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ABSTRACT

Context. The role of large-scale magnetic fields in the evolution of star-forming regions remains elusive. Its investigation requires
the observational characterization of well-constrained molecular clouds. The Monoceros OB 1 molecular cloud is a large complex
containing several structures that have been shown to be engaged in an active interaction and to have a rich star formation history.
However, the magnetic fields in this region have only been studied on small scales.
Aims. We study the large-scale magnetic field structure and its interplay with the gas dynamics in the Monoceros OB 1 east molecular
cloud.
Methods. We combined observations of dust polarized emission from the Planck telescope and CO molecular line emission obser-
vations from the Taeduk Radio Astronomy Observatory 14-metre telescope. We calculated the strength of the plane-of-sky magnetic
field using a modified Chandrasekhar-Fermi method and estimated the mass-over-flux ratios in different regions of the cloud. We used
the comparison of the velocity and intensity gradients of the molecular line observations with the polarimetric observations to trace
dynamically active regions.
Results. The molecular complex shows an ordered large-scale plane-of-sky magnetic field structure. In the northern part, it is mostly
orientated along the filamentary structures, while the southern part shows at least two regions with distinct magnetic field orientations.
Our analysis reveals a shock region in the northern part right between two filamentary clouds that, in previous studies, were suggested
to be involved in a collision. The magnetic properties of the north-main and north-eastern filaments suggest that these filaments once
formed a single one, and that the magnetic field evolved together with the material and did not undergo major changes during the
evolution of the cloud. In the southern part, we find that either the magnetic field guides the accretion of interstellar matter towards the
cloud or it is dragged by the matter falling towards the main cloud.
Conclusions. The large-scale magnetic field in the Monoceros OB 1 east molecular cloud is tightly connected to the global structure
of the complex. In the northern part, it seems to serve a dynamically important role by possibly providing support against gravity in
the direction perpendicular to the field and to the filament. In the southern part, it is probably the most influential factor governing the
morphological structure by guiding possible gas inflow. A study of the whole Monoceros OB 1 molecular complex at large scales is
necessary to form a global picture of the formation and evolution of the Monoceros OB 1 east cloud and the role of the magnetic field
in this process.

Key words. ISM: magnetic fields – ISM: clouds – ISM: general

1. Introduction

Magnetic fields are one of the key factors regulating the dynam-
ical processes in molecular clouds, alongside gravity and tur-
bulence. Studies of the relative orientation between filamen-
tary molecular clouds and interstellar magnetic fields traced by
polarimetric observations of dust emission are one of the main
tools in probing how the magnetic field affects the evolution of
the interstellar medium (ISM) and the formation of dense struc-
tures. Planck Collaboration Int. XXXV (2016) showed that in
nearby molecular clouds the relative orientation changes from

parallel to perpendicular with increasing column density. The
latter effect can be understood on the basis of magnetohydro-
dynamic (MHD) turbulence properties (Xu et al. 2019) as well
as on their inner morphology and evolutionary stage (Liu et al.
2018b; Doi et al. 2020; Soam et al. 2019; Malinen et al. 2016;
Alina et al. 2019). Alina et al. (2019) suggested that the high-
density contrast filaments could be those where self-gravity takes
over, and the magnetic field turns out to be perpendicular to the
overdensities. In particular, MHD simulations reveal that the for-
mation of structures within molecular clouds is highly affected
by the magnetic field while the magnetic field strength and
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structure are both affected by the turbulent motions of matter
(André et al. 2014; Li et al. 2014; Hennebelle 2013; Federrath
2016).

Polarimetric observations of the interstellar dust allow us
to indirectly trace the magnetic field orientation, but it suffers
from the signal integration along the line of sight and from the
ambiguity coming from the projection of distinct structures onto
the plane-of-sky (POS), which, in this case, may appear to be
connected. If the former constraint can partly be alleviated for
observations in the lines of sight out of the Galactic disk and
within the optically thin emission assumption, the latter can only
be examined using molecular line data. A recently developed
technique based on velocity gradients (Yuen & Lazarian 2017b;
Lazarian & Yuen 2018b; Hu et al. 2018) provides a promis-
ing new way of using spectroscopic data for sampling magnetic
fields in molecular clouds (see Hu et al. 2019c, and references
therein).

