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Abstract

We investigate the relative alignment between density structures and magnetic fields in eight young protostars
from the Atacama Large Millimeter/submillimeter Array B-field Orion Protostellar Survey. Column density maps
are derived from 870 pm dust continuum emission, and the Histogram of Relative Orientations method is applied
to quantlfy the correlation between magnetic field orientations and density structures on envelope scales
(~10° au). We find that the relative alignment shows overall little evidence of systematic evolution with column
density, suggesting that column density alone does not fully determine the alignment. The magnetization level
also plays a crucial role, with weakly magnetized envelopes exhibiting predominantly parallel or random
alignment, whereas strongly magnetized ones show perpendicular configurations even at moderate densities.
These results reveal that density and magnetization jointly shape the morphology of protostellar envelopes and the
coupling between gravity and magnetic fields during early stages of star formation.

Unified Astronomy Thesaurus concepts: Star formation (1569); Interstellar magnetic fields (845); Circumstellar
envelopes (237); Star forming regions (1565)

1. Introduction the Lorentz force and channel infalling material toward the
equatorial plane, forming flattened pseudodisks (D. Galli &
F. H. Shu 1993a, 1993b). As collapse proceeds, the initially
uniform field lines are pinched into the familiar hourglass
morphology (F. Nakamura & Z.-Y. Li 2005), as observed in
both low- and high-mass protostars (e.g., J. M. Girart et al.
2006, 2009; 1. W. Stephens et al. 2013; K. Qiu et al. 2014;
V. J. M. Le Gouellec et al. 2019). Twisted field lines can both
drive outflows and remove angular momentum via magnetic
braking (A. Allen et al. 2003; P. Hennebelle & R. Teyssier
2008). This process, however, may lead to the so-called
“magnetic braking catastrophe,” in which strong fields prevent
the formation of rotationally supported disks (P. Hennebelle &
S. Fromang 2008). Several mechanisms have been proposed to
mitigate this effect, including nonideal MHD effects that
weaken field—matter coupling (R. Krasnopolsky & A. Konigl
2002; W. B. Dapp & S. Basu 2010; R. Krasnopolsky et al.
2011), turbulent diffusion and reconnection (A. Lazarian &
E. T. Vishniac 1999; R. Santos-Lima et al. 2012), and
misalignment between the rotation axis and the B-field
(P. Hennebelle & A. Ciardi 2009; M. Joos et al. 2012;
Z.-Y. Li et al. 2013). These scenarios suggest that the
magnetization level is a critical parameter that not only
regulates disk formation but also influences the overall
distribution of material.

Polarized dust emission at (sub)millimeter wavelengths

Original content from this work may be used under the terms . . . .
8 . Y . provides a direct probe of B-fields in dense gas and is the most

of the Creative Commons Attribution 4.0 licence. Any further . . > i ; .
distribution of this work must maintain attribution to the author(s) and the title widely used tracer in star-forming regions. In this regime,
of the work, journal citation and DOL “radiative torques” tend to align spinning and elongated dust

A key question for understanding the role of magnetic fields
(hereafter B-fields) in molecular cloud evolution is how their
orientation correlates with the underlying density distribution.
In particular, it is crucial to determine whether B-fields are
preferentially aligned with elongated structures such as
filaments, or with density gradients more generally, since
these correlations provide insights into the interplay between
magnetic support, turbulence, and gravity during cloud
collapse (e.g., P. Hennebelle & S.-i. Inutsuka 2019).

