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Abstract

Theoretically, misalignment between the magnetic field and rotational axis in a dense core is considered to be
dynamically important in the star formation process; however, the extent of this influence remains observationally
unclear. For a sample of 32 Class 0 and I protostars in the Perseus Molecular Cloud, we analyzed gas motions
using C'®0 data from the SMA MASSES survey and the magnetic field structures using 850 zm polarimetric data
from the JCMT BISTRO 1 survey and archive. We do not find any significant correlation between the velocity
gradients in the C'®0 emission in the protostellar envelopes at a 1000 au scale and the mlsallgnment between the
outflows and magnetic field orientations in the dense cores at a 4000 au scale, and there is also no correlation
between the velocity gradients and the angular dispersions of the magnetic fields. However, a significant
dependence on the misalignment angles emerges after we normalize the rotational motion by the infalling motion,
where the ratios increase from <1 to 21 with increasing misalignment angle. This suggests that the misalignment
could prompt angular momentum transportation to the envelope scale but is not a dominant factor in determining
the envelope rotation, and other parameters, such as mass accretion in protostellar sources, also play an important
role. These results remain valid after taking into account projection effects. The comparison between our estimated
angular momentum in the protostellar envelopes and the sizes of the known protostellar disks suggests that
significant angular momentum is likely lost between radii of ~1000 and 100 au in protostellar envelopes.

Unified Astronomy Thesaurus concepts: Star formation (1569); Star forming regions (1565); Protostars (1302);
Interstellar magnetic fields (845)
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1. Introduction

Protostellar disks play a crucial role in both star and planet
formation but details of how these disks form remain
unclear. Historically, the disk formation was understood as a
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simple consequence of angular momentum conservation
(Bodenheimer 1995). However, the picture becomes more
complicated when the magnetic field is considered. Ideal
magnetohydrodynamics (MHD) simulations have shown that
as a rotating magnetized dense core collapses, the infalling
material drags the magnetic field inward, pinching the
magnetic field lines and thereby greatly increasing magnetic
tension within the protostellar envelope. This allows the
magnetic field to transport a significant amount of angular
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momentum outward, known as magnetic braking, and
suppress the formation of a disk (Allen et al. 2003; Galli
et al. 2006; Mellon & Li 2008).

Several ideal MHD simulations of collapse of dense cores
have suggested that inclusion of misalignment between the
magnetic field and rotational axis of a dense core can greatly
alter the final configuration of the magnetic field and reduce the
efficiency of magnetic braking (Hennebelle & Ciardi 2009;
Joos et al. 2012; Li et al. 2013). Some simulations have also
suggested that the misalignment can instead increase the
efficiency of magnetic braking (Matsumoto & Tomisaka 2004;
Tsukamoto et al. 2018). However, Hirano et al. (2020)
demonstrated that this is likely because they simulate the very
early accretion phase. Alternatively, nonideal MHD simula-
tions suggest that nonideal MHD effects, namely ohmic
dissipation, ambipolar diffusion, and the Hall effect, can
greatly reduce the accumulation of magnetic flux in the inner
region and thus also allow the formation of a rotationally
supported disk around a protostar (Inutsuka et al. 2010;
Machida et al. 2014; Masson et al. 2016; Wurster et al. 2019;
Hirano et al. 2020). Hirano et al. (2020) further show in their
simulations with nonideal MHD effects that the misalignment
promotes the formation of larger disks in the later phase.

Observationally, the role of this misalignment in angular
momentum transfer is not yet well understood. For a sample of
~20 protostars, Galametz et al. (2020) compared the
misalignments between the magnetic fields in the protostellar
envelopes at a scale of a few thousand astronomical units and
the outflow axes with the magnitudes of the velocity gradients
in the protostellar envelopes at a scale of ~5000 au, where the
outflow axes were adopted as a proxy for the rotational axes of
the protostellar sources. They found a positive correlation
between the misalignment and the velocity gradient, which
could suggest that a larger misalignment reduces the efficiency
of magnetic braking. On the other hand, Yen et al. (2021)
compared the sizes and fluxes of a sample of ~50 protostellar
disks observed in the 0.87 mm continuum emission with
misalignment between their rotational axes and core-scale
magnetic fields and found no significant correlations. This
could suggest that misalignment does not play a crucial role in
disk formation.

To investigate how dynamically important misalignment
between the magnetic field and rotational axis in a dense core is
in the star formation process, we studied ~1000 au envelope-
scale kinematics in synergy with ~4000 au core-scale magnetic
field orientations, for a sample of ~32 Class 0 and I protostars
in the Perseus cloud. The gas kinematics was analyzed using
C'®0 (2-1) data at a resolution of ~600 au taken by the Mass
Assembly of Stellar Systems and their Evolution with the
Submillimeter Array (SMA) survey (MASSES) (Stephens et al.
2019), as described in Section 2.2. The MASSES survey also
measured outflow orientations in a subset of their sample
(Stephens et al. 2017), which can be taken as a proxy for the
rotational axes of these systems (e.g., Ciardi & Henne-
belle 2010). We compared the outflow orientations with the
magnetic field orientations inferred from the 850 pm polariza-
tion data at a resolution of ~3500 au taken by the B-fields in
Star-forming Region Observations (BISTRO) survey with the
James Clerk Maxwell Telescope (JCMT) (Ward-Thompson
et al. 2017; Coudé et al. 2019; Doi et al. 2020) as well as
regular projects, as described in Section 2.3. Comparisons
between the gas kinematics and the magnetic field morphology,
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before and after accounting for projection and measurement
uncertainties, are discussed in Sections 3.1 and 3.3, respec-
tively. Finally, Section 4 discusses possible physical inter-
pretations of our key findings, and Section 5 concludes this

paper.

2. Data
2.1. Sample Selection

The sample of this study is selected from the SMA MASSES
survey (Stephens et al. 2019). This survey observed 1.3 mm
and 850 ym continuum emission and several molecular lines
toward 74 known Class 0 and I protostars in the Perseus
molecular cloud. In a subset of 57 sources, the CO outflows
were detected, and the outflow orientations were measured
(Stephens et al. 2017). The Perseus molecular cloud has also
been observed with JCMT (Ward-Thompson et al. 2017;
Coudé et al. 2019; Doi et al. 2020) to trace magnetic field
structures with polarized submillimeter continuum emission.
We selected sources with detections of outflows in CO and
protostellar envelopes in C'®*0 with SMA and polarized
850 um continuum emission within a radius of 4000 au with
JCMT. These led to a sample of 32 sources.

2.2. Gas Kinematics

C'"O can trace protostellar envelopes (Ohashi et al. 1997;
Gaudel et al. 2020). In this study we use C'®0 (2—1) emission
line data taken as part of the MASSES survey (Stephens et al.
2019) to analyze the gas kinematics in the protostellar envelopes
at a ~1000 au scale. These data sets have a spectral resolution of
~02kms™!, a spatial resolution of ~2”(~600au), and a
maximum recoverable angular scale of ~24” (~7000 au). The
details of the observations and the noise levels of the C'*0 data
are described in Stephens et al. (2019). The same data have also
been used to study the morphology, flux, and velocity gradient of
the C'®0 emission in the protostellar envelopes at a larger scale
by Heimsoth et al. (2022).

