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ABSTRACT

The B-field Orion Protostellar Survey (BOPS) recently obtained polarimetric observations at 870 ym towards
61 protostars in the Orion molecular clouds with ~ 17 spatial resolution using the Atacama Large Millime-
ter/submillimeter Array. From the BOPS sample, we selected the 26 protostars with extended polarized emis-
sion within a radius of ~ 6" (2400 au) around the protostar. This allows to have sufficient statistical polarization
data to infer the magnetic field strength. The magnetic field strength is derived using the Davis-Chandrasekhar-
Fermi method. The underlying magnetic field strengths are approximately 2.0 mG for protostars with a standard
hourglass magnetic field morphology, which is higher than the values derived for protostars with rotated hour-
glass, spiral, and complex magnetic field configurations (< 1.0 mG). This suggests that the magnetic field plays
a more significant role in envelopes exhibiting a standard hourglass field morphology, and a value of > 2.0 mG
would be required to maintain such a structure at these scales. Furthermore, most protostars in the sample are
slightly supercritical, with mass-to-flux ratios < 3.0. In particular, the mass-to-flux ratios for all protostars with
a standard hourglass magnetic field morphology are lower than 3.0. However, these ratios do not account for
the contribution of the protostellar mass, which means they are likely significantly underestimated.

Keywords: Star formation - star forming regions - magnetic fields - interstellar magnetic fields - circumstellar
envelopes
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1. INTRODUCTION

Magnetic fields (henceforth B-fields) are believed to play an important role during the star-forming process (e.g., Maury et al.
2022; Pattle et al. 2023). Various theories on the formation and evolution of star clusters—ranging from those controlled by the
B-field with ambipolar diffusion (strong B-field model, e.g., Inoue et al. 2013; Van Loo et al. 2014), to those dominated by
supersonic and super Alfvénic turbulence (weak B-field model, e.g., Padoan et al. 2001; Moechel et al. 2015), or those driven
by multiscale gravitational collapse (global hierarchical collapse model, e.g., Vazquez-Semadeni et al. 2019; Ramirez-Galeano
et al. 2022), have been developed in parallel during the last decades. In the strong-field model, ambipolar diffusion enables the
formation of “supercritical” dense cores, where the dominating force of gravity overcomes the magnetic support. During the core
collapse, field lines are dragged inward to form an hourglass morphology. However, a recent numerical study by Afiez-Lopez
et al. (2024) suggests that hourglass-shaped magnetic field structures can manifest in different magnetized environments.

To gain a better understanding the role of B-fields, we can study them by observing polarized dust emission. This is the most
commonly used tracer of B-fields in star-forming regions, as “radiative torques” (e.g., Hoang et al. 2009; Andersson et al. 2015)
tend to align spinning and elongated dust grains with their long axes perpendicular to the ambient B-field direction. Over the
past decades, dust polarization observations carried out with (sub)millimeter interferometers have increasingly proven effective
in mapping B-fields at the scales of cores (~ 10* au) and envelopes (~ 10% to 10* au) (e.g. Girart et al. 1999, 2013; Zhang et al.
2014; Cox et al. 2018; Galametz et al. 2018; Hull et al. 2019; Le Gouellec et al. 2020; Cortes et al. 2021; Kwon et al. 2022).
Additionally, hourglass-shaped B-fields have been observed on these scales (e.g., Girart et al. 2006, 2009; Stephens et al. 2013;
Qiu et al. 2014; Le Gouellec et al. 2019; Hull et al. 2020; Huang et al. 2024).

The Orion Molecular Cloud (OMC) star-forming complex is one of the most studied star-forming regions due to its proximity to
Earth (~ 400 pc, Kounkel et al. 2017). In a recent study, we used the Atacama Large Millimeter/submillimeter Array (ALMA) to
observe the polarized dust emission and B-field structure in 61 protostars within the OMC, namely the B-field Orion Protostellar
Survey (BOPS, with a spatial resolution of ~ 1”7, Huang et al. 2024). The observations revealed not only the standard hourglass
B-field structure (characterized by an inwardly constricted waist and outwardly flared lobes aligned parallel to the outflow axis,
hereafter, std-hourglass), but also the rotated hourglass (morphologically identical to the std-hourglass but oriented perpendic-
ularly to the outflow, hereafer, rot-hourglass), spiral patterns and complex B-field morphologies. A follow-up study of BOPS
(Huang et al. 2025) found that protostars exhibiting std-hourglass B-field morphology tend to have smaller disk size and angle
dispersion of the B-field compared to those with other B-field morphologies, particularly rot-hourglass morphologies, as well
as spiral and complex configurations. This suggests that different B-field structures may indicate varying levels of significance
of the field relative to turbulence and gravity. Therefore, it is necessary to constrain the magnitude of the B-field, characterize
the magnetic properties, and investigate the relationship between the B-field morphologies and the magnetization levels for the
BOPS protostars. Moreover, we found that 26 of the 61 BOPS protostellar envelopes have polarized dust emission detected with
sufficient statistics to resolve the magnetic field structure, enabling a robust statistical examination and study of their magnetic
properties. Among them, six exhibit a std-hourglass B-field morphology, nine show a rot-hourglass structure, four display a spiral
configuration, and the remaining seven are classified as complex. In this paper, we aim to determine the influence of the B-field
on these 26 protostellar envelopes and to gain a deeper understanding of the overall B-field properties on the envelope scales. In
Section 2, we present the methods applied to estimate the B-field strength, followed by a detailed discussion in Section 3. Finally,
we draw the main conclusions in Section 4.