Theories predict that the relative orientation between density
structures and B-fields is not random but reflects the under-
lying stability and magnetization of the system. Linear stability
analyses of magnetized, self-gravitating layers (T. Nagai et al.
1998; S. Van Loo et al. 2014) show that the fastest-growing
gravitational instability modes depend on the ratio of the scale
height z;, to the Jeans length ;. When z, > [, the layer is
compressible and instabilities develop preferentially along
field lines, producing filaments that are perpendicular to the B-
field. Conversely, when z, < lp, the medium is nearly
incompressible and instabilities grow more efficiently with
wavevectors perpendicular to the field, yielding filaments
aligned with the B-field. In the ideal magnetohydrodynamics
(MHD) case, B-fields provide support against gravity through
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grains with their long axes perpendicular to the local B-field
(A. Lazarian 2007; B.-G. Andersson et al. 2015). This
mechanism is effective from cloud core scales (~10* au)
down to protostellar envelope scales '°(~10°-10* au; e.g.,
J. M. Girart et al. 1999, 2013; Q. Zhang et al. 2014; V.J. M. Le
Gouellec et al. 2020; K. Pattle et al. 2023). Recent polarization
observational progress has also been made in characterizing
the relative orientation between density structures and B-fields.
Planck Collaboration et al. (2016b) revealed that in the diffuse
interstellar medium elongated column density structures are
predominantly aligned with the B-field in low-density regions
while becoming perpendicular in higher-density regions, with
a transition column density of log(Ny/cm™2) ~ 21.7. Similar
statistics are found for low column density fibers traced by H1
emission (S. E. Clark et al. 2014). On the scale of molecular
clouds and clumps (0.1-1.0 pc), recent studies (e.g., K. Pattle
et al. 2023) suggest that B-fields often maintain a high degree
of coherence and can even dominate the energy budget, as seen
in P. J. Barnes et al. (2025). W. Jiao et al. (2024) reported a
similar trend in Orion, where the alignment changes from
parallel to perpendicular with increasing column density on
both large (~0.6 pc) and smaller scales (~0.04 pc). However,
these studies are limited to the cloud and core scales (29000
au). It remains an open question whether this density-
dependent alignment persists in the dynamic environment of
the protostellar envelope, where infall, rotation, and feedback
may modify both the density field and magnetic geometry.

The B-field Orion Protostellar Survey (BOPS; PI: Ian
Stephens, project 2019.0.00086S) targets this scale gap, and it
mapped polarized dust emission in 57 protostars on 400-3000
au (~2-15 mpc), revealing three major types of B-field
structures: standard hourglasses (aligned with the outflow),
rotated hourglasses (perpendicular to the outflow), and spiral
patterns, alongside complex configurations (B. Huang et al.
2024). These morphologies appear to correlate with magne-
tization levels (B. Huang et al. 2025a, 2025b), providing an
opportunity to investigate how B-fields shape density struc-
tures when the magnetic support varies relative to gravity. This
paper is organized as follows: Section2 describes the BOPS
observations, Section 3 presents the analysis methods and
results, Section4 discusses the implications for magnetic
regulation of protostellar collapse, and Section 5 summarizes
the main conclusions.

2. Observations

The BOPS observations were carried out between 2019
November and December using the Atacama Large Milli-
meter/submillimeter Array (ALMA) 12m array in the
compact configurations C43-1 and C43-2 (and an intermediate
execution combining both), which provided projected base-
lines of ~14-312 m. The observations were obtained in Band 7
(~345 GHz; 870 pm). The resulting typical synthesized beam
is ~0.8 x 0.6, while the largest angular scale is ~8”. The data
reduction followed the standard ALMA pipeline in CASA, and
imaging was performed with the tclean task using Briggs
weighting (robust = 0.5). We applied three successive rounds
of phase-only self-calibration to improve image quality for
each source. The final Stokes I, Q, and U continuum maps
were produced independently using line-free, self-calibrated

10 Throughout this paper, we use “protostellar envelope” to refer to material
on ~10°-10* au scales around individual protostars.
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data from four spectral windows. The peak S/N in the final
Stokes I maps ranges from ~750 to ~4200, and the typical
rms noise levels are ~0.1 mJybeam ' in Stokes / and
~0.07 mJy beam " in Stokes Q and U. From the polarization
maps we derive the polarized intensity P = /Q* + U? and
the polarization position angle 6, = 0.5 arctan(U/Q), where I,
0, and U are the Stokes parameters. By definition, P is always
positive, even though Q and U can take positive and negative
values. This introduces a positive bias in low signal-to-noise
ratio measurements, which we correct by debiasing the
polarized intensity following the method described by
C. L. H. Hull & R. L. Plambeck (2015).

