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ABSTRACT

Context. Magnetic fields can play crucial roles in high-mass star formation. Nonetheless, the significance of magnetic fields at various
scales and their relationship with gas structures is largely overlooked.
Aims. Our goal is to examine the relationship between the magnetic field and molecular gas structures within the Orion A giant
molecular cloud at different scales and density regimes.
Methods. We assess the gas intensity structures and column densities in Orion A by utilizing 12CO, 13CO, and C18O from Nobeyama
observations. Through comparing Nobeyama observations with Planck polarization observations on large scales (∼ 0.6 pc) and JCMT
polarization observations on small scales (∼ 0.04 pc), we investigate how the role of magnetic fields change with scale and density.
Results. We find a similar trend from parallel to perpendicular alignment with increasing column densities in Orion A at both large
and small scales. Besides, when changing from low-density to high-density tracers, the relative orientation preference changes from
random to perpendicular. The self-similar results at different scales indicate that magnetic fields are dynamically important in both
cloud formation and filament formation. However, magnetic fields properties at small scales are relative complicated, and the interplay
between magnetic field and star-forming activities needs to be discussed case-by-case.
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1. Introduction

The formation and evolution of molecular clouds are intricate
processes driven by the interplay of several crucial factors, which
include gravity, turbulence, magnetic fields, thermal instability,
feedback, and cosmic-ray ionization. They play different roles in
different activities such as filamentary structure formation and
star formation process (e.g., Bergin & Tafalla 2007; McKee &
Ostriker 2007; Wang 2015). The magnetic field is considered as
one of the key components in slowing down the star formation
rate, but it is difficult to measure the magnetic field because of
observational limitations (Hennebelle & Falgarone 2012).

Till now, there are two primary methods for measuring mag-
netic field in molecular clouds. The observation of Zeeman ef-
fect is the only direct way to measure the strength of magnetic
field in interstellar clouds. Some observations have succeeded in
calculating the value of magnetic fields along the line of sight
(e.g., Crutcher et al. 1996; Falgarone et al. 2008). However, be-
cause the Doppler broadening effect is always larger than Zee-
man splitting effect, this method is limited by observational tech-
niques and can not be widely used (Crutcher 2012).

An alternative way to infer the morphology of magnetic
fields is through the observations of linear polarization induced
by interstellar dust. One possible and longstanding method is to
measure the polarization from the background starlight, which
assumes aspherical dust grains align with their long axis per-
pendicular to the local magnetic field and produce polarization

parallel to the field projected on the plane of sky (see Anders-
son et al. 2015 for a review). However, it is difficult to reproduce
the projected magnetic field morphology fully inside molecu-
lar clouds. In recent years, a more general method to measure
the orientation of magnetic fields within the molecular clouds is
through the measurement of linearly polarized radiation emitted
from dust, which can map the morphology of magnetic fields on
the plane of sky on small scales around the star-forming regions
(e.g., Matthews et al. 2009; Zhang et al. 2014) or on large scales
across the whole sky (Planck Collaboration et al. 2020a), helping
us to know more about magnetic fields.

The strength of the magnetic field projected on the plane
of sky can be estimated using the Davis-Chandrasekhar-Fermi
method (Davis 1951; Chandrasekhar & Fermi 1953), but the un-
certainty and applicability of the DCF method are always dis-
cussed (e.g., Liu et al. 2021; Skalidis & Tassis 2021; Skalidis
et al. 2021; Chen et al. 2022). Some studies seek to derive ad-
ditional information about the role of magnetic field by compar-
ing the relative orientation of magnetic field inferred from dust
polarization with the orientation of molecular cloud structures,
which find strong correlation between magnetic field morphol-
ogy and the geometry of the molecular cloud structures (e.g.,
Tassis et al. 2009; Koch et al. 2013; Planck Collaboration et al.
2016a,b). Multiscale magnetic fields are also explored in differ-
ent researches, suggesting that the role of the magnetic field may
vary at different scales (e.g., Li et al. 2015; Chen et al. 2020; Liu
et al. 2023).
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In recent years, the histograms of relative orientation (HRO)
technique is introduced to compare the relative orientation be-
tween column density structures and magnetic field (Soler et al.
2013). Applying this method to observations, the transition from
parallel to perpendicular with increasing column density has
been found, indicating that the magnetic field plays an important
role for the gas dynamics at cloud scales (Planck Collaboration
et al. 2016b; Soler et al. 2017).

