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ABSTRACT

The role played by magnetic field during star formation is an important topic in astrophysics.
We investigate the correlation between the orientation of star-forming cores (as defined by
the core major axes) and ambient magnetic field directions in (i) a 3D magnetohydrodynamic
simulation, (ii) synthetic observations generated from the simulation at different viewing
angles, and (iii) observations of nearby molecular clouds. We find that the results on relative
alignment between cores and background magnetic field in synthetic observations slightly
disagree with those measured in fully 3D simulation data, which is partly because cores
identified in projected 2D maps tend to coexist within filamentary structures, while 3D cores
are generally more rounded. In addition, we examine the progression of magnetic field from pc
to core scale in the simulation, which is consistent with the anisotropic core formation model
that gas preferably flows along the magnetic field towards dense cores. When comparing
the observed cores identified from the Green Bank Ammonia Survey and Planck polarization-
inferred magnetic field orientations, we find that the relative core—field alignment has a regional
dependence among different clouds. More specifically, we find that dense cores in the Taurus
molecular cloud tend to align perpendicular to the background magnetic field, while those
in Perseus and Ophiuchus tend to have random (Perseus) or slightly parallel (Ophiuchus)
orientations with respect to the field. We argue that this feature of relative core—field orientation
could be used to probe the relative significance of the magnetic field within the cloud.
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1 INTRODUCTION

Stars form within molecular clouds (MCs) through the gravitational
collapse of dense cores (Shu, Adams & Lizano 1987). Pre-stellar
core formation in MCs is therefore an important issue in theoretical
studies of star formation, because these cores are the immediate
precursors of protostars (André, Basu & Inutsuka 2009). It is
generally accepted that magnetic effects, in combination with
turbulence and gravity, are one of the key agents affecting the
dynamics of the star-forming process at all physical scales and
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throughout different evolutionary stages (Ballesteros-Paredes et al.
2007; McKee & Ostriker 2007). In particular, while the cloud-
scale magnetic fields could limit compression in turbulence-induced
shocks and regulate gas flows towards overdense regions (Mestel
& Spitzer 1956; Mestel 1985; Heyer et al. 2008; Chen & Ostriker
2015; Chen et al. 2017), the interconnected core-scale magnetic
field is expected to be important in regulating the gas dynamics
within cores via removing angular momentum in collapsing cores
(see review in Li et al. 2014).

Observationally, the polarized thermal emission from dust grains
at infrared/sub-mm wavelengths has been considered as a reliable
tracer of plane-of-sky magnetic field morphology in dense star-
forming clouds (e.g. Hildebrand, Dragovan & Novak 1984; Heiles
et al. 1993; Novak et al. 1997), because the elongated grains
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are generally recognized to have a preferential orientation with
their longer axes perpendicular to the local magnetic field (Davis
& Greenstein 1951; Lazarian 2007; Lazarian & Hoang 2007).
With advanced polarimetric technologies and instruments, linear
polarization observations have recently become a powerful tool
to investigate the magnetic effects during star formation at various
physical scales (e.g. Matthews et al. 2009; Hull et al. 2014; Cox
et al. 2015; Fissel et al. 2016; Yang et al. 2016). Specifically, the
all-sky map of polarized emission from dust at sub-mm wavelengths
produced by the Planck satellite revealed Galactic magnetic field
structures, which provide new insight into understanding the mag-
netic effects in nearby star-forming MCs (Planck Collaboration XIX
2015; Planck Collaboration XXXIII 2016; Planck Collaboration
XXXV 2016).

Dense molecular cores are observed in dust continuum and
molecular lines. Recent results suggest that the cores are associated
with filamentary structures within star-forming MCs (André et al.
2014), which agrees with various simulations of turbulent clouds
(e.g. Chen & Ostriker 2014, 2015; Gémez & Véazquez-Semadeni
2014; Van Loo, Keto & Zhang 2014; Gong & Ostriker 2015). Mil-
limetre and sub-mm continuum surveys of nearby clouds showed
that pre-stellar cores have masses ~0.1-10 My and sizes ~0.01—
1 pc (e.g. Enoch et al. 2006; Johnstone & Bally 2006; Konyves
et al. 2010; Kirk et al. 2013), while the gas dynamics at core scales
have been investigated in spectral line observations using dense
gas tracers like N,HY, H3CO™, or C!80 (e.g. Ikeda, Kitamura &
Sunada 2009; Rathborne et al. 2009; Pineda et al. 2015; Punanova
et al. 2018; Chen et al. 2019b). In particular, analyses of core
kinematics from the recent Green Bank Ammonia Survey (GAS;
Friesen et al. 2017) show that many dense cores are not bound by
self-gravity, but are pressure confined (Keown et al. 2017; Kirk et al.
2017; Chen et al. 2019c; Kerr et al. 2019).

Though the interaction between dense gas and magnetic fields
during the formation and evolution of pre-stellar cores has been
extensively studied in various theoretical models (e.g. Ostriker,
Gammie & Stone 1999; Basu & Ciolek 2004; Li & Nakamura 2004,
McKee, Li & Klein 2010; Kudoh & Basu 2011; Chen & Ostriker
2014, 2015), systematic observational investigations were relatively
lacking because of a dearth of magnetic field observations before
the advent of several new instruments like BLASTPol (Pascale et al.
2012), Planck, and Atacama Large Millimeter/submillimeter Array
(ALMA). Recently, Poidevin et al. (2014) looked at the orientation
of cores in Lupus I identified within Herschel SPIRE maps (Rygl
et al. 2013) compared to the orientation of the Lupus I filament and
the average magnetic field derived from BLASTPol observations
(Matthews et al. 2014). They found no correlation between the core
angle and the magnetic field, but they were unable to compare the
core orientation to the direction of the ambient magnetic field near
the cores.

Following recent achievements by several research groups on
statistically characterizing the significance of magnetic effects
in star-forming regions using observable information from both
polarimetric and spectral measurements (e.g. Soler et al. 2013;
Franco & Alves 2015; Chen, King & Li 2016; Chen et al. 2019a;
Fissel et al. 2019), here we present our investigations on the
relative orientations between dense cores and magnetic fields in
both simulations and observations. The goal of this study is to
determine whether or not the surrounding magnetic fields have
significant impacts on the structures of star-forming cores.

The outline of the paper is as follows. We describe our numerical
and observational approaches in Section 2, where we also discuss the
methods we adopt to identify cores (Section 2.3). The main results
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are included in Section 3. We present our results from simulated
cores in Section 3.1. Synthetic observations are investigated in
Section 3.2, and measurements from real observation data are shown
in Section 3.3. Further discussions are presented in Section 4,
where we cross-compare 3D versus 2D core identifications from
the original simulation and the synthetic observations (Section 4.1).
We also investigate and compare the results from synthetic and real
observations, and link them to the general properties of the observed
clouds (Section 4.2). Our conclusions are summarized in Section 5.