We focus on eight protostars, i.e., HOPS-87, HOPS-182,
HOPS-359, HOPS-361, HOPS-370, HOPS-384, HOPS-399,
and HOPS-400, that not only have bolometric luminosities
reported in the literature for column density estimates
(E. Furlan et al. 2016) but also cover the diverse B-field
morphologies and exhibit sufficient polarization detections
(from ~15 to ~150 independent beams with P > 30) to allow
a robust Histogram of Relative Orientations (HRO; J. D. Soler
et al. 2013) analysis. Among them, two (HOPS-87 and HOPS-
400) display standard hourglass structures, one (HOPS-359)
shows a partially hourglass configuration, one (HOPS-370)
shows a rotated hourglass, three (HOPS-182, HOPS-361, and
HOPS-384) show spiral morphologies, and one (HOPS-399)
shows a complex pattern (B. Huang et al. 2024). The left
panels of Figure 1 show the 870 pum dust emission in color
scale for these sources, overlaid with B-field segments (P > 3¢
detections) and outflow directions.

3. Results and Analysis

In this section, we describe the procedures used to compare
the density structure with the B-field orientation, including the
derivation of column density maps, the application of the HRO
method, and the calculation of the B-field structure func-
tion (SF).

3.1. Column Density Maps

Assuming that the dust emission is optically thin on
envelope scales (~10° au), the column density is computed
from the 870 um dust continuum using

S, d?

Ny, =——""7""7—,
’ ,LLHzmHHVBV(T)

ey

where S, is the flux density at a frequency v =345 GHz (i.e., a
wavelength of 870 um), d is the distance, py, = 2.8 is the
mean molecular weight per hydrogen molecule (J. Kauffmann
et al. 2008), my is the mass of the hydrogen atom, «, is the
dust opacity, n = 100 is the gas-to-dust mass ratio, and B,(T) is
the Planck function at dust temperature 7. We adopt
Ky~ 1.84 cm? g, appropriate for grains with ice mantles at
densities of ~10°cm?® (V. Ossenkopf & T. Henning 1994).
The dust temperature profile for very young Orion protostars
on envelope scales is expressed as (B. Huang et al. 2025a)

0.25 —0.40
Lo ( r )
T=T , 2
0( L ) 50 au @

where To =43 K corresponds to the average temperature of a
~1 L., protostar at r~ 50 au (B. A. Whitney et al. 2003;
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Figure 1. ALMA BOPS 870 pm observations. Left panel: the dust continuum emission (Stokes /) is shown in color scales, overlaid with the B-field segments in
white and the redshifted and blueshifted outflow directions in red and blue, respectively. Right panel: column density maps derived from the 8§70 ym continuum
emission in color scale, overlaid with an LIC texture of the inferred POS B-field orientation computed from unit polarization angle vectors, i.e., the LIC texture

encodes direction (B. Cabral & L. Leedom 1993).
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Figure 1. (Continued.)
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Figure 1. (Continued.)

J. J. Tobin et al. 2013, 2020), r is the distance from the
protostar, and Ly is the bolometric luminosity taken from
E. Furlan et al. (2016) (column (3) of Table 1). Since C'’O
emission is clearly detected in our sample, the dust temper-
ature cannot fall below 20 K, as C!”O would otherwise freeze
onto dust grains and remain undetectable (e.g., J. K. Jgrgensen
et al. 2015). In cases where Equation (2) yields temperatures
below this value, we adopt 20 K as a lower limit. The right
panels of Figure 1 present the resulting column density maps in
color scale, overlaid with the B-field morphology generated
using the linear integral convolution (LIC) technique
(B. Cabral & L. Leedom 1993).

3.2. Calculation of Relative Orientations

In the following analysis, we utilized the original pixel size
(~0.1), with the typical synthesized beam FWHM of ~0'8 in
the observations, ensuring adequate sampling of the deriva-
tives in each case (J. D. Soler et al. 2017). We applied the
HRO method to systematically analyze the relationship

between the B-field orientation and the density structure. The
relative orientation angle (¢) between the tangent to the local
density contours and the B-field is defined as

(ZS — arctan M , 3)
VN, - E,

where Ep is the unit polarization pseudovector (from which the
B-field orientation is inferred by 90° rotation) defined by the
polarization angle 0, and VVy, is the column density gradient.
The relative orientation ¢ is restricted to the range 0°-90°,
with angles outside this range transformed into equivalent
values. We emphasize that this analysis is limited to the
projected 2D geometry on the plane of the sky (POS). The
intrinsic 3D distribution of the gas and the inclination of the B-
field are not accessible.