A more detailed study attempts to connect the intensity struc-
ture of molecular lines from different gas tracers with the mag-
netic field in Vela C Giant Molecular Cloud (Fissel et al. 2019).
When comparing the results with different tracers, the authors
find a transition from parallel to perpendicular as the critical den-
sity of the tracers increases, indicating a correlation between gas
intensity structures and magnetic fields, which is consistent with
the result of recent Magnetohydrodynamics (MHD) simulations
(Mazzei et al. 2023). However, it is just a case study, and the
findings in this work need to be examined in a larger sample.

The Orion Giant Molecular Cloud is the nearest high-mass
star forming region (d=414 pc, Menten et al. 2007), which is
well known for its hierarchical filamentary structure and strong
star-forming activities (Bally 2008). Magnetic field properties
in Orion A are deeply investigated both on large scales (e.g.,
Houde et al. 2004; Clark & Johnson 1974) and small scales
(e.g., Poidevin et al. 2010; Pattle et al. 2017; Soler 2019). In
this work, we aim at examining the relationship between molec-
ular gas structure and magnetic field at different scales. We make
use of the spectral cube of three different molecular lines and
then calculate different gas intensity structure maps to make a
comparison with the magnetic field1. Our goal is to find whether
there is similar trend in relative orientation with the increasing
column density within Orion A Giant Molecular Cloud, whether
the correlation between gas structures and magnetic field change
when comparing them at different scales, and whether there are
clear differences in relative orientation when using different gas
tracers.

We first introduce Nobeyama-, SCUPOL- and Planck- de-
rived maps used in our analysis in Sect. 2. The methods of cal-
culation and the results are described in Sect. 3. We show the
main results in Sect. 4. In Sect. 5, we compare our results with
the previous study and discuss the implications of our work. A
brief summary of our results is given in Sect. 6.

2. Observations

2.1. Planck dust polarization data

For the analyses in this work, we calculate the magnetic field
orientations from linearly polarized dust emission. Planck ob-
servations provide the linear polarization maps (Stokes Q and
U) from 30 to 353 GHz in multiple frequency bands across the
entire sky (Planck Collaboration et al. 2020a). These maps serve
as valuable tools for studying polarized emission from interstel-
lar dust. On large scales we adopt the publicly available PR3
data from the High-Frequency Instrument (HFI; Lamarre et al.
2010) at 353 GHz (Planck Collaboration et al. 2020b). The maps
of Stokes Q and U are initially at 5′ spatial resolution (∼ 0.6 pc)
and the pixel size of 1.71′. We calculate the polarization position

1 We note that we compare the local relative orientation between inten-
sity structures and magnetic field pixel by pixel. This is different from
the Velocity Gradient Technique (VGT), which requires an additional
subblock-averaging step (Yuen & Lazarian 2017). Due to this differ-
ence in methodology, our results cannot be directly compared to those
obtained using the VGT technique.

angle projected on the plane of sky from the Stokes parameters
as

θ
g
p =

1
2

arctan(U,Q) (1)

The magnetic field position angle can be obtained by adding 90◦
to the polarization angle: θgB = θ

g
p +

π
2 . The downloaded Planck

Q and U maps2 are in galactic coordinates and the polarization
position angle in equatorial coordinates can be derived using
θep = θ

g
p − ∆θ

g−e
p , where

∆θ
g−e
p = arctan[

cos (l − 32.9◦)
cos b cot 62.9◦ − sin b sin (l − 32.9◦)

] (2)

is the angle difference between galactic and equatorial coordi-
nates (Corradi et al. 1998). The debiased polarization intensity
PI and the corresponding uncertainties σPI can be derived using
the modified asymptotic estimator (pMAS; Plaszczynski et al.
2014). The rms noise level of stokes Q and U map is similar,
with a value of 0.26 mKCMB (hereafter σQU). In our analysis we
only use the polarization data with enough signal-to-noise ratio
(PI/σPI > 3). The uncertainties of polarization position angle
can be calculated using σθ ∼

σQU

2

√
1/(Q2 + U2).

2.2. JCMT dust polarization data

On small scales we use the data to measure relative orientation
of magnetic field from the JCMT/SCUPOL catalog (Matthews
et al. 2009). This catalog is a combination of calibrated and re-
duced data observed between 1997 to 2005 at 850 µm by the
polarimeter for Submillimeter Common-User Bolometer Array
(SCUBA) on the James Clerk Maxwell Telescope. There are two
regions with high-resolution polarization data in Orion A region:
OMC-1 and OMC-2/3. The individual observations were com-
bined to create composite Stokes I, Q and U maps. The data are
sampled on a 10′′ per pixel grid in J2000 coordinates and the
effective beam size of the map is 20′′ (∼ 0.04 pc). We calcu-
late the polarization position angle projected on the plane of sky
from the Stokes parameters as

θep =
1
2

arctan(U,Q) (3)

The derived position angle is in equatorial coordinates, and there
is no need for transformation. We apply the same method men-
tioned in Sect. 2.1 to calculate the uncertainties and the rms noise
of stokes Q and U maps is approximately 0.1 mJy/beam within
OMC-1 and 0.03 mJy/beam within OMC-2/3.