2. ANALYSIS

The 870 um (Band 7, Mahieu et al. 2012) dust polarization observations of BOPS were conducted with ALMA
(2019.1.00086.S, PI: Ian Stephens), using its compact configurations C43-1 and C43-2. The angular resolution is ~ 1”, cor-
responding to a linear resolution of ~ 400 au at a distance of ~ 400 pc. The largest angular scale (LAS) is approximately 8. The
C'70 (3-2) line was used to trace the velocity field on these scales. For further details on the observation setup and data reduction,
readers are referred to Huang et al. (2024). The following sections present the estimation of physical envelope parameters and
the total B-field strength for 26 protostars with extended polarized dust emission. These results will then be used to examine the
role of B-field on envelope scales.

2.1. Physical Parameters

The gas masses for these 26 protostars have been derived within the inner region of R = 1200 au (Huang et al. 2025), and will
not be discussed further here to avoid redundancy. This region covers an intensity detection of at least ~ 50~ in the Stokes 7 map.
The hydrogen column density Ny, of the condensation is estimated using the following relation:

Mgas
NHz = 2—>
TR i, my
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Table 1. Some parameters for the BOPS sample with extended polarized emission. Columns 2 to 8 present the envelope gas mass (Mgs),
hydrogen column density (NVy,), hydrogen number density (ny,), volume density (o), non-thermal velocity dispersion (o), B-field angle
dispersion (6¢), and the number of Nyquist-Sampled B-field segments (Nys), respectively. “Std-hourglass”, “Rot-hourglass”, “Spiral”, and
“Complex” indicate protostars with different types of B-field structure of std-hourglass, rot-hourglass, spiral, and complex configurations,
respectively. oy, and d¢ are taken from Huang et al. (2025).

Name Mayae (Mo) Ny, (em™2) ny, (em™) p(gem™) T (km s~ 8¢ () Nis
Std-hourglass

HOPS-87 1.46 6.1E+23 2.6E+07 1.2E-16 0.46 +0.11 176 + 1.4 86
HOPS-359 0.62 2.6E+23 1.1E+07 5.1E-17 0.53 +0.07 292+23 80
HOPS-395 0.49 2.1E+23 8.6E+06 4.0E-17 0.31 +0.09 150+ 2.0 29
HOPS-400 1.01 4.3E+23 1.8E+07 8.3E-17 0.40 +0.12 182+ 19 48
HOPS-407 0.59 2.5E+23 1.0E+07 4.8E-17 0.43 + 0.08 105+ 1.0 53

OMCIN-8-N 0.31 1.3E+23 5.5E+06 2.6E-17 0.22 + 0.01 20.6 + 2.1 51

Rot-hourglass

HH270IRS 0.35 1.5E+23 6.1E+06 2.8E-17 042 +0.10 33.8+4.1 35

HOPS-78 0.48 2.0E+23 8.4E+06 3.9E-17 0.39 £ 0.10 40.2+£43 45

HOPS-168 0.17 7.1E+22 3.0E+06 1.4E-17 0.51 £0.15 284 +34 28
HOPS-169 0.47 2.0E+23 8.2E+06 3.9E-17 0.39 + 0.09 329+39 37
HOPS-288 0.43 1.8E+23 7.6E+06 3.5E-17 0.61 +0.17 245+29 37
HOPS-317S 1.95 8.2E+23 3.4E+07 1.6E-16 0.40 + 0.10 33.7+49 25
HOPS-370 0.21 8.6E+22 3.6E+06 1.7E-17 0.68 +0.21 33.8+3.1 62
HOPS-409 0.23 9.8E+22 4.1E+06 1.9E-17 0.23 + 0.03 17.0 £ 2.5 25
OMCIN-4-5-ES 0.28 1.2E+23 4.9E+06 2.3E-17 0.78 + 0.27 34.6 +4.1 37
Spiral

HOPS-182 0.42 1.8E+23 7.4E+06 3.4E-17 0.76 + 0.37 464 £ 4.6 51

HOPS-361N 0.36 1.5E+23 6.3E+06 3.0E-17 0.77 £ 0.25 442 +34 86
HOPS-361S 0.23 9.8E+22 4.1E+06 1.9E-17 0.78 +0.33 43.1£3.8 65

HOPS-384 0.28 1.2E+23 4.9E+06 2.3E-17 0.74 + 041 30.8 +2.2 98
Complex

HOPS-12W 0.30 1.2E+23 5.2E+06 24E-17 0.23 + 0.03 39.7+5.0 23
HOPS-88 0.34 1.4E+23 6.0E+06 2.8E-17 045 +0.14 352+43 35
HOPS-373E 0.43 1.8E+23 7.6E+06 3.6E-17 0.36 + 0.08 289 +3.6 33
HOPS-398 0.55 2.3E+23 9.7E+06 4.6E-17 0.38 +0.10 320+5.0 20
HOPS-399 1.28 5.4E+23 2.2E+07 1.0E-16 0.46 + 0.09 464 £3.2 103
OMCIN-4-5-EN 0.18 7.6E+22 3.2E+06 1.5E-17 0.19 + 0.01 164+ 14 66
OMCIN-6-7 0.38 1.6E+23 6.6E+06 3.1E-17 0.67 +0.18 392+338 53