To estimate the column density gradient, we followed the
method of V. Sokolov et al. (2019) and W. Jiao et al. (2024).
The column density distribution within each 3 x 3 pixel grid
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Table 1
Source Properties

Name Type of B-field Lo (Le) 13 Dominant Alignment SF

HOPS-87 std-hourglass 36.49 predominantly negative perpendicular small dispersion
HOPS-182 spiral 71.12 predominantly positive parallel large dispersion
HOPS-359 part-hourglass 10.00 scatter near 0 no clear trend small dispersion
HOPS-361 spiral 478.99 predominantly positive parallel large dispersion
HOPS-370 rot-hourglass 360.86 predominantly positive parallel large dispersion
HOPS-384 spiral 1477.99 negative to positive Perp.-to-Para. large dispersion
HOPS-399 complex 6.34 predominantly positive parallel large dispersion
HOPS-400 std-hourglass 2.94 predominantly negative perpendicular small dispersion

Note. Columns (2)—(6) present the B-field morphologies, bolometric luminosity (L)), overall trend of histogram shape parameter &, alignment preference between
B-field and density structures, and overall trend of B-field SF, respectively. We classify sources as “small dispersion” when the SF amplitude remains below the
random field expectation at all lags (i.e., <52°) and as “large dispersion” otherwise. The type of B-field is obtained from B. Huang et al. (2024); Ly, is adopted from

E. Furlan et al. (2016).

was approximated by a first-degree bivariate polynomial,
f(a, 8) = Ny + aAa + bAS, @)

where N, is the column density in the central pixel of the grid
and A« and AS$ are the pixel offsets along the R.A. and decl.,
respectively. Only pixels with signal-to-noise ratio greater than
50 in dust emission were included, and we required at least
eight valid neighboring pixels within the 3 x 3 grid for reliable
gradient estimates. The gradient coefficients (a, b) were
determined by a least-squares fit,

p(r) = argmin  » " (Nu,(r') — f(r', a, b))?, (5)

ab A, A1
where ' = (a + Aa, 6§ + Ad) denotes the offset position
and the operator argmin returns the parameter values of a

and b that minimize the given function. The gradient
orientation V Ny, and its uncertainty o are then given by

V Ny, = arctan é 6)
a
o= ;\/azaz + b2 @)
A2+ b b “

where o, and o, are the uncertainties in the fitted coefficients
(Planck Collaboration et al. 2016a).

Figure 2 shows the spatial distribution of the relative
alignment angle ¢ between the density contours and the B-
field orientation, while the corresponding histograms for eight
protostars are presented in the left panels of Figure3. In
HOPS-182, HOPS-361, and HOPS-370, large portions of the
envelopes are dominated by small ¢ values, with histograms
skewed toward ¢ <30° indicating widespread alignment
between the density structures and the B-fields. By contrast,
HOPS-87 and HOPS-400 display extended regions with large
¢ values and histograms skewed toward ¢~ 50°-80°,
suggesting a predominantly perpendicular tendency. The
remaining sources (HOPS-359, HOPS-384, and HOPS-399)
show more mixed distributions without a clear preference.

To quantify the dependence of these relative orientations on
column density, following J. D. Soler et al. (2013) and
J. D. Soler et al. (2017), we construct the HROs (see the right
panels of Figure 3 for each source) by dividing the valid pixels
of each source into 10 column density intervals, each
containing an equal number of pixels to ensure comparable
statistics. For each interval, we constructed histograms of the

relative orientation angle ¢ between the polarization orienta-
tion (6,) and the density gradient orientation (VNp), i.e.,
between the inferred B-field orientation and the local density
contour orientation. For each source, the middle panels of
Figure 3 show the representative HROs for the lowest (blue),
intermediate (green), and highest (red) column density
intervals.