Using these data cubes, we constructed integrated intensity
(moment 0) and intensity-weighted mean velocity (moment 1)
maps as shown in Figures 1 and 2. To quantify the overall
velocity gradients in the protostellar envelopes, we fitted the
moment 1 maps with a two-dimensional linear model (Good-
man et al. 1993). We note that the velocity gradient in a
protostellar envelope could change as a function of spatial
scale. For a uniform comparison of the gas kinematics in our
sample, all the velocity gradients were measured in the central
regions within a radius of 1000 au in the sample sources, which
is more than three times larger than the spatial resolutions.

The measured overall velocity gradients could trace a
combination of rotational, infalling, and turbulent motions
and even outflows (Gaudel et al. 2020). Assuming that a
protostellar envelope is axisymmetric and the associated
outflow is parallel to its rotational axis, the infalling and
rotational motions tend to induce velocity gradients along and
perpendicular to the outflow axis in the protostellar envelope,
respectively (Yen et al. 2013; Pineda et al. 2019). Although a
bipolar outflow also exhibits a velocity gradient along the
outflow axis, the outflow is expected to have a different
velocity structure from the infalling envelope, where the
outflow and infalling velocities tend to decrease and
increase with decreasing radii, respectively (Arce et al.
2007). Observations with the Atacama Large Millimeter/
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Figure 1. Magnetic field orientations observed with JCMT (red segments) overlaid on the C'80 moment 1 (color) and moment 0 (contours) maps obtained with the
SMA observations. The minimum separation between the red segments is 12”, comparable to the JCMT resolution of 14” at 850 ym. Purple stars represent locations
of the protostars, and black arrows originating from them show outflow orientations. Black segments in the bottom left corners depict a length scale of 1000 au. Brown
ellipses in the bottom right corners depict beam sizes of the C'®0 data. In each panel, the outermost contour represents the 3¢ noise level in the moment 0 map and

subsequent inner contour levels are increasing by a factor of two.

submillimeter Array (ALMA) at higher resolutions of ~100 au
toward several protostars show that the C'®0 and CO emission
lines trace different velocity structures at a 1000 au scale, and
the C'®0 emission is more sensitive to infalling and rotating
envelopes (Aso et al. 2015; Yen et al. 2017; Lee et al. 2019).
Indeed we also found distinct velocity structures along the
outflow axes in the C'®0 (2—1) and CO (3—2) position—
velocity (PV) diagrams using the SMA MASSES data
(Figure 7, Appendix A). Thus, we extracted velocity profiles
along and perpendicular to the outflow axes from the moment 1

maps and measured velocity gradients to assess infalling and
rotational motions in the protostellar envelopes. Our measured
velocity gradients along and perpendicular to the outflow axis
agree with the velocity structures seen in the PV diagrams
(Figure 8, Appendix A).

2.3. Magnetic Field

We used the JCMT polarimetric data at 850 um to measure
magnetic field structures in the dense cores in the Perseus
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Figure 2. Same as Figure 1 but with a different color scale for the moment 1 maps.

molecular cloud. The JCMT polarimetric data were taken using
the polarimeter POL-2 with the large program BISTRO survey
(M16AL004 and M17BLO11; Ward-Thompson et al. 2017;
Coudé et al. 2019; Doi et al. 2020) and the regular projects
(M17AP073 and MI17BP058; PI: W.Kwon). The angular
resolution of JCMT at 850 um is ~14”, corresponding to
~3500 au. We obtained the catalog of the Stokes Q and U
intensities of the polarization detections above 30 in the
Perseus molecular cloud from Yen et al. (2020). The
polarization data reduction was done following the procedures
in Pattle et al. (2017). The pixel size of one detection is 12”.
Polarization angles were calculated as 0.5 x arctan(U/Q),
where U and Q are the respective Stokes parameters. These
position angles were further rotated by 90° to infer magnetic
field orientations.

MHD simulations (Joos et al. 2012; Li et al. 2013; Hirano
et al. 2020) studied angular momentum transportation during
the collapse of dense cores with different initial magnetic field
orientations. Unlike the envelope-scale magnetic field, which
likely gets significantly deformed by the collapse (Girart et al.
2006; Maury et al. 2018; Kwon et al. 2019), the core-scale
magnetic field structures are expected to remain relatively
unaffected. Therefore, these larger-scale magnetic field orienta-
tions, traced with the JCMT observations, are suitable to
compare with those in the simulations.

Using the magnetic field information (as shown in Figures 1
and 2), we measured core-scale field orientations and angular
dispersions. Curtis & Richer (2010) analyzed dense cores in the
Perseus region using 850 um SCUBA maps and found the
typical core radius to be ~0.02 pc or ~4000 au. Thus, for each
source in our sample, we first computed mean Stokes Q and U
intensity from the detections within a radius of 4000 au from
the protostar and then estimated the overall orientation of the
magnetic field. The standard deviation of the position angles of
the individual field orientations was taken as the angular
dispersion. According to the Davis—Chandrasekhar—Fermi
method, this dispersion is proportional to the turbulence
over the plane-of-sky magnetic field strength (Davis 1951;
Chandrasekhar & Fermi 1953), and thus can be considered as a
proxy for the field strength, which is an another important

parameter in the MHD simulations. Errors in both of these
quantities were estimated with error propagation. The typical
error is <5°.

All the measurements of the velocity gradients in the
protostellar envelopes and the orientations and angular
dispersions of the magnetic fields in the dense cores analyzed
in the present paper are presented in Appendix B.

3. Analysis and Results

3.1. Observed Velocity Gradients versus Magnetic Field
Structures

We inspected relations between the velocity gradients at the
envelope scale (Section 2.2) and the misalignment between the
core-scale magnetic field orientations (Section 2.3) and the
outflows. We assume the rotational axes of the protostellar
envelopes to be same as the outflow axes, and the MHD
simulations suggest that they are indeed mostly parallel (Ciardi
& Hennebelle 2010; Machida et al. 2020). We also note that the
rotational axis of the central protostar—disk system, where
outflows are launched, in a protostellar source might not be
perfectly aligned with the rotational axis of its protostellar
envelope. Observations have indeed found misaligned disks
and protostellar envelopes around Class 0 and I protostars (Lee
et al. 2019; Sai et al. 2020), which could suggest misaligned
rotational axes of the disk and the envelope. Nevertheless, the
observed misalignment angles between the disks and the
protostellar envelopes are typically small and less than 10°-
20°, which is comparable to the uncertainty in the outflow
directions (Stephens et al. 2017).

