.

At the large scales in dense, elongated structures or filaments

of molecular clouds, the magnetic field’s alignment depends omaye a very differentmeasured polarization angl89° + 23°,
column densitybelow a criticalcolumn densitythe magnetic  \yhich is more in line with the E-W outflow.

field is preferentially oriented parallelto the elongation of Indeed,one of the most striking features ofthe HAWC+
density structures, and above, the magnetic field is preferentialifap is the uniform field that is nearly completely E-W in
perpendicular (Planck Collaboration et20.16).However,the direction, which is very different morphologically to the
details of the alignment may vary across star formation regionspjanck-, JCMT-, and ALMA-inferred magnetic field angles.
(Stephens et al. 2022). Using HAWC+ observations in L1688, if\though one could argue for large field morphological
has been shown that the transition occursat a molecular  connections or trends between the mapped fields in Figure 3,

hydrogen column density of ~18"“cm® (Lee et al. 2021).  there is still no overall coherence across wavelengths. The key
Magnetohydrodynamisimulations have suggestedthat the  to understanding these different wavelength observations is that
transition may coincide with the kinetic energy of the  the observations are probing differeoptical depths and dust
gravitationally induced flows surpassing the magnetic energy temperatures (as seen clearly in Figure 3), making it difficult to
(Chen et al. 2016). _ piece together the overall 3D magnetic field morphology

One of the goals of our observations was to compare the  without a better understanding of the system details.
inferred magnetic field in the far-infrared dustcontinuum to The IRAS 16293-2422 triple system has a complicated
other resolutionsand scalesthat impact the star formation morphology with the protostarsdisks, a bridge feature,and

process.The large-scale Planck-inferred magnetic field in the multiple outflows observed on different spatial scales (see
L1689-N region is 24°E of N (Pattle etal. 2021),i.e., nearly  Figure 1 in van der Wiel et al. 2019). To date, the outflows
perpendicular to the large L1689/L1712 filament identified in  have only been associated with source A, which is likely due to
Ladjelate et al. (2020). These large-scale Planck fieldsare the face-on inclination of source B or possibly a difference in
generally consistentvith the 850 ym JCMT POL-2 inferred the evolutionary stage. As discussed in Section 1, source A has
magnetic fields shown in Figure 2, although in detail the POL-2two outflows on the thousands of au scale: one east-west (e.g.,
fields are less aligned with the overall Planck field at the cloud Yeh et al. 2008) and one northwest-southeast (e.g., Kristensen

core (e.g., see Figure 4 in Pattle et al. 2021). This is not et al. 2013). Arguably, the east-wesbutflow dominates the
surprising as the overalPlanck field seems to exhibi small  system on the cloud core scale (e.g., Mizuno et al. 1990; Stark
shift at the core that suggests unresolved morphology. et al. 2004), which is also well detected in higher resolution

When one traces the magnetic field from the L1689-N core interferometric observations (Yeh et 2D08). Figure 5 shows
scale down to the protostellarenvelope scale with the three our inferred magnetic fields with the blue- and redshifted
observations in Figure 3,we see regions where the inferred  outflows as identified from CO (3-2) observations of Yeh et al.
magnetic fields are aligned but other regions where the inferreq2008). Our magnetic field vectors are welaligned with this

magnetic fields are misaligned. The HAWC+ and ALMA outflow direction,with the exception of our vectors extending
observations are aligned in the northwest, while the ALMA andmore in the southNonethelesshased on this comparisome
POL-2 observationsare well aligned in the bridge region posit that the HAWC+ observations are tracing the warm dust

between source A and B.On the other hand, HAWC+ and from the E-W outflow cavity or cavity walls of IRAS 16293-
ALMA observations are misaligned in the south, while ALMA 2422 (Stark et al. 2004). This is in contrast to the average

and POL-2 observations are misaligned on the eastern side. magnetic field from the POL-2 and ALMA observations, which
However,as pointed outby Pattle et al. (2021), the average are approximately perpendicular to the E-W outflowOn the

field angles are consistentbetween ALMA and POL-2: other hand, this is consistentwith the Huang et al. (2024)

166° + 31° for POL-2 at the cloud core and 176° + 54° and survey, where ~40% of the sources have average magnetic
130° + 14° averaged around the protostars only and the bridgefields perpendicular to the source outflow.

between them only in the unsmoothed ALMA data in Sadavoy  There are many morphological examples of the outflows of
et al. (2018), respectively. Whereas the HAWC+ observations protostars seeming to modify or shape the magnetic field of the

5
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core as traced by single-dish observation®rion A filament
(Pattle et al. 2017), NGC 2071IR in Orion B (Lyo et al. 2021),

Encalada et al.

although a flip of 90° for the inferred magnetic field would
mean an average field 0f179° + 23°, which is closer to the

and CB 54 (Pattle et al. 2022), or to modify or shape the inner bulk average magnetic fieldsof 166° + 31° for POL-2 and
protostellar envelope as traced by interferometric observations176° + 54° for ALMA data, in detail the vectors in the inner

Serpens SMM1 (Hullet al. 2017),B335 (Maury etal. 2018),
Emb 8(N) (Le Gouellec et al2019),and BHR 71 IRS2 (Hull
et al. 2020).