Relating the information on the dynamics of molecular
clouds to their magnetic field structure allows us to better under-
stand how the turbulence, magnetic fields, and gravity regulate
dynamical processes in molecular cloud filaments and in the star
formation process. To achieve this goal, it is imperative to com-
bine the polarimetric and spectroscopic data. Recently, there has
been an increase in synthesized studies. In particular, a combi-
nation of Planck and Herschel continuum data and 12CO and
13CO emission data was used by Malinen et al. (2016) to study
the L1642 cloud. This allowed the authors to demonstrate a tight
connection between the magnetic field structure and the mor-
phology of the cloud and to confirm the connection of striations
to the clumps embedded in the cloud. Heyer et al. (2020) also
used the Planck polarization data and 12CO and 13CO emission
data to study the role of the magnetic field in structuring the
Taurus molecular cloud. Their analysis of variations in the rel-
ative orientation between the magnetic field and the gradients
of surface brightness suggested a presence of local variations
of the Alfvénic Mach number at different layers of the cloud.
Fissel et al. (2019) compared the orientation of the structures
traced by 13CO and C18O data with the magnetic field derived
from the BLASTPol balloon experiment polarimetric data in the
Vela C molecular cloud to infer the density threshold of the tran-
sition between parallel and perpendicular relative orientations.
It seems necessary to widen the scope of combined analyses of
polarimetric and spectroscopic data to connect the magnetic field
structure to the dynamical processes in molecular clouds.

The Monoceros OB 1 molecular complex is well suited for
such studies. It is located near the Galactic anti-center direction.
The eastern part of the complex has a latitude range sufficient
to avoid confusion with the background material of the Perseus
galactic arm. It also seems to be free of any significant amount of
foreground material, according to, for example, the 3D extinction
map by Green et al. (2019). Thanks to its intermediate distance of
723 pc (Cantat-Gaudin et al. 2018), it is possible to map the entire
complex (�60 pc, i.e., 5 degrees) at millimeter wavelengths with
a spatial resolution of the order of the core scales (�0:15 pc, i.e.
4500). Thus, it has been the target of a wealth of observations con-
firming an active star-forming process. In this study, we focus on
the eastern part of the complex. It hosts NGC 2264, a �5 Myr
old open cluster containing over 1000 stars, including not only
several bright O and B stars but also many T Tauri stars along
with signs of ongoing star formation activity such as young stel-
lar objects (YSOs) and dense cores (Park & Sung 2002; Dahm
& Simon 2005; Chen et al. 2007; Gregorio-Hetem 2003; Wolf-
Chase et al. 2003). Furthermore, Rapson et al. (2014) studied
the Monoceros OB 1 east cloud using Spitzer data and showed

that NGC 2264 and the remainder of the cloud are significantly
different regarding the star formation activity. The open cluster
is undergoing an active star formation process and its natal gas
around the overdensity of YSOs has already been dispersed. The
remainder of the cloud has a dispersed population of old stars
and signs of recent starburst activity and it is globally quies-
cent. The dynamics of the filamentary structure of G202.3+2.5,
which is located in the northern part of the Monoceros OB
1 east molecular cloud, was extensively studied by Montillaud
et al. (2019a,b) using observations of the TRAO (Taeduk Radio
Astronomy Observatory) 14-m and IRAM (Institut de Radio
Astronomie Millimétrique) 30-m telescopes. They showed that
the cloud is likely experiencing a collision of two filaments, and
the junction region exhibits signs of intense star formation activ-
ity. In contrast, the magnetic field in this region remains poorly
known. Dotson et al. (2010) reported polarimetric observations
at 350 �m toward three targets in Monoceros OB 1. However,
those measurements have a limited extent of approximately 20,
focused on selected dense cores.

This paper is aimed to study the Monoceros OB 1 east
molecular cloud’s large-scale magnetic field and investigate how
it is interlaced with the global dynamics. To do so, we use
the Planck1 telescope polarimetric observations of the inter-
stellar dust emission and the new TRAO 14-metre telescope
observations of 12CO and 13CO (J=1�0) emission. We use the
novel technique of comparison of the spectroscopic velocity and
intensity gradients with the magnetic field orientation (Yuen &
Lazarian 2017b; Lazarian & Yuen 2018b) to trace the dynamical
processes within MHD turbulence.

The paper is organized as follows: we describe the data and
the methods in Sects. 2 and 3, respectively. We present and dis-
cuss the results in Sects. 4 and 5. We propose our vision of the
interplay between the magnetic fields and the evolution of the
cloud in Sect. 6.