Three different velocity gradients in the protostellar
envelopes are discussed in the present paper, namely (1)
overall velocity gradient, which traces overall envelope-scale
kinematics (hereafter overall gradient), (2) velocity gradient
perpendicular to the outflow, which is expected to be
proportional to rotational motion (hereafter rotational gradient),
and (3) velocity gradient parallel to the outflow, which is
expected to be proportional to infalling motion. In addition, we
also computed normalized rotational gradients by dividing the
rotational gradients by the velocity gradients parallel to the
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Figure 3. Misalignment between the magnetic field and outflow axis in dense cores as a function of overall velocity gradient (top panel), velocity gradient
perpendicular to the outflow (middle panel), and velocity gradient perpendicular to the outflow divided by that along the outflow axis (bottom panel) in the protostellar
envelopes at a 1000 au scale. Marker colors represent bolometric temperatures of corresponding protostars.

outflow axes, which are taken as a proxy for strength of the
rotational motion for the given infalling motion in a protostellar
envelope. We note that the velocity gradients perpendicular to
and along the outflow axis might not completely trace
rotational and infalling motions in a protostellar envelope
(e.g., Tobin et al. 2012a). Nevertheless, these velocity gradients
can still be considered as upper limits of rotational and infalling
velocities because faster rotational and infalling motions are
expected to induce larger velocity gradients perpendicular to
and along the outflow axis in a protostellar envelope (Yen et al.
2013; Pineda et al. 2019; Gaudel et al. 2020).

Figure 3 shows the overall, rotational, and normalized
rotational gradients in the protostellar envelopes as a function
of the misalignment. We use Spearman rank correlation
analysis to study the correlation between the velocity gradients
and misalignment angles. The Spearman correlation coeffi-
cients and corresponding p-values, as computed using the scipy
package in Python, are 0.12 and 0.52 for the overall gradient,
0.22 and 0.23 for the rotational gradient, and 0.35 and 0.05 for
the normalized rotational gradient, respectively. p-values here

refer to the probability of getting these correlation coefficients
from a random uncorrelated sample, and a low p-value
of <0.05 suggests that the observed correlation is significant.
The coefficients and p-values for the overall and rotational
gradients suggest that the gas kinematics in the protostellar
envelopes at a 1000 au scale does not strongly depend on the
misalignment. In contrast, with a p-value of 0.05, the
normalized rotational gradient likely has a significant depend-
ence on the magnetic field orientation. This can also be seen in
Figure 3, where unlike the overall (top panel) and rotational
gradients (middle panel), the normalized rotational gradient
(bottom panel) shows an increase from ~0.1-1 for the
projected magnetic fields roughly parallel to the outflow axes
to ~1-10 for nearly orthogonal configurations.

It is worth emphasizing that this correlation—emerging only
once the ratio is formed between the perpendicular velocity
gradient and the parallel velocity gradient—is transitioning
from less than 1 to more than 1. As such, Figure 3(c) is
revealing two different regimes: a more infall-dominated
regime with the magnetic field closely aligned with the outflow



THE ASTROPHYSICAL JOURNAL, 930:67 (17pp), 2022 May 1 Gupta et al.
I =
——
2
e 10
g
S —
oo
o |
za i
[SRnl N — T
% Im L‘riw N __ﬁ T Tl T } —
> E L - Il A ] | . T |
Z = i ' ; {
© ¢ —F '?_'I,_i _ {
[ N £ i
2 1
© JL_ l I—I—| —
10% 4 B
5 L = = = .
3 [ e 3+ -
2 _I_bF'#‘ L ' Y .
g5 . N — Y 1 ,
3% v 1014t R
Q5 QO |- 1
E g T Ho—
22 “E’ SRS .
© o ¥
o = 1004 1
i)
©
o
()]
= N 1 300
1073
10 . 250
= —_
v 102 _ . 200 it
S f o
] 5
o T I 150 2
> 10t 4 L g S, g
t=y 4+ >
(] = 1 |= g Q
L A 5 R i = | |F100 E
s 10 o = Y T @
- . 4 'f ! £ E a2 i 1 =)
S T i g
© ) 1 50 €
g — 1 r 1 2
2 10724 a
0 5 10 15 20 25 30 35

Angular dispersion of magnetic field [°]

Figure 4. Angular dispersion of the magnetic field as a function of overall velocity gradient (top panel), velocity gradient perpendicular to the outflow (middle panel),
and velocity gradient perpendicular to the outflow divided by that along the outflow axis (bottom panel) in the protostellar envelopes at a 1000 au scale. Marker colors

represent bolometric temperatures of corresponding protostars.

axis within ~30°, and a more rotation-dominated regime where
the ratios grow to more than 1, likely enabled by the larger
misalignment angles. These different regimes are unnoticed in
Figure 3(b) when only the absolute magnitude of the rotational
velocity gradient is considered. This demonstrates that for such
studies it is crucial to form physically motivated quantities that
can capture the dynamics in sources that differ in mass and
velocity gradient. Possible physical interpretations of these
observed trends are discussed in more detail in Section 4.1.
We also analyzed these velocity gradients at a 1000 au scale
as functions of the angular dispersion of the magnetic fields
within 4000 au of the protostars, as shown in Figure 4. The
Spearman correlation coefficients and p-values for these
relations are 0.06 and 0.74 for the overall gradient, 0.06 and
0.75 for the rotational gradient, and —0.07 and 0.72 for the
normalized rotational gradient, respectively. Since all the p-
values are >0.7, we did not find any significant dependence of
the gas kinematics in the protostellar envelopes on the angular
dispersion of the magnetic fields. In addition, we also found
that there is no clear dependence of the velocity gradients and

the orientations and angular dispersions of the magnetic fields
on the bolometric temperatures of the protostars, which can be
an evolutionary indicator for protostellar sources (Chen et al.
1995).

3.2. Corrections for Projection Effects

The simple correlation coefficient analysis in Section 3.1
does not account for uncertainties in the measurements of both
the velocity gradients and the angles between the outflows and
the magnetic fields. Besides the measurement uncertainties, the
angles measured between the outflows and the magnetic field
orientations are angles projected on the plane of the sky (POS),
and the actual misalignment in three-dimensional (3D) space
might differ significantly. Galametz et al. (2020) demonstrated
that the misalignment is likely underestimated due to the
projection effect, and this effect is especially prominent for
smaller misalignment angles (<40°). As derived in
Appendix C, for a given projected angle, the actual angle in
3D space can be determined if the inclinations of the magnetic
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field and the outflow relative to POS are known, as
cosf =cosa x cos 3 X cos A + sina X sin 3, (1)

where 6 denotes the actual angle in 3D, ) is the angle projected
on POS, a denotes the inclination of the outflow with respect to
POS, and 3 denotes the inclination of the magnetic field with
respect to POS. Because « and (3, i.e., the 3D orientations of
the magnetic fields and the outflows in our sample, are not
known, we assume a probability distribution of these angles
and estimate the underlying probability distribution of the
actual angle () from the observed angle (\).