2.3. Nobeyama molecular line data

To study the gas structures in Orion A, we select data from the
NRO Star Formation Legacy Project, based on observations at
the Nobeyama Radio Observatory (NRO). The observations cov-
ered 12CO (J = 1−0), 13CO (J = 1−0), C18O (J = 1−0), N2H+
(J = 1 − 0), CCS (JN = 87 − 67) lines toward some nearby
star-forming regions (M17, Orion A and Aquila Rift). Detailed
information of observations is summarized in Nakamura et al.
(2019). In this paper, we use three different molecular lines
with significant extended emission: 12CO (J=1-0), 13CO (J=1-
0), C18O (J=1-0). The 12CO, 13CO, C18O data are convolved
2 We downloaded the data from http://pla.esac.esa.int/. If the data is
downloaded from https://irsa.ipac.caltech.edu/applications/planck/, the
derived polarization position angle should be θp = 1

2 arctan(−U,Q).

Article number, page 2 of 11



Jiao, Wang et al.: Alignment between gas structures and magnetic field in Orion A

to 21.7′′ beam size and reprojected to a common 7.5′′×7.5′′
grid. The velocity resolution is 0.1 km s−1 and the noise levels
of 12CO, 13CO, C18O lines are at a range of 0.5−1.5 K, 0.2−0.3
K and 0.26 − 0.3 K, respectively. For the sake of comparison
with Planck observations, we use the maps smoothed to a angu-
lar resolution of 5′, and we directly compare the map between
SCUPOL and Nobeyama observations on small scales without
smoothing because of similar angular resolution.

3. Methods

3.1. Detailed procedure of comparison

Here is the detailed procedure in our work. On large scales,
we initially smoothed the spectral line data cube to match the
angular resolution of Planck observations and then compared
the relative orientation of gas intensity gradients with the po-
larization position angle (perpendicular to the magnetic field) at
low angular resolution. In special regions with high-resolution
SCUPOL polarization observations, we directly calculated the
gradient vector field of each map and compared it with the ori-
entation of polarization.

3.2. Column density maps

The 0th Moment map was created by integrating the emission
between 0 and 18 km s−1. To exclude the impacts of unreliable
pixels, we selected pixels whose spectra exhibit at least five ve-
locity channels with a brightness temperature greater than 8σ
for 12CO, 5σ for 13CO, and 3σ for C18O. The derived moment-0
maps for Orion A region are shown in Fig. 1, and zoom-in 12CO
moment-0 maps for OMC-1 and OMC-2/3 with overlaid JCMT-
derived magnetic field vectors are shown in Figs. 2 and 3.

Previous studies show that the relative orientation between
gas structures and magnetic field change from parallel to perpen-
dicular with increasing column densities (e.g., Planck Collabo-
ration et al. 2016b; Soler et al. 2017). In our study, we estimated
the column density structures the using 12CO and 13CO lines (see
detailed derivation from Mangum & Shirley 2015; Li et al. 2018,
and references therein). Firstly, assuming LTE and 12CO line al-
ways optically thick, we calculated the excitation temperature of
12CO according to the following formula:

Tex = 5.532
[
ln

(
1 +

5.532
Tpeak + 0.819

)]−1

(4)

where Tpeak is the maximum brightness temperature of the 12CO
line. Then the optical depth of 13CO can be calculated as

τ13(v) = − ln
[
1 −

Tmb(13CO)
5.29

([
e5.29/Tex − 1

]−1
− 0.164

)−1
]

(5)

where Tmb(13CO) is the brightness temperature of the 13CO line.
Assuming that the emission of 13CO is optically thin, we can use
the approximate relation (Pineda et al. 2010):

Tex

∫
τdv ≈

τ0

1 − e−τ0

∫
Tmbdv (6)

where τ0 is the peak optical depth of the 13CO emission line.
Assuming H2/

13CO = 7.1 × 105 (Frerking et al. 1982), we can
obtain the total column density of molecular hydrogen:

N(H2)
13CO = 1.72×1020 τ0

1 − e−τ0
×

1 + 0.88/Tex

1 − e−5.29/Tex

∫
Tmb(13CO)dv

(7)

One thing we must note is that the 13CO line might be opti-
cally thick in some dense regions within Orion A, but the derived
column density maps were only used to examine the relation be-
tween the orientation and column density, which would not affect
our results much.