2. Data used

We combine Planck 353 GHz intensity and polarization data as
well as the derived column density map, and the TRAO 14-m
telescope observations of the 12CO and 13CO emission that we
describe below.

2.1. Continuum observations and data

2.1.1. Planck data

To trace the magnetic field orientation in the POS, we use the
353 GHz polarized channel data from the Planck PR3 release
(Planck Collaboration I 2020). It provides the Stokes I, Q, U
maps, and the corresponding noise variances. To increase the
signal-to-noise ratio (S/N), we smooth all maps from nomi-
nal angular resolution (50) up to a resolution of 70 using a
Gaussian kernel. We follow the procedure described in Planck
Collaboration Int. XIX (2015), which takes into account the
rotation of the local polarization reference frame.

The polarization fraction (p) and polarization angle ( ) are
calculated from the measured Stokes intensity, I and linear
polarization parameters (Q; U) as follows:

p =

p
Q2 + U2

I
; (1)

 = 0:5atan(�U;Q); (2)
1 http://www.esa.int/Planck is an ESA mission with participa-
tion of NASA and Canada.
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where the two-argument function atan is used to account for the
�-periodicity. The POS magnetic field angle  B is obtained via
rotation of  by �=2:

 B =  + �=2: (3)

The Planck data are given in the COSMO convention adopted
from Zaldarriaga (1998), this is the reason for which we take the
negative value of U. Both angles are defined in the range from
�90� to 90� in Eq. (2) and are counted positively from Galac-
tic north to east according to the IAU convention. The maps
were extracted from all sky maps in HEALPix format provided
by the Planck Legacy Archive2 and brought to the equatorial
coordinates system.

Bias of polarization fraction and angle appears due to the
non-linearity of the equations above and due to the presence of
noise in the data (Serkowski 1958; Quinn 2012; Montier et al.
2015a), especially at low S/N. We estimate the S/N of the polar-
ization parameters by calculating the classical estimates of the
uncertainties (Montier et al. 2015a), which takes into account the
full noise variance matrix. This reveals that the uncertainty of
the angle in some regions can be high up to 20� even for rea-
sonable, larger than three, S/N of p. It is worth noting that the
classical estimate fails at low true S/N and overestimates the
derived S/N (Montier et al. 2015b). Thus, to increase the reli-
ability of the data and of the S/N estimation, we compute the
Bayesian estimates of p;  , and the corresponding uncertain-
ties by performing Monte-Carlo simulations to build posterior
probability density functions (PDF) as described in Planck
Collaboration Int. XIX (2015). In what follows, p and  stand for
the mean posterior Bayesian estimates of polarization fraction
and angle, while �p and � denote their uncertainties calculated
from variances over the PDFs. The resulting S/N of p and the
uncertainty of  are shown in Fig. 1. In this study, we considered
only pixels with S/N(p) � 2 and � < 10�. This selection leads
to a distribution of � that peaks around 3:5� (Fig. C.1).

2.1.2. Column density map

We also used the Planck data to derive a column density map to
address the gravitational stability in Sect. 4.2. We first calculated
the colour temperature map based on the Planck 857, 545, and
353 GHz bands and the IRIS 3 THz band, convolved to the same
angular resolution (70). The spectral energy distribution for each
pixel is fitted by the modified black-body law B�(T )�� using a
spectral index � = 2, which corresponds to the value adopted for
the Planck Cold Clumps in Planck Collaboration XXVIII (2015).
Then the column density map is calculated using the Planck 857
GHz channel flux density and

NH2 =
I�

�mH B�(T ) ��
; (4)

where the dust opacity �� is taken to be 0:1 (�=1 THz)� cm2g�1

according to Beckwith et al. (1990), and � = 2:8 amu is the
mean molecular weight per H2 molecule. The resulting NH map
is represented in Fig. 2.

2.2. Molecular line observations and data

The Monoceros OB 1 molecular complex was observed with
the TRAO 14-m telescope (Jeong et al. 2019) as part of the

2 pla.esac.esa.int

Fig. 1. Assessment of the data quality. Top: S/N of the polarization.
Colour scale shows log10(p=�p). Bottom: dispersion of the polarization
angle � in degrees. Both are estimated using Bayesian analysis of the
Planck data. Contours correspond to the value of 2 K km s�1 of the 12CO
integrated intensity, represented in the right panel of Fig. 3.