The outflow axis and the magnetic field are more likely to be
closer to POS in our sample. This is because (1) for a uniform
distribution of unit vectors in 3D space more vectors will lie
around the equator (parallel to POS) than near the pole (along
the line of sight) and (2) we use observational results of
magnetic field and outflow components projected on POS,
inheriting a bias against vectors perpendicular to POS. For
simplicity, we generated the distributions of « and (3 assuming
that the outflow and magnetic field orientations are uniformly
distributed in 3D space. For this, « and [ should follow a
cosine distribution, i.e., P(8)  cos 3, where is P(0) is the
probability of the inclination of the magnetic field being equal
to §. Nevertheless, the actual distributions of these angles are
not known and can be different from our assumptions. We also
repeated our analysis with differently assumed distributions,
and the final results do not change significantly, as quantified in
Appendix D.

Similarly, we corrected the projection effects on the
rotational gradients with the assumption of the probability
distributions of «. When a rotational axis is inclined with
respect to POS (a > 0°), the rotational gradient tends to be
underestimated with observations. The difference between the
actual and observed gradients increases when the protostellar
envelope of a source is more face-on. For a given a, the actual
rotational gradient (VGy,.) can be estimated as

VGirye = VGops/ cos o ()

where VG, is the rotational gradient observed in the moment
1 maps. We did not apply this correction for the normalized
rotational gradient because the projection effects (cos av) on the
velocity gradients parallel and perpendicular to the outflow axis
cancel out.

The Perseus region has also been observed in the continuum
emission at § mm, 1 cm, 4 cm, and 6.6 cm with the Very Large
Array (VLA) Nascent Disk and Multiplicity (VANDAM)
survey with the Karl G. Jansky VLA, with angular resolutions
down to ~0”06 (Tobin et al. 2015). For ten sources in our
sample, their disks were resolved with the VANDAM survey,
and their inclination angles were measured (Segura-Cox et al.
2018). For these sources, instead of using the assumed
distributions, the disk inclination angles were converted to «
values and used to constrain the probability distributions of 6
and deprojected rotational gradients. We note that the disks and
the envelopes could be misaligned. Nevertheless, adopting the
disk inclinations would still provide better constraints than our
simply assumed distribution because of the typically small
misalignment angle (if present) of <10°-20° between disks and
envelopes (e.g., Lee et al. 2019; Sai et al. 2020).
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3.3. Deprojected Velocity Gradients and Misalignment Angles

In order to account for the measurement and systematic
uncertainties discussed in Section 3.2, we simulated expected
probability distributions of deprojected velocity gradients and
misalignment angles from our observational measurements.
First, for each measurement, we generated 10,000 simulated
data points following a normal distribution with the observed
values as means and their measurement uncertainties as
standard deviations. Then we corrected the projection effects
on these simulated data points. The probability distribution of
deprojected misalignment angles (6) is estimated from the
observed angles (\) with Equation (1) on the assumption of the
probability distributions of « and 3, as discussed in Section 3.2.
Similarly, the distributions of deprojected rotational gradients
are also estimated from the distributions of the observed
rotational gradients following Equation (2).

Finally, we have 10,000 simulated values of the overall
velocity gradient, deprojected rotational gradient, normalized
rotational gradient, and deprojected misalignment for each of
the 32 sources. Figure 5 shows the inferred (or simulated)
probability distributions of the velocity gradients with respect
to the angles between the magnetic fields and the rotational
axes in 3D space. The overall gradients (top panel) do not show
any clear trend with respect to the misalignment. The rotational
gradients (middle panel) seem to narrow down slightly to
higher values with increasing misalignment, as there are almost
no small rotational gradients (<10kms 'pc~') when mis-
alignment angles are >50°. However, any overall trend is still
not obvious, and the lack of data points in the bottom right
corner could just be due to our limited sample size. The
normalized rotational gradient (bottom panel) seems to display
a more prominent positive trend with respect to the misalign-
ment, with the typical ratio smoothly increasing from <1 for
smaller misalignment angles to >1 for larger angles.

Quantitatively, the correlation coefficient analysis is not
straightforward for these simulated distributions because the
number of data points is artificially too large, and thus p-values
estimated using the standard methods will come out to be too
small. Instead, we made groups of 32 simulated data points,
where for each group we randomly pick one simulated data
point corresponding to one source in our sample of 32 sources.
We made 10,000 such groups, exhausting all the simulated data
points. For each of these groups, we calculated Spearman
correlation coefficients. The mean values of the correlation
coefficients were taken as the representative values of our
simulated distributions and the corresponding standard devia-
tions as the uncertainties. Then the correlation coefficients were
estimated to be 0.11+0.14 for the overall gradient,
0.14 +£0.14 for the rotational gradient, and 0.22 £0.14 for
the normalized gradient. The fractions of the groups showing
positive correlation coefficients are 0.77 for the overall
gradient, 0.85 for the rotational gradient, and 0.94 for the
normalized rotational gradient.

To test the significance of these correlations, we generated
artificial uncorrelated samples. We randomly permutated our
simulated velocity gradients with respect to our misalignment
angles, and we repeated the same process as discussed above to
obtain the distributions of the correlation coefficients for this
random uncorrelated artificial data. We found that for the
random data, the possibilities to obtain correlation coefficients
greater than or equal to the mean correlation coefficients of our
observed sample are 0.27 for the overall gradient, 0.22 for the
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Figure 5. Simulated probability distributions of overall gradient (top panel), deprojected rotational gradient (middle panel), and normalized rotational gradient (bottom
panel) in the protostellar envelopes with respect to deprojected misalignment angles between the core-scale magnetic fields and outflow axes, as discussed in
Section 3.3. Red circles represent the original measurements. Contours represent probability levels: 0.91, 0.68, 0.52 for the top panel, 0.89, 0.61, 0.38 for the middle

panel, and 0.86, 0.60, 0.27 for the bottom panel.

rotational gradient, and 0.12 for the normalized gradient. These
values suggest that the normalized rotational gradient is most
strongly correlated with the misalignment, followed by the
rotational gradient and then the overall gradient. This is in
agreement with the trends observed in Figure 5 and results from
the original analysis (Section 3.1). Our results suggest that the
normalized rotational gradient is possibly correlated with the
misalignment with a Spearman correlation of 0.22 and a
confidence level of 88% after considering the projection effect.
Nevertheless, a larger sample is needed to have a more robust
constraint on the correlation coefficient.

Moreover, we can see a characteristic range in the simulated
probability distributions (innermost contours) for all the
quantities. The distributions of the rotational gradients and

misalignment angles, as shown in Figure 6, peak around
~30kms 'pc' and 45°, respectively. The distributions
shown in Figure 6 also include an extra 22 sources with the
velocity gradient measurements but without the magnetic field
information and seven more sources with the magnetic field
information but without the velocity gradient measurements.
Not including these additional sources does not significantly
change the final results. The characteristic range of the
rotational gradients could be due to the underlying probability
distribution of the angular momentum in the protostellar
envelopes (~1000 au), as discussed further in Section 4.2.
Our polarization data are a subset of a larger sample of 62
sources from Yen et al. (2020). Yen et al. (2020) identified
dense cores in the JCMT 850 yum maps using the clump
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Figure 6. Histograms of the simulated deprojected rotational gradients in the protostellar envelopes (left panel, on a logarithmic scale) and deprojected misalignment
angles between the core-scale magnetic fields and the outflow axes (right panel). These simulated probability distributions account for the measurement and projection

uncertainties, as discussed in Section 3.3.

identification algorithm clumpfind (Williams et al. 1994) and
calculated misalignment angles within these detected cores. For
different assumed distributions of misalignment angles in 3D
space, they simulated distributions of projected angles and
compared them with the observed distribution. Despite this
slightly different characterization of core-scale magnetic field
and handling of projection effects, Yen et al. (2020) inferred a
similar distribution of deprojected angles, with more sources
having intermediate misalignment angles (~30°-60°). Also,
our distribution of the deprojected angles depends on the
assumed distributions of « and [ (Section 3.2). Assuming other
distributions of a and [ tends to shift the peak of the
distribution of the misalignment angles toward larger values, as
quantified in Appendix D.