Note: Typical uncertainties for the densities are: 40% for Ny, , ny,, and p (Huang et al. 2025).

where R = 1200 au is the adopted radius, My, is the envelope gas mass obtained from Huang et al. (2025), uy, = 2.8 is the mean
molecular weight per hydrogen molecule (Kauffmann et al. 2008), and my is the mass of the hydrogen atom. For a spherical
region, the average hydrogen number density and volume density can be calculated as follows:

3Ny,
ny, =

, = 4R y p= ,qumHnHz. (2)

The physical parameters of Mg, Nu,, ny,, and p are listed in columns 25 of Table 1.

2.2. B-field Strength

The B-field in a star-forming region includes both the underlying and turbulent components of the B-field, which reflects
the overall magnetic influence within the molecular cloud. In star-forming regions, the turbulent component of the B-field
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strength contributes to local variability and instability within the cloud, while the underlying B-field is the ordered component
of the B-field, which reflects the large-scale, coherent B-field that influences the initial stability of the cloud against gravitational
collapse. The typical approach to estimate the large-scale, ordered component of the B-field on the plane of the sky is the
Davis-Chandrasekhar-Fermi (DCF, Davis 1951; Chandrasekhar et al. 1953) method, with its original, simplest form expressed
as:

BPCF o Varp

u, pos — 5¢

O nth (3)

in CGS units, where oy, is the non-thermal velocity dispersion, and d¢ is the measured polarization angle dispersion, typically
calculated as the standard deviation of the polarization position angles. The field strength depends on the density, the non-thermal
velocity dispersion, and the angle dispersion of polarization. As emphasized by Crutcher et al. (2004), it is important to note that
these parameters should be estimated within the same scale, as the scale of the B-field angle dispersion must match that of the
density estimation to improve the reliability of the DCF estimation. The non-thermal velocity dispersion and the angle dispersion
are obtained from Huang et al. (2025), which were estimated within the same scale of inner 2400 au as that used for the density
estimation. Columns 6-7 list the values of the non-thermal velocity dispersion and the polarization position angle dispersion.

Notably, Equation 3 is based on the assumptions that turbulent motions induce perturbations in a well-ordered mean B-field, and
that the turbulent magnetic energy is small compared to the mean-field magnetic energy within the system, and the polarization
position angle dispersions d¢ should be lower than 25° to reliably reproduce the field strengths, as suggested by Ostriker et al.
(2001). They also proposed that the original DCF formula should be modified by multiplying a correction factor QUD,CPIZS ~ 0.5
to account for a more complex B-field morphology and density structure, which gives rise to more accurate measurements of the
plane-of-sky B-field, expressed as:

\an
BPCE o DCE P

u, pos — Xu, pos 6¢

Onth- (4)

For the cases of 6¢ > 25°, the DCF method becomes less reliable. Specifically, some studies discuss the limitations of the DCF
method, particularly when dealing with large angle dispersions, the B-field strength is suggested to be significantly underestimated
due to non-linear effects (e.g., Padoan et al. 1999; Ostriker et al. 2001; Falceta-Gongalves et al. 2016; Crutcher et al. 2009; Cho
et al. 2016; Liu et al. 2021; Myers et al. 2024). Therefore, several methods have been proposed to add corrections for the B-
field angle dispersion to derive more accurate magnetic field strength. For example, Heitsch et al. (2001) (hereafter, HeiO1)
attempted to address the limitation of the small-angle approximation by replacing d¢ by dtan(¢ — ¢) (here ¢ is the mean value of
the B-field position angle), and incorporating a geometric correction to avoid underestimation of the field in the super-Alfvénic
case. Similarly, Falceta-Gongalves et al. (2016) (hereafter, Fal08) assumed that the field perturbation is a global property and
substituted tan(6¢)~ 0B/ Bgy for ¢ in the denominator of Equation 3. Additionally, Skalidis et al. (2021) suggested using \/&Tqﬁ,
instead of d¢, based on the assumption that the turbulent kinetic energy equals the magnetic energy fluctuations, without applying
a correction factor. However, several assumptions in Skalidis et al. (2021) are approximations, leading to large uncertainties in
the estimation when no correction factor is applied (Liu et al. 2022b; Myers et al. 2024). Therefore, this method will not be
discussed further in our study. The two corrections of Hei01 and FalO8 can be expressed as:

pHei0l _ pHei0l Vanp

— ol

u, pos u, pos 6tan(¢ _ g) (1 + 36(tan(¢ =4, @)
47rpo-nth

BFalOSV — Fa108' , 6

u, pos Qu, POston 6¢ ( )

HeiO1 Fal08

u, pos and Q%55 are the correction factors. It is important to note that the correction factors in Hei0l and Fal08 are
likely not constant and globally applicable in all environments. Proper calibration is critical to increase the accuracy of the DCF
method (e.g., Li et al. 2022). According to magnetohydrodynamics (MHD) turbulent simulations, the mean correction factor
of HeiOl is ~ 0.3 for fields stronger than the normalized field strength (Heitsch et al. 2001; Liu et al. 2021; Chen et al. 2022;
Myers et al. 2024). For Fal08, multiplication by a factor 0.5-1 is recommended to account for projection from 3D to 2D angles,
depending on the smoothness of angle variation along the line of sight (Falceta-Gongalves et al. 2016; Li et al. 2022; Myers et al.