3.3. Calculation of relative orientations

We determined the relative angle between the intensity structures
and the magnetic field using similar methods described in Soler
et al. (2013). The angle ϕ, between the tangent to the local in-
tensity structure contours and magnetic field, can be calculated
using the following formula (Fissel et al. 2019):

ϕ = arctan (|∇I × θp|,∇I · θp) (8)

Here, θp marks the polarization position angle, perpendicular
to the orientation of magnetic fields. ∇I represents the orienta-
tion of the intensity gradient that is perpendicular to the con-
tours of intensity. The relative orientation angle ϕ is within the
range [0◦, 90◦] and angle outside the range can be transformed
to uniquely determined angle within the limit.

The gradient technique was employed to characterize the ori-
entation of structures in a scalar field. Within nearby 3 × 3 pix-
els, the gradient of gas intensity structures was derived using the
similar method described in Sokolov et al. (2019). We utilized a
first-degree bivariate polynomial function to describe the gradi-
ent field: f (α, δ) = I0+a∆α+b∆δ, where I0 represents the inten-
sity of the central point, ∆α and ∆δ represent the pixel offsets.
To ensure precision, only pixels with sufficient signal-to-noise
ratio were included in the gradient analysis. In addition, we se-
lected pixels with more than 7 good points in the nearby 3 × 3
kernel size. A least-squares method was employed to derive the
gradient field toward each pixel:

p(r) = argmin
a,b

∑
∆α,∆δ≤1

(I(r′) − f (r′, a, b))2 (9)

The orientation of gradient and its uncertainty can be given by

∇I = arctan (b, a) and σ∇I =
1

a2+b2

√
a2σ2

b + b2σ2
a (Planck Col-

laboration et al. 2016b).
We assessed the relative orientation of the magnetic field in

relation to the gas structures using the HRO technique (Soler
et al. 2013). The map was segmented into seven intensity bins,
each containing an equal number of selected pixels based on
their intensity values. We used 9 angle bins, each with a width of
10◦. Besides, we replaced the intensity structures with column
density to examine whether there is a transition from parallel to
perpendicular alignment with increasing column density. Uncer-
tainties in the HRO plot were estimated through a Monte Carlo
method by adding the uncertainties of each parameter pixel by
pixel. We repeated this method for 10000 times, and took the
mean value and standard deviation as the results and uncertain-
ties.

3.4. Statistical study of relative orientation

3.4.1. Histogram Shape Parameter ξ

We analyzed the changes in the HRO shape with column density,
employing the histogram shape parameter (Planck Collaboration
et al. 2016b):

ξ =
Ac − Ae

Ac + Ae
(10)
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Fig. 1: Nobeyama Moment-0 maps for 12CO, 13CO, C18O with the resolution of 21.7′′. The white vectors represent the orientation of
Planck magnetic fields. Only segments with enough signal-to-noise ratio are plotted (PI/σPI >3). The blue circle in the bottom left
marks the resolution of Planck magnetic fields. The black rectangles represent the specific regions with high-resolution polarization
observations.
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Fig. 2: The magnetic field vectors overlaid on the 12CO moment-
0 map of OMC-1. Only the segments with stokes I signal-to-
noise ratio (S/N> 25) and PI/σPI >3 are plotted. The black circle
in the bottom left marks the resolution of SCUPOL magnetic
fields.

Given the angle ϕ ranges from 0 to 90 degrees in our analysis,
Ac represents the area concentrated around 0 degrees in the his-
togram (0◦ < ϕ < 20◦) and Ae is the area concentrated around 90
degrees in the histogram (70◦ < ϕ < 90◦). A positive ξ (> 0) in-
dicates a parallel alignment between intensity structure contours
and the magnetic field, while a negative ξ (< 0) suggests that the
intensity structure is more likely to be perpendicular to θB. We
use a linear function to investigate the correlation between ξ and
the total gas column density for each tracer:

ξ = CHRO[ log10(NH/cm−2) − XHRO] (11)

where CHRO is the slope of the linear relation, and NH is the total
gas column density. The molecular gas column density NH2 can
be transferred to the NH through the relation NH = NHI+2×NH2 .
However, because we only focus on regions with high column

density, the contribution of NHI can be neglected (Sternberg
et al. 2014). Thus, we derived the total gas column density using
NH = 2 × NH2 . The value of XHRO for the log10(NH/cm−2) repre-
sents the transition point where the relative orientation changes
from parallel to perpendicular. The Pearson Correlation Coeffi-
cient and p-value are computed to measure the significance of
the linear correlation. The Histogram Shape Parameter is used to
measure the preference of the angle groups for pure parallel and
perpendicular alignments.