4. Discussions
4.1. Misalignment and Angular Momentum Transportation

Ideal MHD simulations of collapse of dense cores with their
rotational axes aligned with the magnetic fields suggest that
realistic levels of the magnetic field can greatly suppress
rotation in the inner protostellar envelopes (Allen et al. 2003;
Galli et al. 2006; Mellon & Li 2008). Further studies
incorporated misalignment between the magnetic field and
rotational axis of a dense core, and found that the misalignment
can reduce the efficiency of magnetic braking and thus allow
inward angular momentum transportation to be more efficient
in a collapsing dense core (Hennebelle & Ciardi 2009; Joos
et al. 2012; Li et al. 2013). If the magnetic field orientation
indeed significantly affects gas kinematics as suggested by
these simulations, we expect to see stronger velocity gradients,
particularly rotational gradients, for systems with larger
misalignments.

However, as discussed in Section 3.1, we do not find any
significant correlation between the overall or rotational
gradients with respect to the misalignment. These results do
not change even after accounting for the projection effects and
the measurement uncertainties (Section 3.3). This suggests that

misalignment between the magnetic field and rotational axis in
a dense core is not a dominant factor driving the gas kinematics
or the amount of angular momentum at the envelope scale.
This is different from the results of Galametz et al. (2020).
For a sample of ~20 protostars, Galametz et al. (2020)
measured magnetic field orientations in the protostellar
envelopes on a scale of a few thousand astronomical units
with SMA. They compared the misalignments between the
magnetic fields and the outflow axes with the magnitudes of the
overall velocity gradients at a ~5000 au scale, where some
were taken from the literature (Saito et al. 1999; Wiseman et al.
2001; Tanner & Arce 2011; Tobin et al. 2011; Gaudel et al.
2020) and others were derived by Galametz et al. (2020) using
the published data (Matthews et al. 2008; Huang &
Hirano 2013; Tobin et al. 2018). They primarily used the
N,H" emission to trace the gas kinematics. They found a
positive correlation between them with a Pearson correlation
coefficient of 0.68, which could suggest greater misalignment
results in greater angular momentum in protostellar envelopes.
A subset of nine sources from Galametz et al. (2020) are also
in our sample. For these sources, the misalignment angles in
Galametz et al. (2020) are generally consistent with those
derived from our data within the error bars, with a median
difference of 11°. However, we found that our measured
rotational gradients at a 1000au scale are only weakly
correlated with the velocity gradients in Galametz et al.
(2020), which are at a larger scale, with a Spearman correlation
coefficient of 0.41 and a corresponding p-value of 0.24. Our
velocity gradient measurements are typically greater by a factor
of ~5. In addition, Heimsoth et al. (2022) also used the same
C'O data from the MASSES survey to study the gas
kinematics in the protostellar envelopes in our sample. They
measured overall velocity gradients on variable scales
(~1000-3000 au), depending on the sizes of the envelopes.
We compared our overall velocity gradients to their measure-
ments and found a strong correlation with a Spearman
correlation coefficient of 0.59 and a p-value of 0.0003. Our
velocity gradients measured at a 1000 au scale are typically
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greater than their velocity gradients measured at a larger scale.
Thus, the discrepancy between the correlation observed by
Galametz et al. (2020) and no similar correlation found in our
study could be due to the different spatial scales and underlying
gas motions of the measured velocity gradients. Other
observations have also found that the magnitudes and
directions of velocity gradients in protostellar envelopes could
change from large to small scales (Gaudel et al. 2020). In order
to investigate this further, the correlations should be tested with
a larger sample of sources with velocity gradient measurements
at multiple scales.

Another factor influencing the amount of the angular
momentum in a protostellar envelope can be the mass already
accreted in its protostar—disk system. In the classical picture of
collapse of a dense core, the internal distribution of the specific
angular momentum is an increasing function of radius, and
consequently the disk size increases with the enclosed mass of
the central protostar—disk system (Terebey et al. 1984;
Basu 1998). Similar trends have also been seen in nonideal
MHD simulations (Hennebelle et al. 2016; Zhao et al
2016, 2018).

The infalling motion in a protostellar envelope around a
more massive protostar—disk system is expected to be faster
because of its deeper gravitational potential, which could
induce a larger velocity gradient along the outflow axis in the
protostellar envelope (Yen et al. 2013). Therefore, in order to
delineate the role of the enclosed mass, we also normalized our
rotational gradient by the velocity gradient along the outflow
axis, and we found a significant correlation (p ~ 0.05) between
the normalized rotational gradient and the misalignment. This
observed correlation could suggest that for similar enclosed
masses, more angular momentum is transported to protostellar
envelopes in systems with greater misalignment. In other
words, misalignment indeed could promote the amount of
angular momentum transported to protostellar envelopes.
However, it is not a dominant factor, and other parameters,
such as mass accretion in protostellar sources, also play an
important role.

This is also in agreement with the nonideal MHD
simulations by Hirano et al. (2020). Along with misalignment
angles, Hirano et al. (2020) also varied the ratio of thermal to
gravitational energy, taking it as a proxy for gravitational
instability of the initial core. They found that the systems with
smaller ratios form larger disks because the dense cores
collapse more rapidly and gas is quickly advected to the disks.
Moreover, they found that for systems with similar thermal to
gravitational energy ratios, more misaligned magnetic field is
conducive to the formation of larger disks.

4.2. Distribution of Velocity Gradients

Figure 6 (left panel) shows the distribution of the simulated
deprojected rotational gradients for all the 54 sources. The
median rotational gradient is ~29kms 'pc~', which at a
radius of 1000 au corresponds to a specific angular momentum
of ~6.8 x 10~*km ' pc. This value is in agreement with the
mean specific angular momentum of ~6 x 10~ *kms™ ' pc at
<1600 au scales for a sample of 12 protostars, inferred by
Gaudel et al. (2020). Specific angular momenta of 17 Class 0
and I sources at <1500 au scales estimated by Yen et al. (2015)
are also of the order of ~10"*km s~ pc.

Assuming that a given angular momentum is efficiently
transported from this 1000 au scale to the edge of a Keplerian
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disk with negligible mass compared to the stellar mass in an
axisymmetric system without magnetic braking, the resultant
disk radius can be estimated as (Ulrich 1976; Terebey et al.
1984; Basu 1998)

12
- GMy’

3)

Ry

where R, is the radius of the Keplerian disk, [ is the specific
angular momentum, G is the gravitational constant, and M, is
mass of the central protostar.