Additionally, the short wavelength observational-inferred

magnetic field can exhibit different morphologies compared to

the longer wavelengthsin Orion, for example,the HAWC+
shorter wavelengths(53 and 89 um compared to 154 and

214 ym) are more aligned with the bipolar outflow structure in

the BecklinNeugebauer/KleinmanLow regionas traced by
molecular tracers (Chuss et 2019). The longer wavelengths
are argued to be tracing the cooler du#tat is outside of the
explosion-influenced region.

In this case for IRAS 16293-2422,the 89 ym continuum
emission is tracing the warmer dusturrounding the outflow.
The magnetic field morphology in this region is dominated by
the outflow and not the magnetic field in the cloud core or the
bridge, which is seen to dominate at longer wavelengtfikis
is somewhatconsistentwith the continuum peak of IRAS

region of the source, see Figure 3 for example, would not better
match with a HAWCH+ flip of  90°. Third, the polarization
fraction is lower toward the center of our observationsin
Figure 1. Such polarization depression with increasing density
is commonly detected in magnetic-field-aligned dustgrain
polarization observations (e.gGhuss etal. 2019) and is not

seen in regions where the polarization is due to dichroic
extinction (Dowell 1997; Novak etal. 1997;Ko et al. 2020).
Finally, east-westmagnetic fields have also been detected
along a few stellar sight lines in the L1689 cloud at optical
wavelengths (e.gVrba et al. 1976), suggesting that there are
east-west fields in some parts of the region. Overall, based on
these four reasons, the IRAS 16293-2422 polarization
observations presented here are most likely due to the magnetic
field alignment of dust grains.

5. Conclusions

16293-2442 at ~100 pm being near the center of the system so We presentthe 89 pm continuum polarization emission

that the polarization is dominated by the large opening angle
cavity seen in Figure 5.

4.3. Possibility of Polarization by Dichroic Extinction

As the inferred magnetic direction in Figurel is different
than what is observed at 850 um with POL-2e should also
examine other polarization mechanisms thraty accountfor

the observations. The most likely other polarization mechanism

would be dichroic extinction, used in the optical or infrared to
infer magnetic fields from polarization observations ostars
extinct by aligned dust grains (e.g., Scarrott & Warren-
Smith 1989). Although dichroic extinction depends on dust
properties optical depth,and temperature gradients (also see
Hildebrand et al. 2000), we can consider the effect in the
typical case for young stellar objects when unpolarized,or

weakly polarized, emission is extinct by cooler foreground dust
that has its grains aligned by magnetic fields or other means. In

that case,the dustgrain’s long axis will have more efficient
extinction than the shortaxis, so the light is now polarized
along the dust’s short axis, which would result in a 90° flip in
the polarizationcompared to the inferred magnetic field from

the emission of aligned dust grains. The effect has been seen in

far-infrared dustpolarization observationgyarticularly in the
Sagittarius B2 molecularcloud (Dowell 1997; Novak et al.
1997). The process will be most effective in optically thick
sources with a temperature gradient.

Although, we can not rule out dichroic extinction as the

toward the protostellarsystem IRAS 16293-2422 using the
HAWC+ polarimeter onboard SOFIA. Our main conclu-
sions are:

1. We detect a uniform magnetic field in the inner region of
IRAS 16293-2422 that is aligned east-west. The average
field angle in the HAWC+ observations is 89° + 23°,
which is consistentwith one of the known large-scale
outflows. This is different from the average field angles at
longer wavelengths:Planck large-scaleaverage field
angle of 24°, JCMT POL-2 averagefield angle of
166° + 31°,and the ALMA average field angle near the
protostars of 176° + 54°.

2. We posit that the magnetic field probed by the 89 pm
continuum emission is dominated by the outflow
magnetic field, while the 850 pym dust emission is
dominated more by the core magnetic field.

3. The continuum peak of the source varies significantly
with wavelength, moving from near source B at the mid-
IR to near sourceAinthe far-IR. This is either a
consequence of the evolutionary state of the two sources
or more likely due to the difference in inclination. The
shorter wavelengthsare more sensitive to the warmer
dust,which is seen in source B.

These observations suggetihat magnetic fields in young
protostarsare likely more complicated than simple pictures
suggest with multiple field morphologies dominating at various
scales and in different structures. Any observational constraints

dominant mechanism for polarization in IRAS 16293-2422 (seeshould include multiwavelength observationsthat sample

Zielinski et al. 2021, where they argue that dichroic extinction
polarization is not important in HAWC+ observations of
B335), there are a few reasons to disfavorthat explanation.

First, we do not see a strong signature of the 90° flip toward the

multiple scales and all the structures of star formation.
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