2024). In this study, we set 0.5 for the correction factors of Hei01 and Fal08, which is within the empirical range, to implement

where
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Table 2. Parameters of total B-field strength. Column 2 gives the B-field angle dispersion of d¢, which is used in Equation 4; columns 3—4 list
the corrected B-field angle dispersion, which are used in Equation 5 and Equation 6, respectively. Columns 5-7 give the total B-field strengths
using the standard DCF correction given in Equation 4 (Ostriker et al. 2001), and the corrected angle dispersion of Equation 5 (Heitsch et al.
2001) and Equation 6 (Falceta-Gongalves et al. 2016), respectively. Columns 8-10 gives the mass-to-flux ratio using the total B-field strength
listed in columns 5-7. “Std-hourglass”, “Rot-hourglass”, “Spiral”, and “Complex” indicate protostars with different types of B-field structure
of std-hourglass, rot-hourglass, spiral, and complex configurations, respectively. The missing values in columns 5 and 8 because d¢ > 25°,
leading to less reliable values when using the standard DCF method.

Name 8 ot nGg)  BYG, Bl BRS R Al A
(rad) (rad) (rad) (mG) (mG) (mG)

Std-hourglass

HOPS-87 0.31 +0.02 0.31 £ 0.04 032+003 29+09 29+10 28+09 20+06 20+07 2007
HOPS-359 0.51 +0.04 1.32 + 643 0.56 + 0.05 / 05+25 1.0+03 / 48+233 25+0.8
HOPS-395 0.26 + 0.03 0.26 + 0.05 027+004 13+05 13+03 13+05 15+05 15+06 15+06
HOPS-400 0.32 + 0.03 0.32 + 0.06 033+004 21+08 20+08 20+08 19+07 19+08 2.0=+038
HOPS-407 0.18 £ 0.03 0.18 + 0.03 0.19+0.02 29+09 29+09 29+08 08+02 08+02 0.8+02

OMCIN-8-N 0.36 + 0.04 0.37 + 0.09 038+004 06+01 05+02 05+01 22+05 23+07 23+05

Rot-hourglass

HH270IRS 0.59 £ 0.07 0.59 £ 0.17 0.67 £0.10 / 07+£03 0.6=+02 / 20+09 23+08
HOPS-78 0.70 £ 0.08 0.68 £ 0.22 0.85 +0.13 / 06+03 05+02 / 3014 37+13
HOPS-168 0.50 £ 0.07 0.48 £0.19 0.54 = 0.09 / 07+04 06=+02 / 0.9+0.5 1.1+04
HOPS-169 0.57 £ 0.07 1.02 £2.42 0.65 +0.10 / 04+10 07+x02 / 44+105 28=+09
HOPS-288 0.43 = 0.05 0.45 £0.17 046 +0.06 15=+0.6 1.4 +0.7 14+£05 1.1+x04 1.2+0.6 1.2+0.5
HOPS-317S 0.59 + 0.08 0.62 +0.14 0.67 £0.12 / 14+0.5 1.3+£0.5 / 54+21 57+21
HOPS-370 0.59 + 0.05 0.58 £0.19 0.67 + 0.08 / 08+04 07+03 / 1.0+£05 1.1+04
HOPS-409 0.30 + 0.04 0.31 £ 0.09 031+006 06+02 06+02 06+02 15+04 1606 16+05
OMCIN-4-5-ES  0.60 + 0.07 0.56 + 0.20 0.69 +0.11 / 1.2+06 1.0+04 / 09+05 1.1+05
Spiral

HOPS-182 0.81 + 0.08 1.12£3.73 1.05 £ 0.17 / 07+24 08+04 / 23+78 22+12
HOPS-361N 0.77 £ 0.06 17 + 14859 0.97 £0.12 / 0.04 £38.0 0.8+0.3 / 32 +£28365 1.9=+0.7
HOPS-361S 0.75+0.07 2.13+20.73 0.94+0.12 / 03+28 06+03 / 32+£312 14+07
HOPS-384 0.54 + 0.04 0.53 £0.10 0.60 + 0.05 / 1.2+07 1.0x0.6 / 09+0.6 1.0+0.6
Complex