2 METHODS

2.1 Simulation and synthetic observations

The simulation considered in this study was first reported in King
etal. (2018, their model A) and Chen et al. (2019a, their model L.10)
and is summarized here. This 10 pc-scale simulation, considering
a magnetized shocked layer produced by plane-parallel converging
flows, was particularly designed to follow the formation of dense
structures in cloud—cloud collision. Previous studies have suggested
that this mechanism efficiently produces star-forming regions (see
e.g. Koyama & Inutsuka 2000; Vazquez-Semadeni et al. 2006;
Heitsch et al. 2008; Banerjee et al. 2009; Inoue & Fukui 2013). The
average amplitude of the velocity perturbation within the convergent
flows was chosen by setting the virial number of the colliding
clouds equal to 2. The resulting post-shock layer (approximately
~2-3 pc thick), wherein the dense cores considered in this study
form, is strongly magnetized with plasma g = 8mpc2/B> ~ 0.1
and moderately trans- to super-Alfvénic with the median value of
Alfvén Mach number' (M,) = (v/va) ~ 1.5, where v is the gas
velocity and va = B/ /47mp is the Alfvén speed in the cloud. This
simulation was chosen for this study because it has a resolution
comparable to the observation data considered here (~0.02 pc;
see Section 2.2.1), and its physical properties (volume/column
densities, gas velocities, etc.) are very close to those measured
in typical star-forming regions (e.g. Storm et al. 2014). In fact, it
has been shown that the synthetic observations generated from this
simulation have similar polarimetric features to those found in real
observations (King et al. 2019). The projected column density and
the density-weighted average magnetic field of the simulation are
shown in the left-hand panel of Fig. 1. Note that the magnetic field
is roughly aligned along the x-axis.

We generated the synthetic observations (which will be investi-
gated in Section 3.2) by projecting the simulation box along either
the z-direction (face-on case) or the line of sight at 45° from the
z-axis towards the x-axis (45° case). The column density can be
calculated directly by integrating the number density along the line
of sight, and we adopted 10 per cent abundance of helium to convert
the simulated neutral molecular density to atomic hydrogen density,
1.€. Npeutral A N, + nye = 0.6ny. There is no noise added.

To derive the synthetic polarimetric measurement, we followed
the previous work (e.g. Lee & Draine 1985; Fiege & Pudritz 2000;
King et al. 2018) and assumed viewing from +z direction:

B — B? 2B, B,
q:/ni}Bzxds, u:/n Bzyds, (D

Note that this value slightly differs from that quoted in King et al. (2018),
which is due to different methods of defining the post-shock region adopted
in their study and this one.
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Figure 1. Identified cores (contours; see Section 2.3 for how cores are defined) overlaid on integrated column density of atomic hydrogen (in the same log
scale for all three panels; see the colour bar of the left-hand panel). Left: Cores identified in 3D, both bound (red contours) and unbound (yellow contours).
Grey streamlines represent density-weighted magnetic field structure. Middle and right: Cores (white contours) identified in projected column density maps
with synthetic polarization direction (along the inferred magnetic field; orange segments), for both face-on view (middle) and 45° viewing angle (right). The

colour bars in the centre and right-hand panels indicate the polarization fraction.

where n, By, By, B, and B represent the number density, and x,
v, and z components and the absolute value of the total magnetic
field at each location along the line of sight ds, respectively. Here, ¢
and u (in units of column density) trace the orientation dependence
of polarization arising from the grain alignment with respect to
the magnetic field and are proportional to the predicted polarized
intensities Q and U by an assumed constant scale factor «, B, (Tq)po,
where «, is the dust opacity, B,(Ty) is the Planck function at
dust temperature 7y, and py is a polarization factor relating to the
grain shape, composition, and orientation (Planck Collaboration
XX 2015).2 Note also that because we are not trying to resolve
the polarization directions within the dense cores, just the ambient
materials, we did not consider the depolarization effect in the high-
density regime, which becomes significant at n > 10° cm 3 (see e.g.
Padovani et al. 2012; King et al. 2019). The polarization fraction is
therefore given by

, )
"N = poN,

pP=Pr
where N is the column density and N, is a correction to the column
density that depends on the inclination of the dust grains:

N, = /n (cos2 y — %) ds. 3)

Here, y is the inclination angle of the magnetic field relative to the
plane of sky, i.e. cos’ y = (B} + B;)/B>. The inferred polarization
angle on the plane of sky is therefore

1
X = EarctanZ(u, q), 4)

which is measured clockwise from North. Note that while in
general the observed polarization orientation is 90° from the inferred
magnetic field, the synthetic polarization as derived from the above
equations is along the inferred magnetic field.

The two synthetic observations are illustrated in Fig. 1
(middle and right-hand panels), which shows the projected

2We adopt po = 0.1 in this study, in the range 0.1-0.3 found empirically
from radio/sub-mm observations (see e.g. Planck Collaboration XX 2015;
Fissel et al. 2016). The actual value might vary within the cloud, as discussed
by King et al. (2019).

atomic hydrogen column density maps along with line seg-
ments indicating the inferred magnetic field orientations from
polarization.

2.2 Actual observations

2.2.1 GAS data

Dense molecular cores were identified in integrated intensity maps
of ammonia (NH3) (1, 1) inversion transition emission as observed
by the GAS. We refer the reader to the first GAS data release in
Friesen et al. (2017) for a full description of the survey, its goals,
and methods of data aquitision, reduction, and analysis, but here
describe briefly the key points.

NHs is an excellent tracer of moderate-to-high-density gas, as it
is formed and excited at densities n > 10* cm™3. Observations of
the NH; (1, 1) through (3, 3) inversion line transitions at 23.7—
23.9 GHz were performed from 2015 January through 2016 March
atthe Robert C. Byrd Green Bank Telescope (GBT) using the 7-pixel
K-band Focal Plane Array (KFPA) and the Versatile GBT Astro-
nomical Spectrometer. All observations were performed using the
GBT’s on-the-fly mode, where the telescope scans in right ascension
(RA) or declination (Dec.), and the spacing of subsequent scans is
calculated to provide Nyquist spacing and consistent coverage of
the desired map area. Individual maps were usually 10 arcmin x 10
arcmin in size, and multiple such maps were combined to provide
full coverage across the observed regions. As described more fully
in Friesen et al. (2017), the NH; (1, 1) integrated intensity maps
were created by summing over spectral channels with line emission,
as determined through pixel-by-pixel fitting of the NH; hyperfine
structure.

In this paper, we examine 11 distinct regions within three clouds:
B1, L1448, L1451, L1455, NGC 1333, and IC348 in the Perseus
MC; L1688 and L1689 in the Ophiuchus MC; and B18, HC2,
and B211/213 in the Taurus MC. B211/213 was not included
in the GAS project, as it was observed previously at the GBT
with similar sensitivity and spectral set-up (Seo et al. 2015). All
three clouds are relatively nearby (d ~ 135-300 pc), such that
the ~31 arcsec GBT beam at 23.7 GHz subtends ~0.02-0.04 pc,
sufficient to resolve dense cores that are typically ~0.1 pc in
size.
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2.2.2 Planck data

We used maps of linearly polarized dust emission at 353 GHz from
the Planck satellite to infer the pc-scale magnetic field orientation
over large scales towards the three nearby clouds where we have
NH; data from the GAS: Taurus, Perseus, and Ophiuchus. To
enhance the signal-to-noise ratio, the Planck Stokes I, Q, and
U maps were smoothed to a resolution of 15 arcmin full width
at half-maximum (FWHM) following the covariance smoothing
procedures described in Planck Collaboration XIX (2015), as has
been done in Planck Collaboration XXXV (2016) and Soler (2019).
The 15 arcmin FWHM corresponds to a linear resolution of ~0.6 pc
for Taurus and Ophiuchus (d ~ 140 pc), and ~1.2 pc for Perseus (d
~ 300 pc).