3.4.2. Alignment Measure Parameter

Jow et al. (2017) introduced the Projected Rayleigh Statistics
(PRS) as a test for non-uniform relative orientation between two
pseudo-vector fields, and it has been widely used (e.g., Soler
2019; Beuther et al. 2020). However, when comparing the results
of different gas tracers, direct comparison of PRS values is not
feasible since it is not a normalized parameter and can be influ-
enced by the number of data points. Here we use the normalized
Alignment Measure (AM) parameter, as described by González-
Casanova & Lazarian (2017) and Lazarian & Yuen (2018):

AM = 2
〈
cos2(ϕ)

〉
− 1 (12)

If the results of AM → 1, it indicates a significant parallel
alignment. If AM → −1, it indicates a significant perpendicu-
lar alignment. In cases where there is no preference for angle
distribution, the value of AM will be close to 0. We use the
same method as in Eq. 11 to test the linear correlation between
AM and column density. The physical meaning of the Align-
ment Measure parameter is similar to the physical meaning of
the Histogram Shape Parameter. The difference lies in ξ being
employed to measure the preference of angle groups for purely
parallel and perpendicular alignments, while AM is used to char-
acterize global orientation distributions. If we find similar trends
in both ξ and AM, the alignment preference will be more reli-
able.
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Fig. 3: The magnetic field vectors overlaid on the 12CO moment-
0 map of OMC-2/3. Only the segments with stokes I signal-to-
noise ratio (S/N> 25) and PI/σPI >3 are plotted. The black circle
in the bottom left marks the resolution of SCUPOL magnetic
fields.

4. Results

4.1. Results on large scales

We examine the relative orientation between gas intensity struc-
tures and the magnetic field across the entire Orion A region
at a low resolution (∼ 0.6 pc). The HROs in different intensity
bins are presented in Fig. 4(a). The figure illustrates a clear dif-
ference in angle distribution among various intensity bins for
12CO, ranging from a preference for parallel alignment to a weak
preference for perpendicular alignment. This difference becomes
less clear with decreasing optical depth of gas tracers. Both ξ
and AM exhibits a clear anti-correlation with column densities
for 12CO and 13CO. Regarding C18O, the orientation between
intensity structures and magnetic field prefers to be perpendic-
ular across all column density bins, and there is no correlation
between ξ/AM and column density. The transition from parallel
to perpendicular is consistent with some previous works (Planck
Collaboration et al. 2016b; Soler 2019) and MHD simulations
(Soler et al. 2013; Chen et al. 2016), indicating a trans-to-sub-
Alfvénic state (see Liu et al. 2022 for a review). The variation in
results from different gas tracers can be explained by the fact that

different gas molecules trace different density regions. In high-
density regions, the orientation between intensity structures and
the magnetic field is more likely to be perpendicular. The result
is consistent with the deduction described in Fissel et al. (2019).

4.2. Results on small scales

We compare the relative orientation between gas intensity struc-
tures and magnetic field in two specific areas (OMC-1, OMC-
2/3) within the Orion A region, where high-resolution polariza-
tion observations are available (∼ 0.04 pc). There are signifi-
cantly higher column densities traced in these areas. In this sec-
tion we present the respective results for each region.

4.2.1. Results in OMC-1

Figure 5(a) illustrates the HRO plots within various intensity
bins, while Figs. 5(b) and 5(c) display the correlation between
the relative orientation and column densities. In contrast to the
findings on large scales, the results in the OMC-1 region dif-
fer. We find that the relative orientation between gas intensity
structures and magnetic field shows no correlation with column
density in the 12CO line, but exhibits a clear transition from par-
allel to perpendicular alignment with increasing column density
in the 13CO and C18O lines. Despite slightly increased uncer-
tainties in calculations due to the limited number of selected
pixels, the linear relationship maintains statistical significance
after performing Monte Carlo simulations as outlined in Sect.
3.3 (|r| > 0.7, p < 0.05, the 1σ confidence interval of the best-fit
line does not spread much). This phenomenon can be interpreted
by the fact that the 12CO line is a low-density gas tracer. In the
OMC-1 region, 12CO is optically thick, and its intensity structure
cannot effectively trace the density structure but only the surface
of the cloud. On the other hand, the denser gas tracers, 13CO and
C18O, prove to be more suitable to trace the density structures.