HOPS-12W 0.69 + 0.09 1.46 £ 9.41 0.83 £0.15 / 0.1+£09 02+0.1 / 82+532 47+14
HOPS-88 0.61 + 0.08 0.58 +0.27 0.71 £ 0.11 / 07+04 06+02 / 1.8+1.1 22+09
HOPS-373E 0.50 + 0.06 0.50 £ 0.13 0.55 £ 0.08 / 08+03 07x02 / 22+09 24+08
HOPS-398 0.56 + 0.09 091 +2.16 0.62 +0.12 / 05+1.2 07+03 / 43+104 3.0=x1.1
HOPS-399 0.81 + 0.06 0.79 + 0.59 1.05 +0.12 / 1.1+08 08+0.2 / 47+£37 62+x19
OMCIN-4-5-EN  0.29 + 0.02 0.34 £ 0.11 029+0.03 05+01 04+02 04+01 15+03 18+07 16=+04
OMCIN-6-7 0.68 +0.07 1.73+12.03 0.82+0.11 / 04+27 0.8+03 / 39+268 1.8=+0.7

the DCF method. This choice is made because observations do not provide clear evidence for or against equipartition between
turbulent kinetic and turbulent magnetic energy (e.g., Crutcher 1999). Columns 5 of Table 2 list the total field strengths of BECPES
for 8 protostars with 6¢ < 25°, while columns 67 list B0l and Bj*5, for all protostars, respectively. We note that the term
Stan(¢ — ¢) in Euqation 5 has no physical meaning when ¢ — ¢ is close to 90°. This produces unreasonably low values, which is
clearly the case of HOPS-361N.

An alternative approach has been proposed to modify the standard DCF method, aiming to more accurately quantify the angle
dispersion inherent to the DCF formula. This is achieved through the angular dispersion function (ADF) analysis (Hildebrand

et al. 2009; Houde et al. 2009, 2016). Specifically, Houde et al. (2016) derived the ADF for polarimetric images obtained from
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Figure 1. Left panels: Angular dispersion function. Angle dispersion segments are shown as diamond symbols. The blue line shows the fitted
ADF, while the cyan dashed line shows the large-scale component (1 — {cos[AD([)]) — b*(])) of the best fit. Horizontal and vertical dashed lines
indicate the value corresponding to a random field and the synthesized beam size, respectively. Right panels: Correlated component (5*([)) of
the ADF. The correlated components of the best fit are shown in the blue lines. The correlated components solely due to the beam are shown in

the cyan dashed lines.

an interferometer, accounting for variations in the large-scale B-field, the effects of signal integration along the line of sight and
within the beam, and the large-scale filtering effect of interferometers. The ADF analysis, as described by Houde et al. (2016), is

based on the following

1 = (cos[AD(I)]) = (Z ag_,lzj) + (

equation:

N

J=0

X i[l _ e—12/2(0/2+2W]2)] + L[l _ 6—12/2((1/2+2W22)] _ i[] _ e—12/2((12+W12+W22)] ,
N] N2

1 +N<B(2)>/<33>)

7
N ™
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Table 3. Dispersion Analysis Results. Columns 2 to 8 present the effective thickness A’, turbulent correction length a, square root of ratios of
turbulent-to-ordered magnetic energy ({(B?)/ (B(Z)))” 2 turbulent cells number N, correction factor QQ[;ES, magnetic field strength derived from
ADF method BH°u18 "and the number of Nyquist-Sampled B-field segments (Nys), respectively.

u, pos >

T

Name A () a () (%] N AP Biu® (mG) Nxs
Std-hourglass

HOPS-87 1.15 1.03 0.30 + 0.03 52+14 0.44 + 0.08 26+ 1.1 86
HOPS-400 1.31 0.44 0.75 £ 0.08 32+1.0 0.56 + 0.06 1.0+ 04 48
HOPS-407 0.80 0.41 0.40 + 0.04 25+06 0.64 + 0.05 1.7+0.7 53

where A®(/) is the angular difference of two line segments separated by a distance /, « is the turbulent correction length, the
summation is the Taylor expansion of the ordered component of the ADF, B is the turbulent component of the B-field, By is
the ordered B-field, and ¢ ~ (B.)/{(By). W; and W, are the standard deviation (i.e., the FWHM divided by V81n2) of the
synthesized beam and the LAS of the interferometric images, respectively, and N is the number of turbulent cells along the line
of sight probed by the telescope beam, expressed as:

a? + 2WAHA o + 2WA)A a® + W2+ WHN 1 1 2\
N1=¥, N2=#, N12:( 1 d :(_+___) ’ 3
\2ra3 \2ra3 \2ra3 Ny N, Np

Here A’ is the effective thickness of the region through which the signals are integrated along the line of sight. It is estimated as
the width at half of the maximum of the normalized autocorrelation function of the integrated normalized polarized flux (Houde
et al. 2009). The values of A" are listed in column 2 of Table 3. The turbulent component of the ADF is expressed as:

bA(l) =

L] > [Lelz/z(ahzwf) 4 Le—lz/Z(aerZWZ?) _ ieﬂ/zmhwpwg)]. 9)
1 + N(B2)/{(B?) Ny N, Nip