Similar to the selection criteria applied in Planck Collaboration
XXXV (2016), we only include measurements where the Planck-
derived column density Ny is above the rms column density in
a reference region of diffuse interstellar medium at the same
Galactic latitude. We also require that the linearly polarized intensity
P obeys

P > 2 Py, (5)

where P is the quadrature sum of Stokes Q and U:

P=+0%+ U? (6)

and P, is the corresponding rms value of P in the reference region.
Finally, we require at least a 30 detection of P.

To infer the magnetic field orientation projected on the sky, Bpos,
we measure the orientation of linear sub-mm polarization and rotate
it by 90°:

N 1 _ s
Bpos = 3 arctan  (—U, Q) + 7 @)

Note that the difference between equations (4) and (7) comes from
the need to convert the Planck Q and U maps, which use the
HEALPix standards® for coordinate systems (Planck Collaboration
XIX 2015).

2.3 Core identification

In this section, we describe the algorithms we chose to identify
dense cores from 3D space (simulation) and 2D projected maps
(synthetic and real observations). Since the main purpose of this
study is to determine the orientation of dense core (which is defined
by its major axis) and how it correlates with magnetic field structure,
we exclude rounded cores with ratios of minor to major axes (b/a for
3D cores where a represents the major axis and b the second-longest
axis) larger than 0.8 to remove cores that have poorly defined or
uncertain major and minor axes.

2.3.1 Cores in 3D space

We use the GRID core-finding algorithm to identify simulated cores
in 3D space, which uses the largest closed gravitational potential
contours around single local minima as core boundaries, and applies
principal component analysis to define the three axes of each core,
denoted as a, b, and ¢ from the longest to the shortest. The original
GRID core-finding routine was developed by Gong & Ostriker

3 A position angle of zero is oriented towards Galactic north, and the position
angle increases as the orientation rotates counterclockwise or East of North
on the sky.
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(2011), while the extensions to measure the magnetic and rotational
properties were implemented by Chen & Ostriker (2014, 2015,
2018). Note that the gravitational potential morphology is usually
more smooth and spherically symmetric than the actual density
structure, which makes the identified cores more rounded compared
to the density isosurfaces. Nevertheless, though these cores defined
by gravitational potential contours may not completely reflect the
real-time gas distribution, they represent the effective boundaries of
dense cores. The identified cores are illustrated in Fig. 1 (left-hand
panel). Cores with less than 8 voxels total are excluded to ensure
better measurement of the major and minor axes. We also note
that the average densities inside these cores are ny ~ 10° cm™3,
comparable to those traced by NHj3 (typical excitation density
~103 cm~?; see e.g. Shirley 2015).

We further consider the energy balance within each core by
measuring the thermal, gravitational, and magnetic energies inside
the identified core boundaries. For the subregions within cores that
satisfy Ey, + Egray + Ep < 0, these subcores are characterized as
gravitationally bound cores. These cores are shown as red contours
in Fig. 1 (left-hand panel). Note that for all cores classified as
unbound at their largest closed gravitational potential contours
(yellow contours in Fig. 1, left-hand panel), there are only a few
cores with bound subcores somewhere within (8 over 78; see
Table 1). In our analysis (discussed in Section 3.1), we consider
both bound and unbound cores, but use different symbols to remind
the readers that these two types of cores should be considered
separately.

For each core, we measure the average magnetic field direction
within the identified core boundary and refer to it as the core-scale
magnetic field, B.. However, the typical core size is <0.1 pc,
much smaller than the resolution of Planck polarization maps. The
polarization-inferred magnetic field traced by Planck is therefore
not the core magnetic field; instead, Planck traces the large-scale
magnetic field at the position of the core. We thus define the
background magnetic field for each core, By, as the average field
within the 0.5 pc-wide cube centred at the core’s density peak but
excluding the core region.* These two quantities are compared in
Section 3.1. Note that these two magnetic fields are both direct
averages of the volumetric quantity within the specified region,
and thus could differ from the observed, density-weighted fields,
especially within overdense structures like the cores. Since we
only consider the pc-scale polarimetric observations in this study,
the difference between volume- and density-weighted fields is not
critical.

2.3.2 Cores in real and synthetic observations

We identify cores in both the observed data from GAS and
synthetic observations using the ASTRODENDRO? algorithm, which is
a PYTHON package to identify and categorize hierarchical structures
in images and data cubes.

The dendrogram algorithm characterizes hierarchical structure by
identifying emission features at successive isocontours in emission
maps or cubes (leaves), and tracking the intensity or flux values
at which they merge with neighbouring structures (branches and
trunks). The algorithm thus requires the selection of the emission

4Indeed, the 0.5 pe scale is still within a single Planck resolution element,
but we have tested that measuring By, at 1 pc scale did not make significant
difference to our results and conclusions.

Shttp://www.dendrograms.org/
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Table 1. Summary of the cores considered in this study. () represents the median value of a property and £ [u, v] denotes the angle between parameters u and
v. Note that angles in simulation data are measured in 3D, while angles in synthetic and GAS observations are measured in 2D. For all cores, we use a, b, and
¢ to represent the lengths of the three axes of a core. For 3D cores, a corresponds to the major axis and ¢ is the minor axis. For cores in synthetic observations
and in GAS data, there are only two axes, and thus b represents the minor axis. The noise level o is measured in K km s~! for GAS observations.

Case Noise # Cores (Rcore) (bla) (cla) (£[Bupg, al) K-S test on K-S test
level o identified (pc) (deg) £[Byyg, a] P-value
Simulation
Unbound - 78 0.048 0.53 0.29 52.1 0.15 0.25
Bound - 8 0.072 0.45 0.22 62.1 0.21 0.86
Synthetic observation
Face-on 9.5 x 10%° cm™2 82 0.060 0.35 - 52.7 0.17 0.15
45° 1.7 x 10?! cm™2 68 0.078 0.39 - 49.8 0.15 0.33
GAS observation
Ophiuchus - 38 0.035 0.53 - 36.3 0.15 0.54
L1688 0.093 34 0.037 0.54 - 36.3 0.15 0.55
L1689 0.101 4 0.032 0.75 - 453 0.15 1.00
Perseus - 80 0.057 0.54 - 54.7 0.14 0.28
Bl 0.072 20 0.051 0.62 - 54.7 0.21 0.41
L1455 0.069 12 0.069 0.55 - 29.0 0.42 0.03
NGC 1333 0.072 28 0.052 0.56 - 56.3 0.19 0.39
1C348 0.070 20 0.060 0.52 - 63.7 0.34 0.03
Taurus - 35 0.044 0.50 - 63.7 0.26 0.04
BI18 0.075 5 0.047 0.70 - 43.7 0.40 0.34
HC2 0.101 12 0.030 0.47 - 75.6 0.59 0.00
B211/213 0.151 18 0.049 0.51 - 54.0 0.22 0.42

threshold (so that all identified structures must have emissions above
this value) and contour intervals (as a step size when looking for
successive contours) used to identify distinct structures, which are
usually set to be some multiple of the rms noise properties of the
data.