COMMON large programme (COMplete view of the MONo-
ceros OB 1 molecular complex, P.I.: J. Montillaud), from March
till May 2019, and from November 2019 till April 2020. The
12CO and 13CO (J=1�0) rotational lines at 115.271 and 110.201
GHz, respectively, were detected with the SEQUOIA-TRAO
frontend, a 4� 4 multi-beam receiver, with a spectral resolution
of �0:04 km s�1 and a beam size of 4700. The observations were
conducted in the on-the-fly mode, and the data were reduced
with the otftool-TRAO software to produce maps with 2000
cells. After smoothing the spectra to an effective resolution
of 0.2 km s�1, the achieved sensitivity is rms(T �a )� 0:35 K and
�0:15 K for 12CO and 13CO, respectively. The dataset is pre-
sented in-depth by Montillaud et al. (in prep.). In the present
paper, we use the 6 deg2 covering the eastern part of the com-
plex, as presented in the right panel of Fig. 3. The Monoceros
OB 1 east complex is detected in the velocity range from �3 to
17 km s�1, and the analysis of the TRAO data in this paper is
restricted to these limits.
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.

Fig. 2. Column density (NH) map derived using the Planck and IRIS
data, in the logarithmic scale and in cm�2. The contours correspond to
1:26 � 1021; 1:78 � 1021, and 3:16� 1021 cm�2.

3. Methods

3.1. Velocity coherent structures

The TRAO 13CO data were analyzed to identify velocity coher-
ent structures (VCS). We adapted the method presented in
Montillaud et al. (2019b), which is, in turn, adapted from Hacar
et al. (2013). In short, we start by smoothing each velocity chan-
nel with a Gaussian kernel of full width half maximum (FWHM)
of 10000, to improve the S/N. Each pixel is then fitted with up
to three Gaussian components, and the central velocities of the
components peaking at values with S=N > 12 are used to build a
cube of discrete points. A friends-of-friends algorithm is then
used to connect the most related points. Two points are con-
sidered to be “friends" when they are within a 5� 5� 5 box,
where pixels are 2000 wide and the channel width is 0.2 km s�1.
These values are found to provide VCSs small enough to disen-
tangle the main parts of the clouds and large enough to enable
an analysis of the magnetic field properties.

3.2. Determination of the magnetic field strength

Chandrasekhar & Fermi (1953) and Davis (1951) led pioneering
work on the determination of the magnetic field strength from the
dispersion of polarization angles in the Galactic plane (referred
to as DCF hereafter). The principle of linking the magnetic field
strength to the dispersion of observed angles has been used to
study the balance between magnetic and turbulent energies in
molecular clouds. Many authors proposed modifications to the
method to resolve issues related to observational constraints or
the underlying assumptions on the nature of turbulence. From
among them, we chose the approach proposed by Houde et al.
(2009). It assumes the turbulence isotropic and homogeneous,
which is not the case in molecular clouds where gradients of the
MHD turbulent velocities are dependent on the magnetic field
orientation. However, this method accounts for the effects of
beam dilution and integration through the thickness of the cloud,
which are the primary sources of overestimation of the mag-
netic field strength using the DCF method (Crutcher 2012). The
method consists in evaluating the dispersion function of polar-
ization angles at different lags, or distance, l, expressed by C =

1 � cosh� (l)i, which makes it possible to determine the turbu-
lent (Bt) to ordered (B0) magnetic field strength ratio through the
following equation:

C = 1 � hcos[� (l)]i ’
p

2�
hB2

t i
hB2

0i

"
�3

(�2 + 2R2)L

#
�

h
1 � e�l2=2(�2+2R2)

i
+ al2 ; (5)

where � is the turbulent correlation length, R is the telescope
beam radius, L is the thickness of the cloud, and a is a param-
eter defining the large-scale component. The right-hand term of
the equation is calculated from the Planck data. For each lag l,
we divide data into distance bins where the bin width is con-
stant and is equal to 30. We note that we consider unique pairs of
points. For each pair i; j, the difference � i j is given through the
corresponding Stokes Q and U parameters:

� i j = 0:5atan(Q jUi � QiU j;QiQ j + UiU j): (6)

The PDF of the uncertainties on  in individual pixels are shown
in Fig. C.1 and are generally less than 5�. We estimate the beam
radius with FWHM = 70, and we assume the thickness of the
cloud along the LOS in a given region to be equal to the region’s
width in the POS.