The lack of sufficient independent polarization measurements and the presence of random field orientations on scales of ~ 6”
made the ADF method infeasible for most of the BOPS protostars. Additionally, Hildebrand et al. (2009) and Houde et al.
(2009) suggest that at least 10-20 independent measurements are needed to reliably estimate the magnetic field properties. We
successfully applied this method only to three protostars. Among these, HOPS-87 has sufficient statistics for the ADF fitting,
while HOPS-400 and HOPS-407 lack sufficient independent measurements (see Figure 1). The fitting results are listed in columns
3-5 of Table 3. This method employs an analytical approach to determine the plane-of-sky polarization angles and derives the
number of line-of-sight turbulent cells N, assuming that the line-of-sight turbulent correction scale is identical to the plane-of-sky
turbulent correction scale. Then, the amount of angular dispersion measured in polarization maps is reduced by a factor of VN
compared to the intrinsic angular dispersion (Hildebrand et al. 2009; Cho et al. 2016), i.e., ADE -~ 1/ VN (see column 6 of

u, pos
Table 3). Therefore, the plane-of-the-sky B-field strength, as listed in column 7 of Table 3, can be derived as (Houde et al. 2009):
u (BH]'?
Bll;l,opgf = Qﬁ%ﬁs AP0 (B_t2> . (10)
0

2.3. Mass-to-flux Ratio

If the interstellar medium is well coupled to the B-field, the B-field can provide support against gravitational collapse. The
mass-to-flux ratio A characterizes the importance of magnetic fields relative to gravity and is described as (Crutcher et al. 2004;
Liu et al. 2022a):

_ (M/q)B)obs — A A2 § 3-n l/zuHZmHNHZ _ 21 E 3—n 172 . 1\[H2 [Cm—Z]
= ey, - G[z(S—Znﬂ IR I e | I ryea e an

where (M/®p)obs = tu,MuNp, /B is the observed ratio of mass to flux, (M/®p).; = k/6m%G is the critical value of mass to flux
ratios and k = (5—2n)/(3 —n) is a correction factor for the density profile of p(r) oc r™". Column 8 of Table 2 lists the mass-to-flux
ratios for targets with d¢ < 25°, calculated using the standard DCF method when n = 2, a typical index for the density profile of
protostellar envelopes (e.g., Terebey et al. 1984; Andre et al. 2000). Columns 9-10 list the mass-to-flux ratios derived from the
B-field strength calculated using the methods of Hei01 and Fal08, respectively.



3. DISCUSSION

In Section 2, we have derived the physical parameters and underlying B-field strengths for 26 BOPS protostellar envelopes
with extended polarized emission within the central region around the protostar, with scales of inner ~ 1200 au. The uncertainties
in the derived physical parameters arise from errors in factors such as dust opacities, dust temperatures, and observed fluxes. As
discussed in Huang et al. (2025), we derived uncertainties of about 40% for densities. The uncertainty of the B-field strength
listed in Table 2 was derived from the uncertainties in polarization angle dispersion, non-thermal velocity dispersion, and density,
using the error propagation method. Indeed, Liu et al. (2021) found that the uncertainty of the B-field strength is a factor of ~ 2
when the DCF assumption of energy balance holds.

In addition, the inclination angle of a disk relative to the line of sight influences the observed B-field morphology, primarily
through projection effects, particularly in the context of an hourglass-shaped field structure around a protostar. Frau et al. (2011)
presented the magnetohydrodynamic collapse model and found that sources with hourglass (including std- and rot-hourglass)
B-field structure are more easily observed when the disk inclination angle is greater than 30°, especially in cases of edge-on disks
(2 60°). In Huang et al. (2025), we found that protostars with hourglass B-field structures can be observed with a disk inclination
angle greater than 20°. Specifically, rot-hourglass protostars have larger disk inclination angles (> 40°), while std-hourglass
protostars have relatively small inclination angles (20° — 40°). This observed std-hourglass field with small inclination likely
indicates that the B-field is sufficiently well-organized and strong. However, protostars with std-hourglass B-field morphology
often have small disk sizes close to the spatial resolution (Tobin et al. 2020a; Huang et al. 2025), thus higher angular resolution
observations are required to better determine the disk inclination for compact disks. In the following, we discuss the magnetized
properties of the BOPS protostars.

3.1. The Distribution of B-field Strength

The underlying B-field strengths are derived using the standard DCF method (Ostriker et al. 2001) for the 8 protostellar en-
velopes with B-field angle dispersion 6¢ less than 25°. In all these cases, the values derived are nearly identical to those using the
Hei0O1 and Fal08 methods. Among these protostars, five exhibit a std-hourglass field shape, two exhibit a rot-hourglass morphol-
ogy, and the remaining one shows the complex field configuration. The field strengths for protostars with a std-hourglass field
structure range from 0.6 to 2.9 mG, with a mean value of ~ 2.0 mG (see column 5 of Table 2). In contrast, the field strengths for
the other three protostars appears to be smaller (0.5, 0.6 and 1.5 mG). Regarding the ADF method, the B-field strength derived
for one of the three protostars (HOPS-87) is similar to the value obtained using the standard DCF methods (see Tables 2 and 3).
However, for the other two protostars (HOPS-400 and HOPS-407), the ADF method yields strengths of about half those returned
by the other methods. This discrepancy may arise because the ADF fitting for these two cases was performed with statistics up
to 4", which is less than the scale of 6” used to derive the physical parameters. Additionally, the peak polarized emission of
these BOPS protostars is very strong, and the effective thickness A’ may be underestimated, leading to lower values of BEOS(}SG.
The ADF method could potentially offer more accurate insights into the role of turbulence, but its limited applicability to BOPS
protostars prevents the generalization of these results.