4.2.2. Results in OMC-2/3

Figure 6(a) presents the HRO plots within various intensity bins,
while Figs. 6(b) and 6(c) show the correlation between the rel-
ative orientation and column densities now for the OMC-2/3
regions. From the figure, it is evident that there is no statisti-
cally significant trend in orientation distribution with increasing
column density (all p-values are greater than 0.05). Both ξ and
AM are close to 0 across all column density bins, indicating that
the relative orientation between intensity structures and the mag-
netic field is more likely to be randomly distributed in all tracers.
We conclude that there is no systematic trend in angle distribu-
tion with increasing column densities in the OMC-2/3 region.

A possible explanation for this result is that there are numer-
ous star-forming regions along the long filaments (Chini et al.
1997) and they are at different evolutionary stages (Castets &
Langer 1995). The relative alignment between gas structures and
the magnetic field is complex in star-forming regions at small
scales. The impact of feedback from star-forming activities can
lead to the realignment of structures, such as reversing the ori-
entation to parallel via gas flows (Pillai et al. 2020), or induc-
ing a orientation through gravity-dragged rotation (Beuther et al.
2020; Sanhueza et al. 2021). The relative alignment between gas
structures and magnetic field in high-mass star-forming regions
should be investigated case by case, depending on scales, trac-
ers and evolutionary stages. The results in OMC-2/3 will be dis-
cussed further in Sect. 5.1.
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(a)

(b)

(c)

Fig. 4: (a): Histogram of relative orientations between intensity structures for different tracers and magnetic field in the whole
Orion A region. The red, green, blue solid lines represent the angle distribution in the lowest, medium, highest intensity bins. (b):
Histogram Shape Parameter calculated in different column density bins in the whole Orion A region. The red solid line is the optimal
linear fitting results between ξ and column density. The gray area represents the 1σ confidence interval of the fitted line. (c): The
same as (b), but for the relation between AM and column density.
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(a)

(b)

(c)

Fig. 5: Same as Fig. 4, but for the relative orientation in OMC-1.

5. Discussion

5.1. Projection effects

We have measured the relative orientation between intensity
structures and magnetic field on the plane of sky. Due to the
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(a)

(b)

(c)

Fig. 6: Same as Fig. 4, but for the relative orientation in OMC-2/3.

projection effects, the angle distribution in two dimensions (2D)
is not the same with the angle distribution in three-dimensional
(3D) space. To examine the projection effects on the measured
angle distribution, we carried out a Monte Carol simulation
method used in previous study (see Stephens et al. 2017). Here

we briefly introduce the method. Firstly we created 106 pairs of
two random unit vectors within a unit sphere and calculated the
angle between the two vectors in 3D space. The angle is within
the limit [0◦, 90◦]. Then we projected the angle from 3D to 2D
space and plot the cumulative distribution functions (CDF) in
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Fig. 7: The cumulative distribution functions of relative orientation between intensity structures and magnetic field vectors and the
projected θ3D for Orion A, OMC-1 and OMC-2/3.

2D in three angle bins: (1) purely parallel: angle range from 0◦
to 20◦ in 3D space, (2) random distribution: angle range from
0◦ to 90◦ in 3D space and (3) purely perpendicular: angle range
from 70◦ to 90◦ in 3D space. Finally we plot the CDF for our
data and compare it with the projected 3D angle.

We present the CDF of ϕ and the projected θ3D in Fig. 7.
In the OMC-2/3 region, a random angle distribution is observed
for all tracers. However, in Orion A at a low resolution and the
OMC-1 region at a high resolution, a clear transition from ran-
dom to perpendicular orientation is evident when changing from
low-density tracers to high-density tracers, indicating that mag-
netic fields are dynamically important at both scales. Although
the results are influenced by the integration effect along the line
of sight, the close-to-perpendicular alignment of the two pro-
jected vectors in 2D must also indicate perpendicular alignment
in 3D, following the conclusion of previous studies (Planck Col-
laboration et al. 2016a,b).