3.3. Histogram Shape Parameter ¢,

The histogram shape parameter ¢ quantitatively charac-
terizes the shape of each HRO and is defined as

_Ag — Ay

é-_ ’
Ay + Agg

®)
where A is the area under the histogram for 0° < ¢ < 22°5 and
Ag is the area under the histogram for 67.5 < ¢ < 90°. The
parameter ¢ is nearly independent of the number of bins used
to construct the histogram if the bin widths are smaller than the
integration range. In our analysis, we calculated ¢ across 10
column density intervals. For each interval, the histograms
were constructed with 15 bins, which corresponds to the bin
width of 6.0, significantly smaller than the integration range
of 2275.
The variance of £ is given by

4(A5 0%, + Ajoh,)

(Ag + Agp)*

€))

oF =
where aio and ai% are the variances of the counts in the
corresponding angle ranges, which represent the statistical
“jitter” of the histograms. If the jitter is large such that
a% = 1€, the relative orientation becomes indeterminate. While
the jitter depends on the chosen number of bins, the value of £
itself does not. By construction, ¢ > 0 indicates that the B-field
tends to align parallel to the density structure contours, while
& <0 indicates that the B-field is preferentially perpendicular
to the contours. The right panels of Figure3 show & as a
function of log;,(Vy,) for each column density interval, in each
source.

3.4. Structure Function

To characterize the B-field properties, we utilize the angular
dispersion SF. This analysis is rooted in the Davis—
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Figure 2. The relative alignment ¢ between the column density contours and the B-field orientation in color scales, overlaid with the column density contours.
Contours in each panel start at So (o is the noise level in column density) and increase by factors of 2 (i.e., 1, 2, 4, 8, 16, 32, 64, 128 x 50), with the noise level of
9.9 x 10*' cm™? for HOPS-87, 1.3 x 10" cm™? for HOPS-182, 5.4 x 10?' cm™? for HOPS-359, 4.7 x 10?! cm™ for HOPS-361, 2.6 x 10*' cm™2 for HOPS-370,
2.5 x 10*' cm™? for HOPS-384, 9.7 x 10?' cm™? for HOPS-399, and 7.0 x 10?' cm™? for HOPS-400.
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Figure 2. (Continued.)

Chandrasekhar-Fermi (DCF) technique (L. Davis 1951;
S. Chandrasekhar & E. Fermi 1953), which links the
dispersion of polarization angles to the ratio of turbulent to
ordered magnetic energy. However, unlike the classical DCF
method, which typically relies on a single global dispersion
estimate, we adopt the generalized formulation developed by
M. Houde et al. (2009). This approach analyzes the difference
in polarization angles as a function of spatial separation. A key
advantage of this formulation is its ability to account for signal
averaging along the line of sight. Since the observed
polarization is an integration of emission from multiple
turbulent cells along the column and within the beam, the
measured dispersion is generally lower than the intrinsic 3D
dispersion. This framework accounts for this effect by
modeling the number of turbulent cells involved in the
integration, thereby providing a more robust separation of
the large-scale ordered B-field from the turbulent component
(M. Houde et al. 2009, 2016). The small SF amplitude
indicates a well-ordered, coherent B-field, while a larger
amplitude suggests stronger dispersion. The second-order SF
of the polarization angles (A#%(1))!/? is defined as the average
of the squared difference between the polarization angles
measured for all pairs of points separated by a distance /,

(AP = (10 + 1) — 0r)P)/? . (10)

SF-based implementations have been widely used as a
powerful statistical tool to infer the relationship between the
large-scale ordered and turbulent components of B-field in
molecular clouds (e.g., M. Houde et al. 2009, 2016;
G. A. P. Franco et al. 2010). In this work, we restrict our
analysis to polarization angle measurements with signal-to-
noise ratios greater than 3¢ in polarized intensity P. The SF is
computed using spatial separations sampled at half the beam
size to ensure Nyquist sampling. The resulting SF is shown in
Figure 4.