Yen et al. (2017) inferred a time-dependent mass accretion
rate using bolometric luminosities and protostellar masses of a
sample of 18 Class 0 and I protostars. We integrated this mass
accretion rate over the typical lifetime for Class O sources of
0.26 Myr (Dunham et al. 2015). This gives a typical
protostellar mass of 0.25 M. Nevertheless, the masses of
Class O protostars can still be different by two order of
magnitude (Yen et al. 2017). Assuming the mass accretion rate
is proportional to the protostellar mass, we can assume the
distribution of masses of these young protostars to be similar to
the mass distribution of main-sequence stars, i.e., the initial
mass function (IMF). For low-mass stars (M, <1 M), the
IMF can be approximated as a log-normal distribution with a
characteristic mass of 0.22 M., and a variance of ~0.57 M,
(Chabrier 2003). As our sample Class 0 and I protostars
continue to acquire more mass, we normalized this log-normal
distribution of IMF to have a mean mass of 0.25 M., instead of
the original mean mass of ~0.6 M., and adopted this
normalized distribution as the mass distribution of the young
protostars.

By adopting the distributions of the deprojected rotational
gradients and protostellar masses, we inferred the expected
distribution of disk radii with Equation (3). We found the
median disk radius to be ~107 au, comparable to the geometric
mean (10#0°¢Ra) where 1 is the simple mean) of ~92 au. The
logarithmic variance (oc(logR;), where o is the simple
variance) of the distribution is ~1.4.

Tobin et al. (2020a) observed the 0.87 mm continuum
emission around 328 protostars in Orion clouds at a resolution
of ~40 au. They reported a median dust disk radius of ~48 au
for Class 0 sources and ~38 au for Class I sources. Among
these, only one source, B5-IRS1, has a disk radius 2100 au.
Similarly, Encalada et al. (2021) surveyed the 0.87 mm
continuum emission around 31 protostars in Ophiuchus at a
resolution of ~21 au. They found the mean disk radius to be
~24 au for Class I sources and ~17au for flat-spectrum
sources. In Perseus, Segura-Cox et al. (2018) observed the
8 mm continuum emission around 82 Class 0 and I sources.
With a resolution of ~12 au, they identified disk-like structures
around only 22% of the sources. However, Segura-Cox et al.
(2018) also pointed out that the 8 mm continuum emission
traces large dust grains that could radially drift inwards, and
thus these disk sizes are likely lower limits. As also shown in
numerical simulations (Aso & Machida 2020), continuum
observations may not reliably trace entire Keplerian disks and
can underestimate the disk size by a factor of ~2-3. Aso &
Machida (2020) suggested that this is because, as a disk grows,
the density and temperature in the outer disk drop and the
continuum emission becomes much fainter.

For a small sample of young protostars, disks with radii
of a few tens of astronomical units have been observed in
molecular lines (Tobin et al. 2012b, 2020b; Hsieh et al. 2019;
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Reynolds et al. 2021). Maret et al. (2020) used CO line
observations at angular resolutions of ~ 0”7 to search for disks
toward 16 nearby (<500 pc) Class 0 sources. They found clear
Keplerian disks with radii >50 au in only two sources: L1448-
C with a disk radius of 200 au and L1527 with a disk radius of
90 au. Although the molecular-line measurements of Class O
and I disks are still scarce, the results from Maret et al. (2020)
suggest that only ~13% of disks have radii 2100 au. This ratio
is much smaller than the disk radius distribution derived using
our measurements of the angular momentum in the protostellar
envelopes at a 1000au scale, where ~50% of disks are
expected to be larger than 100 au.

One key assumption in deriving our expected distribution of
disk radii is a conserved angular momentum within <1000 au
scales. Therefore, the apparent discrepancy between the derived
and observed distributions of disk radii is likely because the
angular momentum is lost at <1000 au scales. This could be
due to efficient magnetic braking in inner protostellar
envelopes as a result of pinched field lines in this region
(e.g., Li et al. 2013). A similar scenario has been observed in
the Class I system HH 111, where the angular momentum in
the envelope was observed to drop by a factor of ~3 from 2000
to 100 au scales (Lee et al. 2016). However, we note that
protostellar envelopes with a relatively conserved angular
momentum have also been observed (Aso et al. 2015, 2017).

Using measurements of the gas kinematics at ~1600-100 au
scales for 11 Class O protostars, Gaudel et al. (2020) identified
eight sources with relatively flat (conserved) angular momen-
tum profiles within this radial range. Assuming that the angular
momentum they measured at a 100 au scale remains conserved
up to the edge of disks, they estimated expected disk radii for
these source (using Equation (3)). They found the estimated
radii to be in agreement with the disk radii in those sources
estimated with the continuum emission. However, it is
important to note that Gaudel et al. (2020) compared the disk
radii with the angular momentum at a 100 au scale, different
from our study with the angular momentum estimated at a
1000 au scale. Although the angular momentum profiles for
these eight sources were flatter than those for the other sources
in their sample, the angular momentum for most of their sample
sources was observed to decrease from 1000 to 100 au scales.
Together with our results, the observations could suggest that
the angular momentum is likely lost in protostellar envelopes at
radii between ~1000 and 100 au, possibly due to magnetic
braking. In order to better characterize the scale dependence of
magnetic braking, a larger sample of young sources with
resolved velocity profiles from envelopes to disks is needed.

5. Conclusions

For a sample of 32 Class 0 and I protostars, we diagnosed the
gas kinematics in the protostellar envelopes at a 1000 au scale
using the C'®0 data from the SMA MASSES Survey (Stephens
et al. 2019) and the magnetic fields at the core scale of 4000 au
using the 850 ym polarimetric data from the JCMT BISTRO
survey (Ward-Thompson et al. 2017) and archive. We assessed
the overall, rotational, and infalling motions in the protostellar
envelopes with the 2D velocity gradients, velocity gradients
perpendicular to the outflows, and velocity gradients along the
outflow axes in the C'®0 moment 1 maps, respectively. We
studied the dependence of the gas kinematics in the protostellar
envelopes on the magnetic field structures in the dense cores,
namely angular dispersion of the magnetic field and

11

Gupta et al.

misalignment between the magnetic field and outflow axis
(taken as a proxy for the rotational axis). Furthermore, we
inferred an expected distribution of disk radii using the
observed distribution of the rotational velocity gradients in
the protostellar envelopes. Our main results are:

1. We did not find any significant correlation between the
angles between the magnetic field and outflow axis in the
dense cores at a 4000au scale, and the overall or
rotational velocity gradients in the protostellar envelopes
at a 1000 au scale. We also did not find any correlation
between the angular dispersions of the magnetic fields
and the velocity gradients. These results could suggest
that the misalignment between the magnetic field and
rotational axis and the ratio of the turbulence to the
magnetic field strength in a dense core are not dominant
factors in determining gas kinematics or angular
momentum in its protostellar envelope.