For the observational data, each region has slightly different noise
properties depending on the conditions in which the maps were
observed. Furthermore, due to the sparse spacing of pixels in the
KFPA, the outer edge of each map receives less integration time
overall. The resulting distribution of rms noise values per pixel,
determined in non-line channels within each data cube, follows a
skewed Gaussian. We therefore fit skewed Gaussian curves to the
noise distribution of each region to determine the peak noise value
as well as the width of the distribution, o. The values of o for
individual regions are listed in Table 1.

We create dendrograms of the regions observed while varying the
threshold and contour interval in units of the o value for each region.
Comparing the identified structures with the integrated intensity and
noise maps, we determine that for most regions a threshold of 9¢
and a contour interval of 30 produced a complete catalogue of
cores while avoiding identifying noise peaks as real structures. The
Ophiuchus regions L1688 and L1689 required a slightly greater
contour interval of 50, however, due to greater variation in the
noise properties across their maps. Indeed, a threshold of 9¢ is
greater than what is typically used with ASTRODENDRO, but we find
it provides a more conservative estimate of real structures given the
varying noise properties of the maps. In addition, in this study we
are interested only in the dendrogram ‘leaves’, which represent the
dense molecular cores that may eventually form (or have already
formed) stars. These structures tend to be brighter in NH3 emission
and the higher threshold does not impact negatively our ability to
detect them.

For each core, we obtain measurements of the core position in
RA and Dec., total area, flux, major and minor axes, and the position
angle in degrees counterclockwise from the +x-axis. The core
major and minor axes are calculated from the intensity-weighted

second moment in the direction of the greatest elongation (major),
or perpendicular to the major axis (minor). These rms sizes are
then scaled up by a factor of +/8In2 to get the FWHM of the
intensity profile assuming a Gaussian distribution (Rosolowsky
& Leroy 2006). Besides the requirement that the ratio between
minor and major axes must be smaller than 0.8, we furthermore
apply two additional criteria to the final core catalogues. First,
we exclude cores with total area smaller than the size of the
GBT beam (~31 arcsec at 23.7 GHz). Secondly, we remove cores
with total flux values that are less than a factor of 1.25 times
the expected flux for a structure with a flat flux profile at the
threshold value; i.e. we require an emission peak within the core.
Fig. 2 illustrates the resulting cores identified in the B1 region in
Perseus observed with GAS; maps of other regions are included in
Appendix A.

For comparison with the Planck data, we convert the core
properties to galactic coordinates. Due to the drastic difference in
resolution between the two data sets, each core consists of only a few
pixels in the Planck maps. In addition, no cores in the subregions
L1448 and L1451 in Perseus passed the noise cuts we made to
the Planck data (see Section 2.2.2). These two regions are therefore
excluded from our analysis. Table 1 summarizes the final core count
and the median values of the core size and minor/major axial ratio
in each region.

Note that some cores identified in the NH3 data are protostellar
in nature; i.e. some of the NHj cores are associated with protostars.
This is different from the dense cores identified from the simulation,
which are all starless or pre-stellar because the sink particle routine
was not included in the simulation. However, we would like to
argue that only the innermost parts of the protostellar cores are
directly participating in protostellar evolution, and thus the gas
structure at envelope/core scale is not significantly affected at this
early protostellar stage (see e.g. Foster et al. 2009; Pineda et al.
2011, 2015). Since these NH3 cores are not small (~0.03-0.05 pc;
see Table 1), this discrepancy in evolutionary stages of cores is
not critical in our analysis on the core geometry. However, we also
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Figure 2. Cores (dendrogram leaves that passed our criteria; red contours)
identified in NH3 (1, 1) integrated intensity emission (K kms~!; colour
map) towards the B1 region in Perseus. The beam is shown in the lower left
corner.

note that the simulation considered in this study does not include
outflows, which could in principle affect the morphology of the
core. This may explain why our results from synthetic observations
do not agree with regions with active star formation and significant
feedback (Section 3.3); see Section 4.2 for more discussions on
regional differences among clouds.

For the synthetic observations, we apply ASTRODENDRO on the
projected column densities of atomic hydrogen to identify cores,
which are displayed in Fig. 1. We averaged over areas of the column
density maps with little structure to extract a synthetic noise level
o for each synthetic observation, which are also listed in Table 1.
Though we did not include any noise when generating the synthetic
column density maps and thus the o values measured here are not
truly comparable to the observational noise, we note that the main
purpose here is to define a reasonable background threshold for
ASTRODENDRO to identify structures above this value. We therefore
set the threshold to be 1.4 x 10%* cm~2 (roughly ~ 170 and ~ 8¢
for face-on and 45° cases, respectively) for both synthetic maps.
The identified core boundaries, however, should not depend on
the contour interval as long as the interval is small enough. We
thus set the contour interval for ASTRODENDRO to be 3¢, similar to
what we adopted for observational data. In addition, we consider
only ASTRODENDRO leaves with number of pixels >10 to ensure an
accurate core orientation measurement.

3 RESULTS

In this section, we present our comparisons between core orienta-
tions and multiscale magnetic fields (core scale measured locally
versus larger, pc scale measured from the background) in the
simulation (Section 3.1), in synthetic observations of the simulation
in projection (Section 3.2), and in actual observations (Section 3.3).
Note that we study the statistics using the cosine values for angles
defined in 3D space, while 2D angles are compared in degrees. This
is because two random vectors in 3D are more likely perpendicular
than aligned, and thus the distribution function of random 3D angles
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is flat in cosine, not degree. We provide a simple numerical justifica-
tion of such choices in Appendix B. Also note that the relative angle
between the core orientation and magnetic field (or polarization)
direction is limited to be within [0, 90] deg, or cos(angle) € [0, 1]
to account for the degeneracy of angles larger than 90°.

3.1 Core-magnetic field alignment in simulations

3.1.1 Magnetic fields within dense cores and at pc scales: the
local-background magnetic field alignment

As described in Section 2.3, we measure the average magnetic field
direction at two scales for each core, locally at the core scale (Bore)
and at pc scale (the background, By,,). Whether or not the direction
changes significantly from one to another could provide information
on the progression of the magnetic field during the process of dense
core formation.

Fig. 3 (left-hand panel) shows the cumulative distribution func-
tion (as a step function) of the relative angle between the local
and background magnetic field [in cos(3D angles)] for all cores
identified in the simulation. As shown in the sharp rise at the
smaller angles (cosine ~1) in the step function, Beoe and By,
tend to align parallel to one another, although a few bound and
unbound cores have almost perpendicular alignment. Comparing
with a random distribution (the straight diagonal line in the plot),
the Kolmogorov—Smirnov (K-S) statistics of the local-background
magnetic field alignment for the unbound and bound cores are 0.45
(P-value ~0.0) and 0.55 (P-value ~0.01), respectively, indicating
that they are far from randomly distributed. This suggests that the
core-scale magnetic field structure is not significantly altered during
the mass-gathering process of the dense cores in this simulation.