4. Discussion

The variation in HRO shapes and the ¢ parameter presented
in Section 3 indicate complex interactions between B-fields
and the envelope gas. In this section, we discuss the physical
mechanisms of relative alignment between the column density
structure and B-fields, including the dependence on the column

density and magnetization levels on the envelope scales, and
we finally assess the projection effects and other factors.

4.1. HRO Analysis: Does Column Density Affect the Relative
Alignment?

The middle panels of Figure 3 show the HROs in different
column density bins for the sample. In HOPS-182, HOPS-361,
and HOPS-399, the HROs for the lowest and intermediate Ny
ranges peak near ¢~ 0°, with significantly more counts in
0° < ¢ < 2275 than in 67.5 < ¢ < 90°. At the highest Ny, the
distributions shift toward larger angles (¢ ~ 50°-80°). HOPS-
370 shows a similar trend, exhibiting alignment at low and
intermediate densities but flatter HROs at high densities. In
contrast, HOPS-87 shows HROs weighted toward large angles
at the highest column densities, while the lower-density bins
peak at intermediate ¢ (40°-65°). For HOPS-384 and HOPS-
400, the lowest-density HROs peak at relatively small angles
but flatten with increasing Ny, whereas HOPS-359 shows the
opposite behavior, with large-angle peaks at intermediate
densities and flatter HROs at low and high densities.

Previous studies suggest that the relative orientation
between density structures and B-fields depends on column
density, with alignments typically transitioning from parallel
to perpendicular as the density increases. For example, Planck
observations and follow-up HRO analyses in nearby molecular
clouds (~0.4-1.4 pc) typically find Xyro values of
log(Ng,/cm~2) ~ 21.7-22.5 (Planck Collaboration et al.
2016b; J. D. Soler et al. 2017). In Orion A on ~0.6 pc scales,
W. Jiao et al. (2024) reported similar values of 21.0-21.6 but
noted that the transition column density increases when probed
on smaller scales, reaching log(Ny,/cm~2) ~ 22.9-23.2 at
~0.04 pc. On even smaller scales of ~0.03 pc, W. Kwon et al.
(2022) found that B-fields are parallel to less dense filaments
but perpendicular to dense, star-forming ones; however, at the
highest densities the orientation returns to parallel, likely due
to field dragging by infall, implying no single universal
transition density. In our sample, the values of £, as shown in
columns (4) and (5) of Table 1 and the right panels of Figure 3,
for HOPS-182, HOPS-361, HOPS-370, and HOPS-399 are
predominantly positive (i.e., parallel), whereas those of HOPS-
87 and HOPS-400are predominantly negative (i.e.,
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Figure 3. HROs between the Ny, contours and the B-field orientation. For each source, three panels are presented horizontally. Left panel: global histograms of
relative alignment ¢, with bin number of 15. Middle panel: HROs for three distinct Ny, ranges. The figures present the HROs for the lowest bin, an intermediate bin,
and the highest Ny, bin (purple, green, and red, respectively). These bins have equal numbers of selected pixels within the indicated Ny, ranges. Right panel: relative
orientation parameter & calculated for the different Ny, bins. The values £ > 0 and £ < 0 correspond to the B-field being oriented mostly parallel and perpendicular to
the Ny, contours, respectively. The dashed line is & = 0, which corresponds to the case where there is no preferred relative orientation.
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Figure 3. (Continued.)

perpendicular). For the remaining sources, { for HOPS-359
fluctuates around zero and shows no clear trend across the
explored column density range, while HOPS-384 presents a
transition from perpendicular to parallel alignment. Conse-
quently, despite these individual protostars exhibiting distinct
behaviors, in general we find no clear evidence for a parallel-
to-perpendicular transition with increasing column density at
spatial scales probed in our data.