2. We found a significant correlation between the rotational
velocity gradients normalized by the infalling velocity
gradients in the protostellar envelope and the misalign-
ment angles between the magnetic fields and outflows in
the dense cores. In particular, these normalized values
transition from less than 1 to more than 1, suggesting the
presence of an infall-dominated regime with small
misalignment angles and a rotation-dominated regime
with larger misalignment. The Spearman correlation
coefficient was calculated to be 0.35 with a p-value of
0.05. After considering projection effects, the Spearman
correlation coefficient becomes 0.22 with a confidence
level of 88%, which is related to the assumed probability
distributions of 3D orientations of the magnetic field and
outflows. Assuming that the infalling velocity is propor-
tional to the mass of a central protostar—disk system, our
results could suggest that for similar central masses, more
angular momentum is transported to protostellar envel-
opes in systems with greater misalignment. This hints that
misalignment between the magnetic field and rotational
axis in a dense core could promote angular momentum
transportation from large to small scales, although it is
not a dominant factor.

3. Assuming that our estimated angular momentum in the
protostellar envelopes at a 1000 au scale is efficiently
transported to disk-forming regions, the median disk
radius is expected to be ~100 au. However, molecular-
line observations like in Maret et al. (2020) show that
disks with radii =100 au are not common for Class 0 and
I sources. Thus, this suggests that the angular momentum
is likely lost in protostellar envelopes at radii between
~1000 and 100 au, possibly due to magnetic braking.
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Appendix A
Position—Velocity Diagrams

Figure 7 compares the PV diagrams along the outflow axis of
the C'®0 (2-1) and CO (3—2) emission in Per-emb-10,
Per-emb-29, and Per-emb-33 O1, as examples. The CO (3—2)
emission primarily traces the molecular outflows (Stephens
et al. 2019) and shows comparable line widths or increasing
velocities from small to large radii. Different from the CO (3
—2) emission, in the PV diagrams along the outflow axes, the
C'®0 (2—1) emission at higher velocities tends to appear close
to the protostellar positions.

Figure 8 presents the PV diagrams of the C'®0 emission
along and perpendicular to the outflow axes, along with the
velocity gradients measured from the moment 1 maps
(Section 2.2). The observed velocity structures in the PV
diagrams indeed can be approximately described with the
measured velocity gradients.
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Figure 7. Position—velocity diagrams of the C'80 (2—1) emission (red contours) and CO (3—2) emission (gray contours) along the outflow axes in Per-emb-10 (left),
Per-emb-29 (middle), and Per-emb-33 O1 (right). Contour levels for the C'®0 emission are from 20 in steps of 20, 5o, and 3¢ for Per-emb-10, Per-emb-29, and Per-
emb-33 Ol, respectively. Contour levels for the CO emission are from 30 in steps of 30, 30, and 50 for Per-emb-10, Per-emb-29, and Per-emb-33 O1, respectively.
All the PV diagrams are centered at the protostellar positions.
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Per—emb—10 perpendicular to the outflow axis
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Figure 8. Position—velocity diagrams of the C'®0 emission perpendicular (left column) and along (right column) the outflow axes in Per-emb-10 (top row), Per-emb-
29 (middle row), and Per-emb-33 O1 (bottom row). Contour levels are from 20 in steps of 20, 5o, and 30 in the top, middle, and bottom rows, respectively. Red solid
lines delineate the velocity gradients along and perpendicular to the outflow axes measured from the moment 1 maps of the C'®0 emission in these sources. Dotted
horizontal lines enclose the central region within a radius of 1000 au adopted to measure the velocity gradients. All the PV diagrams are centered at the protostellar

positions.

Appendix B

Velocity Gradients and Magnetic Field Measurements

Table 1 presents all the measurements used in this paper.
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Table 1
Velocity Gradients and Magnetic Field Measurements

Source R.A. (J2000)  Decl. (J2000)  Outflow P.A. VGap AVG,p Ove Abyg VG AVG,o VGigr AVGigs O Ay Misalignment 50 Adby

(deg) (deg) (deg) (kmpc's™)  (kmpcT'sT)  (deg) (@deg) kmpe'sh  (kmpe'sT)  kmpe ' s)  (mpe 's)  (deg)  (deg) (deg) (deg)  (deg)
Per-emb-1 55.98669 32.01394 116 20.9 1.5 —109.9 4.1 39 3.0 19.5 34 163.2 0.8 472 7.2 0.8
Per-emb-3 52.2524 31.20006 97 22.0 5.2 —105.6 17.7 15.6 28.6 44.6 114 439 7.4 53.1 229 54
Per-emb-6 53.31002 31.11964 60 22.0 4.8 —11.1 12.1 31.0 8.5 38.9 14.0 149.7 3.0 89.7 6.5 2.8
Per-emb-10 53.31843 31.11446 52 36.5 8.0 -5.9 15.1 13.9 14.8 11.9 26.2 163.1 4.3 68.9 4.5 4.4
Per-emb-11,01 55.98777 32.05133 162 19.1 8.6 —151.7 33.8 259 8.4 130.2 7.4 155.1 3.7 6.9 3.8 5.0
Per-emb-11,02 55.99037 32.05277 36 28.3 6.0 92.6 12.2 26.8 6.2 26.8 9.1 155.3 2.1 60.7 1.5 2.0
Per-emb-12 52.2939 31.22526 35 15.6 3.5 54.2 13.0 62.5 1.7 7.4 6.9 59.3 0.1 243 1.5 0.1
Per-emb-13,01 52.30007 31.2189 180 25.7 24 103.2 5.2 30.0 24 2.7 23 70.1 0.9 70.1 3.6 0.9
Per-emb-13,02 52.30351 31.21858 90 29.6 8.0 —89.2 10.4 9.6 11.4 18.7 22.8 82.0 1.5 8.0 7.9 1.5
Per-emb-15 52.2669 31.24618 145 23.6 0.3 —19.8 0.8 18.8 1.2 14.0 0.4 179.6 3.0 34.6 12.8 33
Per-emb-16 55.96241 32.05669 11 35.5 4.2 153.9 7.6 44.2 12.2 69.5 8.7 105.2 5.2 85.8 11.9 5.5
Per-emb-17 51.91293 30.21752 57 31.2 6.9 25.6 12.6 143.0 21.3 1.9 17.7 71.8 5.5 14.8 11.2 5.8
Per-emb-18 52.29691 31.30863 150 6.8 3.6 132.5 29.9 36.4 9.5 13.6 5.1 101.3 4.1 48.7
Per-emb-20 51.93032 30.20799 115 21.1 1.1 101.3 3.0 10.8 2.7 21.8 3.4 96.5 3.5 18.5 1.9 34
Per-emb-21 52.29445 31.30561 48 20.4 10.4 177.9 29.2 77.4 23.8 17.7 14.0 96.7 1.4 48.7 4.8 1.5
Per-emb-22 51.34338 30.75368 118 30.1 4.3 -779 8.2 6.4 32 44.7 5.7 123.8 2.6 5.8 9.3 2.1
Per-emb-27,01 52.23154 31.24362 14 31.0 2.5 —75.4 4.6 61.5 5.6 8.0 4.1 72.4 1.3 58.4 7.0 1.7
Per-emb-27,02 52.23151 31.24345 104 233 2.7 —86.6 6.7 2.1 3.7 54.6 3.7 71.4 1.2 32.6 6.8 1.5
Per-emb-28 55.96253 32.05223 112 25.4 7.3 178.6 17.0 24.8 8.1 522 7.2 118.5 6.3 6.5 25.6 5.1
Per-emb-29 53.32449 31.15884 132 25.5 14 103.9 3.1 14.7 3.8 19.1 3.8 100.5 1.5 31.5 59 2.1
Per-emb-33,01 51.40158 30.75409 122 116.9 4.4 —48.8 2.2 95.8 10.9 26.5 10.9 38.9 2.7 83.1 4.7 2.7
Per-emb-33,02 51.40208 30.75608 38 68.2 4.3 —60.2 37 83.7 11.5 60.8 33 334 4.7 4.6 314 32
Per-emb-33,03 51.39862 30.75948 128 136.5 4.8 —432 2.0 134.0 17.7 314 10.4 165.2 2.3 37.2 11.8 49
Per-emb-35,01 52.15455 31.22522 123 18.7 0.9 151.7 2.6 15.1 1.7 4.7 2.8 89.2 4.7 33.8 12.7 4.3
Per-emb-35,02 52.15508 31.22549 169 13.0 0.9 120.2 4.1 14.3 2.1 54 3.3 89.2 4.7 79.8 12.7 4.3
Per-emb-36 52.23906 31.23771 24 30.1 3.6 —1124 6.7 46.4 7.0 8.6 9.9 85.4 33 61.4 6.7 2.8
Per-emb-40 53.31945 31.13192 101 43.8 2.8 -0.2 37 61.6 4.0 14.0 2.6 155.5 2.6 54.5 2.6 2.6
Per-emb-42 51.41306 30.73275 43 44.9 2.8 155.0 3.5 48.9 5.5 36.9 3.8 174.3 9.5 48.7
Per-emb-44 52.26569 31.26772 130 30.8 3.2 —143.3 58 2.4 3.9 60.1 2.6 159.9 1.1 29.9 0.9 2.0
Per-emb-58 52.24342 31.37152 167 15.1 0.7 95.7 2.7 18.0 0.7 7.8 0.5 122.9 3.1 44.1 4.7 34
SVS 13B 52.26282 31.26437 170 13.3 1.5 —165.4 6.3 5.1 4.9 13.0 2.5 165.2 1.0 4.8 6.8 1.1
SVS 13C 52.25821 31.26057 8 31.3 3.0 86.5 54 474 2.0 33.8 34 161.6 1.9 26.4 10.7 4.0