For protostars with ¢ > 25°, Bul'l’elij‘z)lS is generally similar to B
term of (¢ — @) is close to 90°, the values derived from equation 5 is very small and associated with large uncertainties (larger
than the values). This occurs for eight protostars (HOPS-12W, HOPS-169, HOPS-182, HOPS-359, HOPS-361N, HOPS-361S,
HOPS-398, and OMCIN-6-7). We excluded these protostars in the estimate of the mean magnetic field strength for each B-field
class. Panels A and B of Figure 2 show the distributions of BUH,"‘Pi,?ﬂg and BSf‘lggq, respectively, with different colors representing the
different types of B-fields. We find that Bﬁeli,%ls for std-hourglass-field envelopes, with the mean value of ~ 1.9 mG, is stronger
than for envelopes with rot-hourglass, spiral, and complex B-field morphologies. A similar trend is observed in panel B, where
B‘:f”ggs for envelopes exhibiting std-hourglass, with a smaller mean field strength of ~ 1.7 mG, is also stronger than for envelopes
with other morphologies. However, we find no significant differences between the B-field morphologies of rot-hourglass, spiral,
and complex. We note that the non-thermal velocity dispersions in spiral-B-field protostars are significantly larger than the mean
value of ~ 0.45 km s~! (Huang et al. 2025). This may be due to the contribution of envelope/disk rotational motions to the line
width. However, the limited spectral resolution does not allow us to properly test this hypothesis. In any case, this may lead to
an overestimation of the B-field strength for spiral-B-field cases.

To assess the statistical reliability of our finding that std-hourglass protostars have higher magnetic field strengths compared to
other morphologies, we performed two-sample Kolmogorov-Smirnov (K-S) tests for HeiOl and FalO8 methods, the p-values are
listed in Table 4. The K-S test results suggest that the difference in B-field strength between std-hourglass and other morphologies
is statistically significant when considering the combined sample of non-std-hourglass morphologies, particularly in the Fal08

method (Praos = 0.01). However, when comparing std-hourglass to individual morphologies, the differences are not always

FalO8

. pos 1IN Most cases. However, in the Hei01 approach, when the
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Figure 2. The stacked histogram of BN (Panel A) and B\ (Panels B), and of A}*l"! (panel C) and A%\ (panel D) for protostars with
different B-field morphologies, respectively. In panel A and panel C, the data for protostars with large uncertainties in Bﬁe;?,g are not displayed
here. In all panels, the points indicate the mean values of the B-field strength, while the horizontal lines indicate the error bars derived from the
standard deviation of statistics. “Std-hourglass”, “Rot-hourglass”, “Spiral”, and “Complex” indicate protostars with different types of B-field

structure of std-hourglass, rot-hourglass, spiral, and complex configurations, respectively.

Table 4. P-values from the K-S test comparing two distributions. The labels std., rot., spi., and com. indicate magnetic field morphologies
corresponding to the standard hourglass, rotated hourglass, spiral and complex structures, respectively. The label oth. encompasses all non-
standard morphologies, including rotated hourglass, spiral, and complex structures. The row labeled Pyejo; and Pg,0s show the p-values for the
Heitsch et al. (2001) and Falceta-Gongalves et al. (2016) methods, respectively, while the rows labeled P}, and P} . include the effects of
uncertainties in the B-field strength estimates (as listed in Table 2). The missing values in column 3 are due to the small sample size of spiral

morphologies (only one case).

p-value std. VS rot. std. VS spi. std. VS com. std. VS oth.
Preior 0.16 / 0.08 0.05
Praos 0.09 0.18 0.02 0.01
Phion 0.24 / 0.26 0.17
PLios 0.21 0.34 0.11 0.09

statistically significant (e.g., rot-hourglass or spiral). This is likely due to the small sample sizes (especially for spiral) and the
overlap in the distributions. Additionally, when considering the uncertainties in the B-field strength estimates (denoted by Py,
and Py 0), the p-values increase, underscoring the need for caution in interpreting these results. Future studies with larger
samples are necessary to confirm the observed trends and reduce the impact of uncertainties.

The differences in B-field strength between std-hourglass and other morphologies are primarily driven by variations in d¢

rather than density. Specifically, protostars with std-hourglass morphologies tend to exhibit smaller é¢ values (with mean value
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of 18.5°), which is approximately half the values observed for rotated hourglass, spiral, or complex configurations (with mean
value of 34.1°). This is consistent with the idea that the std-hourglass morphology reflects a stronger, more coherent B-field
that is better able to resist turbulent perturbations. In contrast, the gas densities of std-hourglass protostars, while generally
higher than those of other morphologies, do not show a sufficiently large spread to fully account for the observed differences in
B-field strength. For example, the mean density of std-hourglass protostars is approximately 6.1 x 1077 g cm™, compared to
3.8 x 1077 g cm™ for other morphologies. The factor for /o between std-hourglass cases and other cases is ~ 1.2. This modest
difference in density cannot alone explain the factor of ~ 2 difference in magnetic field strength between std-hourglass and other
configurations. Therefore, the polarization measurements of d¢, rather than variations in density, are the primary driver of the
higher magnetic field strengths observed in std-hourglass protostars.