4.2. Does the Magnetization Level Affect the Relative
Alignment?

Previous BOPS results (B. Huang et al. 2024) suggested that
protostars with standard hourglass B-fields exhibit small
velocity gradients owing to strong magnetic braking, whereas
large velocity gradients tend to be found toward sources with
rotated hourglass, spiral, or complex morphologies where the
B-field is less dominant relative to gravity and rotation. Recent
numerical simulations (N. Afiez-Lopez et al. 2024) further
support this interpretation, showing that strongly magnetized
envelopes are expected to develop standard hourglass
morphologies, while weakly magnetized cases instead produce
rotated hourglass configurations. Spiral field morphologies, on
the other hand, have been suggested as an additional channel
for angular momentum redistribution at the disk—envelope
interface (W. Wang et al. 2022). From the SF calculated for
these sources (see Figure 4 and column (6) of Table 1), we find
the following: HOPS-87 exhibits a small SF at the smallest
separations, followed by a monotonic increase with spatial
scale. In contrast, the SFs of HOPS-182, HOPS-359, and
HOPS-400 are small at small separations and increase with
increasing lag as local B-field perturbations decorrelate, but
they decrease again at the largest separations. This downturn is
likely caused by the dominance of a large-scale ordered B-
field. The remaining sources show SFs that increase with
spatial scale and approach a plateau at large separations.
Notably, HOPS-87 and HOPS-400 exhibit relatively small
overall SF amplitudes (<52°), with values remaining below
those expected for a random field at all spatial scales. The SF
in HOPS-359 likewise stays below 52° but reaches compara-
tively high values at the small separations (~2.5—4.5). The
other sources, however, display comparatively larger SF
amplitudes over most spatial scales, indicating larger B-field
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dispersion. This is consistent with the velocity gradient
analysis by B. Huang et al. (2024), which suggests that the
dispersion arises from dynamical processes such as gravita-
tional collapse and angular momentum (e.g., rotational
motions) that significantly twist the field lines at envelope
scales. We thus expect that HOPS-87 and HOPS-400 are more
magnetized than the remaining sources.

Visual inspection of the LIC textures of the B-field patterns
overlaid on the column density maps (right panels of Figure 1)
reveals that B-fields tend to align parallel to the elongated
density structures in HOPS-182, HOPS-361, and HOPS-370.
This impression is consistent with the histograms in the left
panels of Figure 3, which show that large portions of their
envelopes are dominated by small relative angles. By contrast,
the more magnetized sources HOPS-87 and HOPS-400 display
a relatively larger fraction of high angle values (.e.,
perpendicular alignment). From the results of the HRO
analysis (right panels of Figure 3), most ¢ values in HOPS-
87 and HOPS-400 are almost negative, suggesting a predomi-
nantly perpendicular configuration that becomes more pro-
nounced across column density. The less magnetized sources,
on the other hand, exhibit predominantly positive £ values
(HOPS-182, HOPS-361, HOPS-370, and HOPS-399) or show
mixed positive and negative £ values (HOPS-359 and HOPS-
384), suggesting a parallel alignment or a transitional behavior
without a dominant alignment trend.

Theoretical and observational studies show that the relative
alignment between B-fields and column density structures
correlates with the level of magnetization (e.g., C. L. H. Hull
etal. 2017; W. Kwon et al. 2022). In strongly magnetized, sub-
Alfvénic environments, B-fields tend to be well ordered and
oriented parallel to the gas flow, as gravity and gas flows are
guided along the field lines. In weakly magnetized or super-
Alfvénic regimes where gravity dominates, on the other hand,
the field orientation becomes parallel or randomly aligned with
the density structures. Our results appear to show a consistency
with previous studies that the magnetization level correlates
with the relative alignment between density structures and B-
fields on envelope scales, suggesting that magnetization plays
a key role in determining the relative alignment between B-
fields and density structures on envelope scales.
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Figure 4. SF of the B-field angles. The horizontal dashed line at 52° indicates the expected value for a purely random distribution, and the vertical dashed line
indicates the beam size.