More interestingly, the right-hand panel of Fig. 3 shows the
scatter plot of the relative orientation between local and background
magnetic fields as a function of the core mass, for both unbound (red)
and bound (blue) cores. It appears that B, and By, may be better
aligned in more massive cores: almost all cores (both bound and
unbound) with Mcore 2 1 Mg have £[Byg, Beore] S 30°. This could
indicate that cores formed within relatively quiescent environments
(so that the local magnetic field is less perturbed compared to the
background magnetic field) have higher chances to accrete more
mass during these early stages.

Indeed, we note that though the majority of the cores have B.oe
roughly aligned with Byg, there are still about ~10 per cent of cores
that have cos (£[Bcore, Bogl) < 0.3, or equivalently, £[Bcore, Bl
> 70° (see Fig. 3). Though the naive interpretation of these non-
alignments between core-scale and background magnetic fields is
that these cores are more evolved (so that the steeper gravitational
potential could be dominating over the magnetic tension force and
twisting the local field direction relative to the mean magnetic
field direction at larger scales), this is unlikely the case, because
from the right-hand panel of Fig. 3 it is obvious that these
cores are mostly less massive. In addition, the distribution of the
relative orientation between core-scale and background magnetic
fields does not seem to depend on whether or not the cores are
gravitationally bound. Since the gravitationally bound cores are
expected to be more evolved, this suggests that the misaligned core-
scale and background magnetic fields are most likely due to local
turbulence that is strong enough to alter the core-scale magnetic
field morphology.

Of course, we cannot rule out the possibility that some cores
with negative total energies are less evolved. In fact, as indicated
in the right-hand panel of Fig. 3 that plots £[Byg, Beore] Versus core
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Figure 4. Same as Fig. 3, but showing the angle between the core major axis and core-scale magnetic field, £[Bcore, al.

mass, these gravitationally bound cores are not necessarily the most
massive ones either. Since the gas kinetic energy within the core
(which could be either supporting the core against collapse or the
direct result of core collapsing) is not included in calculating the
total energy and determining the binding status, this could further
suggest that the core-scale gas turbulent motion is strong enough in
general to affect the progression of core evolution. This is consistent
with the results discussed in Chen & Ostriker (2018), where up to
~90 per cent of the kinetic energies within their simulated cores
were found to be dominated by turbulent motions.

3.1.2 Core orientation and core-scale magnetic field: the
core—local magnetic field alignment

Fig. 4 (left-hand panel) shows the cumulative distribution (as a step
function) of the relative angles (in cosine) between the major axes of
cores and the core-scale magnetic field direction. When comparing

with the random distribution, the K-S statistics are 0.21 (P-value
~(0.04) and 0.33 (P-value ~0.31) for unbound and bound cores,
respectively. These values are smaller than those for the local—
background magnetic field alignment (see Section 3.1.1) but still
large enough to indicate that the core—local magnetic field alignment
is not completely random, especially for the unbound cores with
the < 5 per cent P-value. Looking at the step function, the slightly
more rapid rise at greater angles (smaller values of cosine) suggests
that there is a weak but clear preference for dense cores to align
perpendicular to the local magnetic fields. Given that it is easier for
material to move along magnetic field lines, this tendency can be
understood as the result of magnetized cores contracting more easily
along the local magnetic field direction. Thus, the elongation of the
cores tends to be perpendicular to the local magnetic field direction.
This is consistent with the result discussed in Chen & Ostriker
(2018), where the roughly perpendicular core—local magnetic field
alignments were observed in simulations with relatively stronger
magnetization levels (see their fig. 6).
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Similar to Fig. 3, we plot the relative orientation (in degree)
between cores and local magnetic fields as a function of core mass
in the right-hand panel of Fig. 4. Though there is no obvious
trend with mass seen, one can still tell that most of the massive
cores (Meore 2, 1 Mg) have angles >60° between their major
axes and local magnetic fields. This indicates that more massive
cores may be more likely to align perpendicular to the local
magnetic field. These more massive cores could have accreted
more material and contracted more severely along the local field
lines and therefore show a stronger preference for perpendicular
alignment.

3.1.3 Core orientation and background magnetic field: the
core—background magnetic field alignment

Interestingly, Fig. 5 (left-hand panel) shows the distribution of
angles between the background field (at the scale of 0.5 pc) and
core major axis is very different from the 4[Bcq, a] distribution
shown in Fig. 4; i.e. the core orientation seems to be slightly parallel,
or even relatively random (especially for bound cores) with respect
to the background magnetic field. The K-S statistic relative to a
random distribution (dashed diagonal line in the plot) gives 0.15
and 0.21 for unbound and bound cores, respectively (see Table 1).
Both are smaller than those of the relative alignment between
core orientation and core-scale magnetic field (0.21 and 0.33; see
Section 3.1.2). In addition, the P-values (0.25 for unbound and
0.86 for bound cores; see Table 1) are both relatively large, which
suggests that the hypothesis of random distributions cannot be ruled
out.

This indicates that, though core orientation is strongly affected
by the local magnetic field within the core itself, the background
magnetic field morphology in the pc-scale surroundings of the
forming dense core has a relatively weak impact on the core
formation process. This result likely reflects the fact that this
simulated cloud where all these cores form is a turbulent medium
with a moderately trans- to super-Alfvénic Mach number ~1.5;
i.e. the larger scale magnetic field is not strong enough to dominate
the gas dynamics within the cloud. That being said, recall that
the local and background magnetic fields are in fact strongly
correlated, as shown in Fig. 3. Looking back at Fig. 3, we see
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that the angle differences between By, and B for individual
cores are mostly small (<30°), but this ‘noise’ is large enough
to wash out the weak preference of perpendicular alignment in
£[Bcore, a] (mostly 245°) and make £[B,, a] more or less a random
distribution.

We again plot the relative core-background magnetic field
alignment as a function of core mass in the right-hand panel of
Fig. 5. The distribution seems very random, with a similar, but
weaker, feature as in Fig. 4, that most of the massive cores (Mcore 2
1 M) have core-background magnetic field alignment larger than a
certain value (~40°; ~60° for core—local magnetic field alignment).
Though the preference is not significant, this is consistent with
our argument in the previous sections that cores forming within
relatively quiescent environment have better chances to grow and
become more massive.

3.2 Core-background magnetic field alignment in synthetic
observations

To match the 15 arcmin resolution of Planck polarimetry, the
synthetic maps of Stokes ¢ and u parameters and column density
Ny (calculated from simulated data as described in Section 2) were
smoothed by convolving with 2D Gaussian kernels so that the final
polarization maps have an equivalent beam size of 15 arcmin at a
distance of 300 pc (i.e. resolution ~1 pc). We then use the locations
of unsmoothed column density peaks within cores identified by
ASTRODENDRO to calculate the inferred background magnetic field
orientation at core locations, Xcee, from our smoothed ¢ and u
maps as defined in equation (4) for both the face-on and 45°
inclined synthetic observations. We can therefore calculate the
relative alignment angle between x .o and the position angle of
the major axis of the core, | X core — PAmajor|, Which falls within the
range [0, 90°]. Note that the cores are typically much smaller than
the resolution of the synthetic polarization maps, and thus this angle
measurement is more comparable to the analysis in Section 3.1.3
than that of Section 3.1.2. We thus denote the angle | X core — PAmgjor|
as A[By,, a] to be consistent with our notation in the previous
sections.