Huang et al. (2024) found that protostars exhibiting std-hourglass morphologies are associated with unresolved velocity gradi-
ents (< 1.0 km s7! arcsec™!), whereas approximately half of the protostellar envelopes with rot-hourglass and over 60% of those
with spiral-B-field configurations exhibit significant velocity gradients (> 1.0 km s~! arcsec™'). These findings suggest that the
B-field in std-hourglass configuration appears to be strong enough to effectively slow down the rotational rate, while the B-field
strength in rot-hourglass and spiral configurations is likely to be less significant. Our results show that B-field strengths associated
with std-hourglass morphologies are stronger than those in other configurations, consistent with previous studies.

3.2. The Distribution of Mass-to-flux Ratio

Figure 2 shows the distribution and the mean values of AF( (panel C) and 435y (panel D) for the different B-field morpholo-

gies. For /IECL%IS, we have excluded 8 protostars with large uncertainties in the magnetic field strength (see Section 2.2 and 3.1).
Contrary to the trend observed for B-field strength, we do not find significant differences in the mean mass-to-flux ratio for the
different B-field morphologies. Most protostars have mass-to-flux ratios between 1 and 3, i.e. slightly supercritical. However,
we note that all protostellar envelopes exhibiting a std-hourglass B-field have mass-to-flux ratio below 3, while 4 protostars with
other morphologies with mass-to-flux ratio larger than 3. In MHD simulations, the mass-to-flux ratio represents the initial value
before any protostar has formed. However, most observational studies are focused on star-forming regions, where the mass al-
ready accreted onto the protostars should also be included. For the BOPS sample, there are only two reported estimates of the
protostellar mass: 2.5 and 0.27 Mg for HOPS-370 and HH212M, respectively (Lee et al. 2017; Tobin et al. 2020b). These are 12
and 0.9 times the envelope masses within 1200 au (0.21 and 0.31 M), respectively. In the case of HOPS-370, this means that the
true mass-to-flux ratio is ~ 12, an order of magnitude larger than the value reported here with only the envelope mass (HH212M
is not part of the sample in this paper). Therefore, the mass-to-flux ratio derived using only the envelope mass should be used
with caution, since they may be significantly underestimated.

Recently, Afiez-Lépez et al. (2024) used non-ideal MHD models of protostellar disk formation and evolution to search for
evidence of magnetic braking. They suggest that strongly and weakly magnetized models tend to exhibit a std-hourglass and rot-
hourglass B-field morphology, respectively. They considered strongly- and weakly-magnetized models as those with 4 < 3 and
A 2 3, respectively. Despite the uncertainties in the derived A, our results appear to be consistent with the simulation predictions
in the case of a std-hourglass field morphology. Furthermore, a slight trend from some cases (HOPS-78, HOPS-169 and HOPS-
317S) is observed that rot-hourglass field configurations would poss larger mass-to-flux ratios and would be less magnetized
compared to std-hourglass field morphologies.

4. CONCLUSIONS

The BOPS presented the largest polarization study of magnetic fields in 61 young protostellars, and classified them into four
major types of magnetic field morphology: standard hourglass, rotated hourglass, spiral, and complex configuration. Among the
BOPS sample, 26 protostars exhibit extended polarized emission at least 6, corresponding to scales of ~ 2400 au. In this study,
we focus on these 26 protostars within the inner ~ 2400 au scales (see Huang et al. 2024, 2025). We used the standard DCF
method (Ostriker et al. 2001) to estimate the magnetic field strength for 8 protostars with polarization angle dispersions < 25°.
Additionally, we applied the DCF method with corrections proposed by HeiOl and FalO8 for 26 protostars. The ADF method
was successfully applied to 3 protostars with standard hourglass magnetic field structures. The main results are as follows:

1. For protostars with standard hourglass magnetic field morphology, the magnetic field strengths derived from the DCF
method with different corrections are similar (differing by less than 0.1 mG), with an average value of ~ 2.0 + 0.9 mG.

2. For protostars with rotated hourglass, spiral, and complex magnetic field morphologies, the magnetic field strengths (<
1.0 mG) are generally lower than those in the case of standard hourglass, suggesting that the magnetic field is stronger in
protostellar envelopes that exhibit a standard hourglass field morphology.



11

3. The field strength derived from the ADF method for HOPS-87 is consistent with those obtained using the other DCF
methods. However, for HOPS-400 and HOPS-407, the ADF method yields strengths that are approximately half those
derived from the other methods, likely due to an underestimation of the effective thickness and insufficient statistics for
ADF fitting.

4. Most protostars are slightly supercritical, with mass-to-flux ratios between 1.0 and 3.0. In particular, all protostars with
a standard hourglass magnetic field morphology have mass-to-flux ratios < 3.0, whereas 4 out of 20 with other field
morphologies have values higher than 3.0. However, these mass-to-flux ratios do not include contributions from protostellar
mass, so they are likely significantly underestimated, at least in some cases.
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