The fit to the dispersion function provides hB2
t i=hB2

0i, a and �.
The strength of the POS component of the large-scale magnetic
field is determined using the DCF formula (Chandrasekhar &
Fermi 1953):

B0 =
p

4���(v)

s
hB2

0i
hB2

t i
; (7)

where B0 is the value we are searching for, while hB2
0i=hB2

t i is
the fitted parameter, �(v) is the LOS velocity dispersion, and � is
the mass density. We obtain �(v) from the TRAO 13CO emission
maps degraded to the same spatial resolution as the Planck data.
The density � is evaluated for the volume density n = 102 cm�3,
which is motivated, first, by N2H+ emission being mostly limited
to the cores of the junction region in the IRAM observations of
Montillaud et al. (2019b). Second, as we show in Sect. 3.2, the
magnetic field orientation derived from the Planck polarization
data and the gradient technique applied to the TRAO spectro-
scopic data shows a better agreement for the 12CO emission. This
suggests that we also detect the magnetic field in the extended
large-scale structure, from which we derive the velocity coher-
ent structures (described in Sect. 3.1). It is worth noting that in
a recent study Evans et al. (2020) argued that most of the 13CO
emission in molecular clouds may, in fact, arise from the gas at
the density around 102 cm�3. We also make a tentative estima-
tion of the volume density by assuming the depth of the cloud
L to be equal to its width (approximate angular widths are taken
to be 300; 150; 150 for the three VCSs described in Sect. 4.2) and
using n(H2) = NH2=L as in Liu et al. (2018a). The obtained values
range between ’102 and ’2� 102 cm�3 and are on the adopted
order of magnitude.

3.3. Velocity and intensity gradient techniques

The velocity gradient technique (VGT; González-Casanova
& Lazarian 2017; Yuen & Lazarian 2017a; Lazarian & Yuen
2018a) is a new method for tracing magnetic fields. It employs
the anisotropic properties of MHD turbulence (Goldreich &
Sridhar 1995) and the theory of turbulent reconnection (Lazarian
& Vishniac 1999), namely: the fact that turbulent eddies are
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Fig. 3. Monoceros OB 1 east region observed by Planck and TRAO. Left panel: Planck 353 GHz intensity map in MJy sr�1 at the angular resolution
of 70 with the POS magnetic field orientation overlaid as blue segments. The length of the segments corresponds to polarization fraction, with the
reference length of 150 corresponding to p = 0:05 (shown in the red box in the bottom right corner). Only data satisfying S/N(p) � 2 and � < 10�
are used for polarization studies. Red, yellow, and green lines show contours of the TRAO map used in this analysis, the northern region (Fig. 5),
and the southern region (Fig. 10) respectively. The pink dashed line shows the isolatitude bII = 0�. Right panel: TRAO 12CO (J=1�0) integrated
(between vlsr = �3 and 17 km s�1) T �a intensity map in K km s�1 at angular resolution of 4700 with the POS magnetic field orientation derived from
the Planck data overlaid as blue segments. Red contour corresponds to the red contour in the left panel.

elongating along with the local magnetic fields for both sub-
sonic and supersonic cases. For subsonic motions, the velocity
and density fluctuations exhibit similar statistical properties so
that the velocity gradient (VG) and density gradient (or intensity
gradients, IG hereafter) both are perpendicular to the magnetic
field. This is the basis upon which the intensity gradient tech-
nique (IGT)3 was developed (Yuen & Lazarian 2017a; Hu et al.
2019a).

A molecular cloud is generally supersonic (Zuckerman &
Evans 1974; Padoan et al. 1999; Ballesteros-Paredes et al. 2007).
When a shock appears, it breaks the anisotropy relation of the
density field. In this case, the IGs would be parallel to the local
magnetic fields, rather than perpendicular, in front of shocks. As
for the VGs, the relative orientation with respect to the mag-
netic fields is still perpendicular (Hu et al. 2019a). Therefore,
the comparison between the VGs and the IGs, can serve as an
indication of regions of shock. Another particular situation for
VGs and IGs is self-gravity. Hu et al. (2020) numerically demon-
strated that the inflow induced by gravitational collapse could
flip the orientation of both IGs and VGs by 90 degrees, from

3 The IGT should not be confused by the histograms of relative ori-
entation (HRO) proposed by Soler et al. (2013). While both techniques
employ intensity gradients, the IGT uses the set of procedures from the
VGT to obtain the orientation of the magnetic field. On the contrary, the
HRO gets the magnetic field via polarization measurements and com-
pares those with the intensity gradients. A detailed comparison of IGT
and HRO is presented in Hu et al. (2019a).

perpendicular to parallel to the magnetic field. This phenomenon
has been observed in the molecular clouds NGC 1333 and
Serpens (Hu et al. 2019c). The comparison of the magnetic field
orientations inferred from the interstellar dust polarization mea-
surements with the orientations of VGs can then reveal regions
of gravitational collapse and quiescent regions where turbulent
motions, thermal pressure, and magnetic support dominate over
gravitational energy.