The results are summarized in Fig. 6, which shows the cumulative
distribution function (as a step function) of the relative angle
between the major axes of cores identified in projected column
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Figure 6. The step functions of the relative angle between the ori-
entation of the major axes of the cores and the orientation of the
pc-scale magnetic field near the core location (Byg) for synthetic ob-
servations along the face-on (blue) and rotated (red) projections. The
dashed grey line shows the expected distribution for no preference in
orientation.

densities and the polarization-indicated magnetic field direction at
a ~1 pc scale, for both the face-on (blue line) and 45° inclined (red
line) cases. The results from the two cases are highly similar with
almost the same values from the K-S statistics (0.17 and 0.15 for
face-on and 45° cases, respectively), which indicates that projection
effects do not dramatically change the apparent alignment, though
the P-values of the K-S tests differ slightly between these two
projections (0.15 and 0.33, respectively; see Table 1). Nevertheless,
this similarity in the core—background magnetic field alignment
could be related to the fact that the identified cores are mostly
aligned with filamentary structures (see Fig. 1), and the orientations
of filaments do not change significantly after rotation. The viewing
angle could have a stronger impact on local polarization direction,
but at pc scale that we are considering here, the polarization direction
remains similar. As a result, the relative alignment between dense
cores and background magnetic field does not significantly depend
on the viewing angle.

Fig. 6 also suggests that cores have a slight tendency to align
perpendicular to the background magnetic field in these synthetic
observations, with a median value of relative angle £[By,, major] &~
50° for both projections (see Table 1). Though this value is generally
consistent with that measured in (unbound) cores defined in 3D, note
that the trend in alignment is very different: our 3D measurements
indicate that cores tend to align slightly parallel (unbound cores) or
relatively random (bound cores) to the background magnetic field
(see Fig. 5). This difference could be partly caused by the difference
in core elongation for cores defined in 3D and 2D (see Table 1 for
the median values of b/a), which is due to the fact that cores defined
by gravitational potential (our 3D study) will be intrinsically more
rounded, as we discussed in Section 2.3.1. Also note that projected
cores are located mostly within filaments, while filaments tend to
align perpendicular to their local magnetic field. We will return to
this point in Section 4.1.

Core-B field alignment in molecular clouds 1979

GAS + Planck

1.01 — Ophiuchus
—— Perseus
—— Taurus
E 0.8 All Regions T
3] r
d ‘
;U:: 4
0.6
2
(]
&)
2
= 04
e
=
g
© 0.2
0.0

0 20 40 60 80
£[Bbg, major] [deg]

Figure 7. The step functions of the relative angle between the orientation
of the major axes of the cores identified in GAS data, PApy,jor, and the
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3.3 Core-background magnetic field alignment in
observations

For the cores identified in NH; emission in the GAS data set, we
extract the Stokes parameters Q and U from the Planck data at the
location of each to compute the inferred background magnetic field
direction projected on the sky following equation (7). The relative
alignment between dense cores and background magnetic fields is
then derived following the same process discussed in Section 3.2.
The results from individual clouds are summarized in Fig. 7, which
shows cumulative distributions of the core—background magnetic
field alignment angle. Results for individual regions within each
cloud are included in Appendix A.

We note that there are systematic differences among the three
clouds examined in the relative alignment of their cores with
respect to the pc-scale magnetic field. Namely, Taurus shows a
preference for its cores to align perpendicular to the background
magnetic field, rather than parallel to it. Perseus shows a relatively
random distribution between its core major axes and the background
magnetic field direction. Ophiuchus shows a preference for parallel
alignment of its cores’ long axes and the background magnetic field.
This difference is quantitatively reflected by the median values of
the relative angles between background magnetic fields and the
orientations of core major axes, (£[Bg, al), listed in Table 1, which
are 63.7°, 54.7°, and 36.3° for Taurus, Perseus, and Ophiuchus,
respectively. In addition, the K-S statistic (comparing to a random
distribution) is 0.26 for Taurus with P-value less than 5 per cent
(see Table 1), which suggests that there is a clear preference of
core—background magnetic field alignment in Taurus. In contrast,
both Ophiuchus and Perseus have small K-S statistics with large
P-values, indicating there is no evidence that the core—background
magnetic field alignments in these two clouds are different from
a random distribution. We thus cannot rule out the possibility that
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dense cores in Ophiuchus and Perseus have no preferred alignment
with respect to the background magnetic field.

We further note that there are regional differences across individ-
ual clouds in core-background magnetic field alignment. As listed
in Table 1, while the aspect ratios of identified cores remain similar
across multiple regions within the cloud, the median value of the
relative angles between core major axes and background magnetic
fields ranges from ~29° in L1455 to ~64° in 1C348 for Perseus,
and from ~44° in B18 to &76° in HC2 for Taurus. The more than a
factor of 2 difference in preferred alignment between core and pc-
scale magnetic field within Perseus may be related to the fact that
different regions within Perseus span a large range in star formation
activities.

Last but not the least, when comparing Fig. 7 with the results
from the synthetic observations (Fig. 6), our result suggests that
Taurus and Perseus seem to match our specific simulation better than
Ophiuchus. We include a more detailed discussion on the magnetic
field structure in each cloud in Section 4.2.

4 DISCUSSION

4.1 Comparing cores identified in 2D and 3D

One goal of this study is to compare the properties of cores identified
in 3D space and in projected 2D maps. One can easily tell by
looking at Fig. 1 that the locations of cores identified in 2D and 3D
are similar, and the ASTRODENDRO method applied to the projected
map does recover the bound cores. The unbound 3D cores are
sometimes recovered, mostly when they are on higher column
density filaments, though our dendrogram analysis seems to miss
some of the 3D cores in low column density regions (see e.g. the
region near x = 8 pc, y = 2 pc in the left-hand and middle panels
of Fig. 1). We also note that though the median values of the core
sizes are similar for 2D and 3D cores (see Table 1), some 3D cores
are broken up into several smaller cores in 2D by the dendrogram
algorithm, which suggests that there are substructures within the 3D
cores that are highlighted after projection. The gravitationally bound
core at x & 9 pc, y & 8 pc is one example for this scenario (see the
left-hand and middle panels of Fig. 1). These results are consistent
with those discussed in Beaumont et al. (2013), which suggested
that the observed intensity features do not always correspond to the
real gas structures.