The perpendicular alignment can be explained by the con-
traction scenario of a magnetized, self-gravitating, static collaps-
ing cloud (Mouschovias 1976a,b). On small scales, given that the
spatial resolution of polarization observations is comparable to
the typical width of filaments (Arzoumanian et al. 2019; André
et al. 2022), the filament formation process may affect the mag-
netic field structures. Earlier studies discussed the relationship
between magnetic field orientations and filaments, but no consis-
tent alignment preference was found (Arzoumanian et al. 2021;
Baug et al. 2021). In our work, perpendicular alignment is only
observed in the OMC-1 region. One possible interpretation is
that the magnetic field orientation is almost perpendicular to the
major axis of the filament but no similar alignment in the OMC-
2/3 region. The gravitational interaction inside the filaments and
the BN/KL outflow helps shaping the magnetic field geometry in
OMC-1, suggesting feedback from star-forming activities may
play an important role on the evolution of magnetic field (Pat-
tle et al. 2017). Another possible explanation is that OMC-1 is
at a later evolutionary stage (Castets & Langer 1995). After the
long-term evolution, gravitational collapse would be restricted to
occur along field lines, and the perpendicular alignment implies
that the magnetic field can not efficiently resist gravity (Koch
et al. 2018). Compared with OMC-2/3, gravity plays a more
important role in OMC-1. The results suggest that perpendicu-
lar alignment may only exist in well-evolved, gravity-dominated

regions, but observational evidence is still lacking. Further re-
search with larger samples is needed in the future.

5.2. Comparison of HROs with previous studies

We find a similar slope at different scales using HRO analysis.
The transition column density, representing the shift from paral-
lel to perpendicular alignment, varies from 1021 − 4× 1021 cm−2

on large scales and 8 × 1022 − 2 × 1023 cm−2 on small scales,
depending on the tracers employed. The role pf magnetic field is
complex around star-forming regions, with a turning point in ξ
and AM (Planck Collaboration et al. 2016b; Ching et al. 2022).
After removing the data point of highest column density, the de-
rived transition column density is approximately 4 × 1021 cm−2

at large scales and 1 × 1023 cm−2 at small scales.
Planck Collaboration et al. (2016b) investigated the HROs in

ten nearby clouds (d < 450 pc) with a resolution of 10′. They find
a common transition from parallel to perpendicular with increas-
ing column densities, and the typical transition column density
is approximately 5 × 1021 cm−2. Soler et al. (2017) adopted the
HRO analysis in Vela C region (d ∼ 933 pc) with a resolution of
3′ using BLASTPol balloon-borne telescope. The similar trend
is found and the transition column density ranges from 5 × 1021

to 2 × 1023 cm−2.
On small scales, Ching et al. (2022) applied the HRO analy-

sis toward the DR21 filament (d ∼ 1.4 kpc) using JCMT with a
resolution of 14′′ and the resulting transition column density is
1.6× 1021 cm−2. Kwon et al. (2022) investigated the HRO of the
Serpens Main region (d ∼ 415 pc) using JCMT with a resolution
of 14′′. They find a complex relationship between ξ and column
density, featuring several turning points and no clear transition
column density. The detailed information of all the HRO analy-
sis is summerized in Table 1.

Considering all the findings, a consistent trend from parallel
to perpendicular alignment with increasing column densities is
observed in most regions. However, the transition column den-
sity is scale-, tracer-, and environment-dependent. We do not find
a uniform transition column density, suggesting that the HRO
analysis should be applied case-by-case. We note that it is a
comparison between single region studies (this work, Soler et al.
2017, Ching et al. 2022, Kwon et al. 2022) and statistical studies
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Table 1: Summary of HRO analysis

Source Distance Resolution Scale XHRO Reference
(pc) (′′) (pc)

Taurus 140 600 0.42 21.84 Planck Collaboration et al. 2016b
Ophiuchus 140 600 0.42 22.70 Planck Collaboration et al. 2016b

Lupus 140 600 0.42 21.72 Planck Collaboration et al. 2016b
Chamaeleon-Musca 160 600 0.48 21.67 Planck Collaboration et al. 2016b

Corona Australia (CrA) 170 600 0.51 24.14 Planck Collaboration et al. 2016b
Aquila Rift 260 600 0.78 22.23 Planck Collaboration et al. 2016b

Perseus 300 600 0.90 21.76 Planck Collaboration et al. 2016b
IC5146 400 600 1.20 21.79 Planck Collaboration et al. 2016b
Cepheus 440 600 1.32 21.90 Planck Collaboration et al. 2016b

Orion 450 600 1.35 21.88 Planck Collaboration et al. 2016b
Vela C-South-Nest 933 180 0.84 22.23 Soler et al. 2017

Vela C-South-Ridge 933 180 0.84 22.40 Soler et al. 2017
Vela C-Centre-Nest 933 180 0.84 22.62 Soler et al. 2017

Vela C-Centre-Ridge 933 180 0.84 20.69 Soler et al. 2017
DR21 1400 14 0.10 21.20 Ching et al. 2022

Serpens Main 415 14 0.03 —– Kwon et al. 2022
OrionA 414 300 0.62 20.97-21.62 this work
OMC-1 414 20 0.04 22.92-23.24 this work

OMC-2/3 414 20 0.04 —– this work
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Fig. 8: The histogram of relative orientation between Planck and JCMT derived magnetic field in OMC-1 and OMC-2/3. The red
line represents the Gaussian kernel density estimate of the angle difference.