4.3. Possible Factors Influencing the Results To assess the impact of projection effects, we constructed

It is important to note that both the density distribution and cumulative distribution functions (CDFs) of the observed
the B-field morphology are inherently 3D, whereas our angle differences ¢ and compared them with simulated
observations capture only their 2D projection onto the POS. distributions of 2D intersecting angles projected from a
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uniform distribution in 3D space. The simulations considered
three scenarios: (i) a random distribution, where 3D angles are
uniformly sampled between 0° and 90° and then projected; (ii)
a parallel case, with 3D angles restricted to O°—22c.’5; and (iii) a
perpendicular case, with 3D angles restricted to 67.5-90°. As
shown in Figure 5, the observed distributions for HOPS-182,
HOPS-361, and HOPS-370 lie between the parallel and
random models, indicating a tendency toward alignment but
with appreciable scatter. By contrast, the distributions for
HOPS-87 and HOPS-400 lie between the perpendicular and
random models, potentially suggesting a weak preference for
perpendicularity. The remaining sources (HOPS-359, HOPS-
384, and HOPS-399) closely follow the random distribution.
Therefore, projection effects can broaden the observed
distributions and introduce scatter in the measured £ values,
but they do not erase systematic differences among sources.
Outflows and related small-scale structures can also
influence the measured relative orientations. Bipolar outflows
carve cavities into the envelope, sweeping up material and
locally distorting both the density distribution and the B-field
geometry. In such cases, polarization detected along the cavity
walls may not trace the collapse-driven field, but rather dust
grains aligned by radiative anisotropies or shocks, potentially
biasing the inferred alignment (e.g., V. J. M. Le Gouellec et al.
2019). Streamers, as likely seen in HOPS-182, HOPS-361, and
HOPS-370 (B. Huang et al. 2024), which channel material
from large scales onto the protostellar envelope or disk, can
likewise drag field lines and impose coherent density features
that mimic or obscure the collapse-driven orientation (e.g.,
J. E. Pineda et al. 2020). At smaller radii, polarized emission
may also arise from self-scattering rather than magnetically
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aligned grains, producing polarization patterns that are not
related to the B-field orientation (e.g., A. Kataoka et al. 2015;
H. Yang et al. 2016; 1. W. Stephens et al. 2017, 2023).
However, this effect is likely negligible in our analysis, since
we restricted the study to envelope scales, much larger than the
disk scales where scattering dominates, and explicitly
excluded those BOPS sources dominated by self-scattering
(see B. Huang et al. 2024).

In addition, uncertainties in the derivation of column
densities, arising from assumptions about dust temperature,
opacity, or gas-to-dust ratio, can shift the absolute values of
Ny and thereby affect the determination of transition column
densities and the inferred density field alignment. We also note
that our results are based on only eight sources, which limits
the statistical robustness of the observed trends. Despite these
limitations, this study constitutes the first sample of objects
studied at these scales (~400 au). Expanding this analysis to
larger, well-characterized samples will be essential to confirm
the role of density and magnetization in controlling the relative
orientation between density structures and B-fields.

5. Conclusions

In this work, we investigated the relative alignment between
density structures and B-fields in BOPS protostellar envelopes
on envelope scales, as this relationship provides an observa-
tional test of how B-fields regulate, or yield to, gravity during
the earliest stages of star formation. Column density maps
were derived from 870 yum dust continuum emission, and the
HRO method was applied to quantify the relative alignment
between B-fields and density structures. Unlike molecular
cloud scales, whose £ present a parallel-to-perpendicular
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transition with Ny (e.g., Planck Collaboration et al. 2016b), the
& in our sample shows overall little systematic evolution,
implying that column density alone does not fully govern the
density field alignment for these sources. On the other hand,
weakly magnetized envelopes exhibit predominantly parallel
or random alignment, while strongly magnetized ones appear
to show mainly perpendicular configurations, suggesting that
magnetization level may play a key role in determining the
relative alignment between B-fields and density structures on
envelope scales.

Several effects may influence the relative orientations
measured on envelope scales, including projection effects,
outflow cavities, streamers, and uncertainties in the column
density derivation. Nevertheless, the observed differences
among sources provide observational hints in highlighting the
role of magnetization in shaping density field alignment.
Overall, our results provide hints that the relative orientation
between density structures and B-fields not only depends on its
density but may also depend on the level of magnetization.
Expanding this analysis to larger samples will be essential to
establish the statistical significance of these trends and to
further constrain the role of B-fields in protostellar collapse.
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