Note. VG,p, VG, and VGiys are overall velocity gradients, velocity gradients perpendicular to the outflow axis, and velocity gradients parallel to the outflow axis, respectively. 6y and 6g are the orientations of overall
velocity gradients and 4000 au scale magnetic fields from north to east. Misalignment refers to the misalignment angles between magnetic fields and outflows. 66y are angular dispersions in magnetic fields at a 4000 au

scale. A denotes measurement uncertainties in the respective quantities. Distances were taken from Zucker et al. (2018).
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Appendix C
Correction for Projection Effects of Angles

Our measured misalignments between the outflows and
magnetic fields in the dense cores are angles projected on POS,
and the actual misalignment angles in 3D can differ significantly,
as discussed in Section 3.2. In order to account for these
projection effects, we created a geometric model of the vectors in
3D projected on a 2D surface, as shown in Figure 9.

Assuming OA to be parallel to the rotational axis, OB to be
parallel to the magnetic field, and OA’ and OB’ to be their
projections on POS (i.e., /ZBB'A' = ZAAB’ = 90°). Then,
the observed misalignment will be ZA’OB’ or )\, and the
actual misalignment will be ZAOB or 6. Here we define
ZAOA’ and ZBOB/, i.e., inclinations of AO and BO with
respect to POS, to be « and S, respectively. For simplicity, we
assume |OA| = |OB| =r. This is equivalent to working with
unity vectors, which is sufficient here because we are only
concerned about deprojecting directions and not the magni-
tude of vectors. Using the trigonometric relations, we derive
the following:

|AA| = rsin «,
|OA| = rcosa,
|BB'| = rsin 3,
|OB/| = rcos 5.

Now in AAOB,

|AB|> = r%2 + r? — 2r2cos

— 221 — cos ). (1)
Similarly in AA'OB’,
|AB'|? = (r cos a)* + (r cos 3)?
— 2(rcos ) (r cos 3)cos A
= r2(cos?>a + cos? 3 — 2cosarcos Fcos N).  (C2)

Let C be a point on AA’ such that CB || A’B’. Because
BB’ L B’A’ and CA' L B'A,
ICB| = |AB/|,
|AC| = |AA]| — |BB'[,
ZACB = Z CAB' =90°.
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Figure 9. Schematic diagram of the projection effect. OA and OB represent
actual vector orientations in 3D whereas OA’ and OB’ represent projections of
these vectors on POS.

Applying the Pythagoras’ theorem in AABC,

|AB|?> = |AC]> + |CBJ?.
From Equations (C1) and (C2),

2r2(1 — cos ) = (rsina — rsin §)?
+ r?(cos? o + cos? 3 — 2cos acos 3 cos \)
2 — 2cosf =sin>a + sin? 3 — 2sinasin B
+ cos?a + cos? 3 — 2cosa cos 3cos A

cos =sina sin 8 + cos a cos 3 cos A.
(C3)

Equation (C3) expresses the actual misalignment in 3D (0) as a
function of the observed misalignment (), the inclination of
the rotational axis with respect to POS («), and the inclination
of the magnetic field with respect to POS (0).
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Table 2
Results for Different Assumed Distributions of Inclinations

Distribution R(VGyye) R(VG,o) R(VGi;ot/VGing) Median 3D Misalignment
Cosine 0.11 0.14 0.22 43°
Normal (¢ = 0°, o = 30°) 0.02 0.16 0.21 56°
Uniform (—60° to +60°) 0.03 0.11 0.15 58°
Uniform (—90° to +90°) 0.03 —0.05 0.07 55°

Note. R(VGoye), R(VGiop), and R(VGior/VGiye) are the median Spearman correlation coefficients for the overall, rotational, and normalized rotational velocity

gradients, respectively.

Appendix D
Different Distributions of Inclination Angles

Table 2 gives the median correlation coefficients and the
median misalignment angles in 3D for different assumed
probability distributions of the inclination angles, « and 5. We
note that the correlation coefficient between the normalized
rotational gradient and the misalignment becomes almost zero
when the uniform distributions of « and § ranging from —90°
to +90° are adopted. Nevertheless, these distributions of o and
0B, which imply that more magnetic fields and outflows are
along the line of sight, are less likely in our sample, and are
against the criteria of our sample selection, which are based on
the detections of magnetic fields and outflows projected on
POS (as discussed in Section 3.2).
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