(Planck Collaboration et al. 2016b). The conclusion from case
studies can not be directly utilized in other star-forming regions.

The variation in relative orientation among different gas trac-
ers is also interesting. Fissel et al. (2019) report no changes
in relative orientation with increasing column densities across
all tracers. However, they observe a transition from parallel to
perpendicular alignment when changing from low-density trac-
ers to high-density tracers. Using a three-dimensional, turbulent
collapsing-cloud MHD simulation, Mazzei et al. (2023) com-
pared relative alignment between magnetic fields and molecular
gas structure across different tracers. They find good agreement
between their simulations and the results obtained in Fissel et al.
(2019). However, They suggest 12CO would remain in parallel
alignment across the whole observer space, which is in contrast
with our results. In our analysis, we have not only observed the
variation of relative orientation with different gas tracers but also
identified its changes with column density at different scales.

This implies that the physical processes in the Orion A molecu-
lar cloud are hierarchical and highly complicated, making them
challenging to be explained by the simulations.

5.3. The relative orientation between Planck- and JCMT-
derived magnetic field

Another interesting question to explore is the relative orientation
between magnetic fields at different scales. (Zhang et al. 2014)
first investigated this question, comparing SMA and parsec-scale
magnetic fields and discovering a bimodal orientation distribu-
tion. They suggested that the magnetic field at the core scale
could align either parallel or perpendicular to that of the clump
scale. Li et al. (2015) revealed that the magnetic field directions
do not change much from cloud to clump and core scales in NGC
6334. In our study, we interpolate the Planck data and calculate
the magnetic field orientation at large scales using the transfor-
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mation in Sect. 2.1, and then compute the angular difference in
specific regions.

Figure 8 illustrates the distribution of angle differences be-
tween large-scale and small-scale magnetic fields. In the OMC-1
region, small-scale magnetic fields align well with Planck data,
with 79% of them having an angle difference within 40 degrees
of the large-scale magnetic fields. Regarding the OMC-2/3 re-
gion, the angle difference shows a broader distribution. This re-
gion exhibits a bimodal orientation distribution, similar to find-
ings reported by Zhang et al. (2014), with 59% of them display-
ing an angle difference within 40 degrees. The discrepancy in
alignment between large-scale and small-scale magnetic fields
could be attributed to the impact of foreground dust emission
from Planck observations, as suggested by Gu & Li (2019). A
more important factor is the geometry of small-scale magnetic
fields. As discussed in Zhang et al. (2014), a random orientation
of fields would lead to a uniform distribution of angle differ-
ences. As the magnetic field properties vary rapidly in different
sub-regions of OMC-2/3 (Poidevin et al. 2010), the orientation
distribution is much flatter than that in OMC-1. Whether star-
forming activities affect the alignment of magnetic fields at dif-
ferent scales needs further discussion in a larger sample with
well-ordered magnetic field geometry in the future.

6. Summary

We compare the gas intensity structures of three gas tracers
(12CO, 13CO and C18O) with magnetic fields at different scales.
We apply the HRO technique in our analysis to examine the re-
lation between the relative orientation of gas structures with re-
spect to magnetic fields and column densities. Our main findings
are as follows:

1. We find a similar trend in relative orientation between
magnetic field and molecular gas intensity structures with re-
spect to column densities at different scales in Orion A. Through
a comparison with previous studies, we find the trend is com-
mon in molecular clouds at pc scales but not uniform at < 0.1
pc scales. The relation between gas structures and magnetic field
should be discussed case by case in individual star-forming re-
gions at small scales.

2. When the orientation is not randomly distributed, we see a
significant change in the relative orientation distribution between
gas intensity structures and magnetic fields for three different
molecular gas tracers. The perpendicular alignment is more clear
when changing from low-density tracers to high-density tracers.
The correlation between gas intensity structures and magnetic
field is better traced by low-density gas tracers on large scales
and high-density tracers on small scales. The results found in
this work only applies to Orion A region and can not be directly
extrapolated for other star-forming regions.
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