More importantly, we point out that in our analysis 2D cores tend
to be more elongated than 3D cores (see Table 1). In addition to the
intrinsic difference between identifying cores based on gravitational
potential and gas emission that we discussed in Section 2.3, the
core—filament correlation also plays a critical role here. In general,
we observe that cores tend to be elongated in the direction parallel to
their filaments. This tendency is clearly seen for the cores extracted
with ASTRODENDRO in the synthetic observations shown in the
centre and right-hand panels of Fig. 1. It is also apparent, however,
in some identified cores within the simulation in 3D, particularly the
bound cores, as shown in the left-hand panel of Fig. 1. In the NH;
observations by GAS, we also see some cores preferentially aligned
parallel to their host filaments (see Figs A1-A3). This behaviour
is not unexpected given that previous studies already noted that
dense cores are generally associated with filaments (Konyves et al.
2010; André et al. 2014). Nevertheless, considering the slightly
inconsistent results in relative alignment between cores and pc-
scale magnetic fields measured in 3D and 2D (Figs 5 and 6), our
study suggests that the shape and orientation of dense cores could
be very different after being projected along the line of sight.
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4.2 Magnetic field structures in MCs

As mentioned in Section 3.3, the difference in core—background
magnetic field alignment could provide clues about the relative
energetic importance of magnetic fields at cloud scale, compared
to turbulent gas motions or feedback. In general, clouds with
stronger magnetic fields should have core major axes aligned more
perpendicular to the field, because it is much easier to contract or
collapse along the magnetic field lines than across them. Similarly,
past studies have also shown that on scales of ~1-5 pc, dense, star-
forming filaments tend to align perpendicular to the surrounding
magnetic field (André et al. 2014; Cox et al. 2016). Our results
from the synthetic observations are also consistent with this picture,
showing a slight preference of perpendicular alignment between
cores and the pc-scale magnetic field, within a trans- to super-
Alfvénic simulation.

Detailed studies of Planck maps of nearby star-forming MCs have
previously shown that high column density structures often tend to
have a preference for alignment perpendicular to the magnetic field,
while low column density structures preferentially align parallel to
the magnetic field (Planck Collaboration XXXV 2016; Jow et al.
2018; Soler et al. 2019). This change in relative orientation within
the cloud has been interpreted as the signature of dynamically
important magnetic fields, and an indication that gas accumulation
on to dense filaments and cores is preferentially occurring in the
direction parallel to the magnetic field.

Indeed, in Planck Collaboration XXXV (2016) the degree of
alignment between gas structure and magnetic field varies signif-
icantly from cloud to cloud, similar to what we see in the core—
background magnetic field relative alignments in Perseus, Taurus,
and Ophiuchus (Fig. 7). Though the absolute value of magnetic field
strength cannot be directly measured, the relative significance of
large-scale magnetic field can be inferred by investigating the polar-
ization morphology within the cloud. Clouds with relatively strong
magnetic fields that dominate the gas dynamics tend to have more
well-ordered polarization patterns, which correspond to lower val-
ues of the dispersion of polarization angles, S, defined as the aver-
aged difference in the polarization angles for all points within a spec-
ified lag scale around each pixel (Planck Collaboration XIX 2015):

1 N
S, 8) =4[ DAy, ®)
i=1

where § is the lag scale and
AWX,i =Y — ©)

is the difference in polarization angle between a given map location
x and a nearby map location i at a distance of 6. A recent study
of the Planck polarization maps by Sullivan et al. (2019) shows
that, at 15 arcmin scale, Taurus has a relatively small dispersion
with S &~ 5.5°, while Perseus has S ~9.7°.° This difference
may be consistent with our arguments that the difference in the
core—background magnetic field alignment probably depends on
the relative magnetic strength and the magnetic field structure in
the cloud: clouds with smaller S values tend to have cores that
align more perpendicular to the background magnetic fields.

Such differences in S values as well as the relative core—
background magnetic field alignment could also reflect the star
formation activity in each cloud. Taurus is a low-mass and relatively

6The standard deviation of S is usually measured in log space as Olog 5» and
is 220.25 for both Taurus and Perseus.
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diffuse MC with a relatively low star formation rate (e.g. Onishi
etal. 1996; Goldsmith et al. 2008), and the Planck polarization map
of Taurus shows a very ordered large-scale magnetic field (Planck
Collaboration XIX 2015). These observations suggest that Taurus
may be relatively less perturbed comparing to other nearby star-
forming regions. Taurus also shows a strong tendency for dense
filaments to align perpendicular to the ambient magnetic field
(André et al. 2014; Planck Collaboration XXXV 2016). Since our
identified cores tend to be elongated in the direction of the dense
filaments (see Fig. A3), it is expected that we see a trend that the
cores on average also have a preference to be aligned perpendicular
to the pc-scale magnetic field. This tendency is consistent with (but
stronger than) what we found in our synthetic observations (Fig. 6),
which also show tight core—filament correlations (see Fig. 1).

Perseus spans a range in star formation activities, from smaller
regions that are less active like Taurus to active star-forming regions
like NGC 1333 (e.g. Enoch et al. 2006). Perseus also has a much
more disordered magnetic field: as mentioned earlier, Sullivan et al.
(2019) show that the geometric mean of the disorder in the magnetic
field on 15 arcmin scales (S) is 9.7° for Perseus, considerably
larger than the S = 5.5° for Taurus. In addition to the possible field
distortion from several expanding shells/bubbles observed in CO
lines (Arce et al. 2011), Sullivan et al. (2019) argue that at least part
of the large S values for Perseus are due to projection effects. Using
a method of deriving mean cloud magnetic field inclination angles
from polarization observations first presented in Chen et al. (2019a),
they estimate an inclination angle of 69°, the highest in their sample
of nine nearby MCs. This large inclination could partially explain
why the projected magnetic field appears so disordered in Perseus.
In addition, many of the regions in Perseus, such as NGC 1333,
show complicated filamentary structures on small scales without
a clearly preferred orientation (see Fig. A2), and therefore these
regions appear to have no preferential alignment between the cores
and the large-scale magnetic field traced by Planck. Since most
regions in Perseus do not have prominent large-scale filamentary
structures like HC2 or B211/B213 in Taurus (see Figs A2 and A3), it
is not surprising that the core—background magnetic field alignment
in Perseus appears to be slightly more random (see the K-S statistics
and P-values in Table 1) than that measured in our synthetic
observations, where the identified core shapes and locations are
strongly correlated with the high column density filaments (see
Fig. 1). Our results are also consistent with the scenario suggested
by Stephens et al. (2017), who argued that the core-scale dynamics
may be independent of the large-scale structure in Perseus, because
arandom distribution between protostellar outflows and filamentary
structures in Perseus cannot be ruled out.

The third cloud, Ophiuchus, is a very active star-forming region.
The Ophiuchus regions have higher column densities, are the most
actively star forming, and are warmer by a few K (Wilking 1992).
Ophiuchus also shows a very different magnetic field morphology,
where the high column density structure has very little preference
for aligning either parallel or perpendicular to the Planck-scale
magnetic field (see e.g. Planck Collaboration XXXV 2016; Jow
et al. 2018). This could indicate the existence of super-Alfvénic
turbulence. Indeed, the maps of the inferred magnetic field shown
in Planck Collaboration XXXV (2016) show considerable curvature
in the large-scale magnetic field. It has been proposed that parts of
the cloud have been compressed by expanding shells associated
with one or more supernova explosions (Wilking, Gagné & Allen
2008), which makes interpretation of polarization patterns slightly
different. One possible explanation for the magnetic field geometry
is that the magnetic field has been altered by feedback, so that in

Core-B field alignment in molecular clouds 1981

some regions the magnetic field is closer to aligning parallel to
the dense filaments,” and therefore also preferentially parallel to the
dense cores within the filaments. This could explain the obvious dis-
crepancy on the core—background magnetic field alignment between
Ophiuchus (slightly parallel; Fig. 7) and the synthetic observations
investigated in Section 3.2 (slightly perpendicular; Fig. 6), because
protostellar feedback like outflows are not included in the simulation
discussed in this study, which might be the key mechanism affecting
the core orientations and filamentary structures in these active star-
forming regions, and may also provide insight into the importance
of the magnetic field (see e.g. Lee, Hull & Oftner 2017).

While further analysis involving more star-forming MCs and
simulations with various levels of magnetization will better quantify
this correlation, our results clearly suggest that there is a preference
on the relative alignment between dense cores and background
magnetic field that depends on the magnetized environment within
the cloud. We would also like to point out that since GAS data
contain velocity dispersion information, we will be able to derive the
turbulence levels within individual clouds and bring gas dynamics
into the picture in our follow-up studies.

5 SUMMARY AND CONCLUSION

In this study, we investigated the relative alignment between
the orientations of dense cores and magnetic field direction at
various scales within star-forming MCs using both simulation and
observational data. We found that the core-background magnetic
field alignment could depend on the magnetization level within the
cloud, though projection from 3D to 2D may also have an impact
on the measured alignment. Our main conclusions are summarized
below:

(i) Utilizing a star-forming, MC-scale magnetohydrodynamic
simulation, we studied the correlation between local (core-scale,
~0.01 pc) and background (pc-scale, 0.5 pc) magnetic field direc-
tions. We found that the local field is generally aligned with the
large-scale field (approximately 50 per cent of cores have £[By,,
Beore] < 30°; see Fig. 3), though there are still a good fraction
of cores with very different local field direction (approximately
10 per cent of cores have £[By,, Beore]l > 70°). These cores with
large differences in core- and pc-scale magnetic field are likely more
turbulent (see Section 3.1.1).

(i) We found that in 3D space cores have a weak but clear
preference to be aligned perpendicular to the local magnetic field,
while being oriented slightly parallel or completely random to
the background magnetic field (Figs 4 and 5). This tendency can
be explained by anisotropic gas flows along magnetic field lines
during core formation and contraction, which has been extensively
discussed in Chen & Ostriker (2014, 2015, 2018).

(iii) By comparing cores defined in 3D with those identified in
projected 2D maps, it is clear that 2D cores are mostly associated
with filaments, and thus are more elongated than 3D cores (Fig. 1).
Though the intrinsic difference between the gravitational potential
morphology and real gas distribution cannot be ignored (which
makes the identified 3D cores more rounded; see Section 2.3.1),
the close alignment between 2D projected cores and filaments
implies that the core extraction algorithm sees the cores as part
of filaments and therefore being longer, while the underlying

7Such parallel alignment between magnetic field and dense filament has
also been reported in the OMCI1 region of the Orion A MC by Monsch et al.
(2018).
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structures (which could be more rounded based on the identified
3D cores) remain unseen. This may explain the difference in core—
background magnetic field alignment we see in the simulation
(relatively random; Fig. 5) and synthetic observations (preferably
perpendicular; Fig. 6). Nevertheless, our analysis suggests that
care needs to be taken when interpreting such alignments from
observations.

(iv) There is a systematic difference in the core—background
magnetic field alignment among the three nearby MCs that we
investigated (Fig. 7), with the median value of the relative angle
between core major axis and background magnetic field varying
from 36.3° (Ophiuchus), 54.7° (Perseus), to 63.7° (Taurus). Looking
at the cumulative distributions (Fig. 7) and combining with the K-
S statistics (see Table 1), these clouds have 2D core orientations
that are slightly more perpendicular (Taurus), slightly more ran-
dom (Perseus), or significantly more parallel (Ophiuchus) to the
background magnetic field than those observed in the synthetic
observations (slight preference of perpendicular alignment; Fig. 6),
which were generated from a trans- to super-Alfvénic simulation.
Combined with other polarimetric properties, we suggest that the
relative alignment between dense cores and pc-scale magnetic
fields depends on the magnetic properties of the cloud, and could
potentially provide an alternative approach than the traditional
Zeeman observations on investigating the magnetization level of
the cloud.
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APPENDIX A: CORES IDENTIFIED IN GAS DATA AND THEIR RELATIVE ALIGNMENTS

Figs A1-A3 show all subregions observed by GAS overlapped with the core boundaries identified by ASTRODENDRO. The relative alignment
between cores and background magnetic field (i.e. the angle between core major axis and background magnetic field direction) in each

subregion is plotted in Fig. A4.
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APPENDIX B: RELATIVE ANGLES IN 2D AND 3D

Here, we briefly describe the difference between measuring relative angle between two random vectors in 3D and 2D spaces.

Without loss of generality, we assume both vectors are unit vectors and one is pointing straight up (4z for 3D case and +y for 2D case).
The probability for the second vector to have an angle 6 with respect to the first one is therefore proportional to the surface area of the stripe
of constant latitude 6 on the 3D sphere (27tR sin0 - R d@), or the arc length at 6 of the unit circle (R df). For unit vectors, R = 1, and since
we only consider angles within [0, 90] deg, the cumulative probability of the relative angle to be smaller than 6 is therefore

 27tsin6

/ = —df =1—cosf (3D case), (B1)
0 27
)

/ =do =2% (2D case). (B2)
0o TT

Note that the probability is normalized by the total surface area of the sphere (in 3D) or the circumference of the whole circle (in 2D). This
explains why a set of 3D random vectors will show a linear distribution in cos « instead of «, where « is the relative angle between any two
vectors from the set. Equations (B1) and (B2) are illustrated in Fig. B1 as black dotted lines, which also shows that two vectors in 3D are
more likely to be perpendicular than parallel if measured in degrees.

We further present a simple numerical test to demonstrate the fact. We use the numpy . random. rand function in PYTHON to generate
six sets of 1000 random numbers and subtract by their mean values so that the new mean values are equal to 0. These are the x, y, and z
components of two sets of 1000 randomly pointed vectors u and v. We then calculate the relative angle between the individual vectors from
each of the sets, cosa = |u,v, + uyvy + u v |/|u||v]. Similar to our analysis presented in this paper, we limited the relative angle o to be
within [0, 90] deg.

The resulting cumulative distribution (in step function style) of « is shown in Fig. B1 (top panels), measured in both « itself (left) and cos «
(right). Note that as in Figs 3-5, the x axis of the cosine plot has been flipped so that the shape of the cumulative distribution can be directly
compared to the plot in angles. It is clear that even though these 1000 measurements of relative angle between two randomly pointed vectors
are supposed to be random, their distribution in angle does not reflect that, and shows a preference for perpendicular alighment instead. On
the other hand, the cumulative distribution in cosine value of such relative angle perfectly follows the expected shape of random distribution
(a straight diagonal line in cumulative plot).

For comparison, we repeated the same analysis for vectors in 2D. We again generated four sets of 1000 random values centred at O and
used them to create two sets of randomly pointed vectors in 2D. The cumulative distribution of the relative angles between vectors from these
two sets is shown in Fig. B1 (bottom panel). For these 2D cases, the measurements in angle follow the expected random distribution very
well, while the cosine values suggest a moderate preference towards small angles. Combining with equations (B1) and (B2), Fig. B1 therefore
provides justifications for our choices of angle measurements presented in this paper, and can be used as a guideline when interpreting our
results.
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