The applicability of the techniques has been observation-
ally demonstrated by making comparisons with Planck 353 GHz
polarization and BLASTPol polarization observations (Hu et al.
2019c,b). The notion of tracing the local orientation is impor-
tant as it means that the gradients can map the detailed structure
of magnetic field and not only the mean magnetic field orien-
tation4. In the current paper, using the spectroscopic data, this
technique allows us to trace the magnetic fields by calculating
the IGs and VGs from the integrated intensity map (moment-0)
and the velocity centroid map (moment-1), respectively (Yuen
& Lazarian 2017b; Hu et al. 2019a). We briefly describe the
calculation procedures in the following.

The gradient calculation is performed by convolving
individual 2D moment maps with 3� 3 Sobel kernels Gx

4 The orientation of velocity in turbulent eddies with respect to the
local orientation of the magnetic field passing through the eddies fol-
lows from the theory of turbulent reconnection (Lazarian & Vishniac
1999) and is well supported by numerical simulations, e.g., Cho &
Vishniac (2000), Cho et al. (2002).
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and Gy:

Gx =

0BBBBBB@�1 0 +1
�2 0 +2
�1 0 +1

1CCCCCCA ; Gy =

0BBBBBB@�1 �2 �1
0 0 0

+1 +2 +1

1CCCCCCA
as follows:

5x f (x; y) = Gx � f (x; y)
5y f (x; y) = Gy � f (x; y)

 g(x; y) = tan�1
 5y f (x; y)
5x f (x; y)

!
;

(8)

where f (x; y) represents either moment-0 or moment-1 maps,
5x f (x; y) and 5y f (x; y) are the x and y components of the gra-
dient respectively, and � denotes the convolution. However, the
anisotropy of MHD turbulence concerning the local magnetic
field is a statistical concept. The pixelized raw gradient map
 g(x; y) is not necessarily required to have any relation to the
local magnetic field orientation. The perpendicular relative ori-
entation of gradients and magnetic field only appears when the
gradient sampling is enough. The statistical sampling procedure
utilizes the sub-block averaging method, which is proposed by
Yuen & Lazarian (2017b). The sub-block averaging method first
takes all gradient orientations within a sub-block of interest and
then plots the corresponding histogram. Because the histogram
is close to a Gaussian distribution, the expectation value of
the Gaussian distribution reflects the statistically most probable
orientation of the gradient. The expectation value of gradients
defines the mean gradient orientation for the sub-block and is
expected to be perpendicular to the magnetic field.

The velocity channel gradients (VChGs; Lazarian & Yuen
2018a) are calculated similarly to VGs using the thin velocity
channel map Ch(x; y). Then, Ch(x; y) is defined as:

Ch(x; y) =

Z v0+�v=2

v0��v=2
TR(x; y; v) dv (9)

where TR is the radiation temperature and v0 is the velocity of
the averaged emission line maximum. The channel width �v sat-
isfies �v <

p
(�v2), where

p
(�v2) is the velocity dispersion. The

thin velocity channel maps are used within the assumption that
the velocity fluctuations are dominating over density fluctuations
due to the velocity caustic effect (Lazarian & Pogosyan 2000).

The rms noise of the spectroscopic data can, in principle
affect the calculation of the gradients. We represent in Fig. C.2
the rms noise of 13CO data which varies from one tile of the
mosaic to another between T ’ 0:12 K and T ’ 0:18 K. It shows
that apart from the tile-to-tile rms variations, no significant struc-
ture (e.g., scanning artifacts) in the noise may create spurious
dominant gradient orientation in the noise-dominated areas. The
linear structures at the junction between adjacent tiles are the
strongest noise structures in our dataset and are located in pre-
dictable places. We see in the results presented in Sect. 4 that
no correlations between the observed gradients and the tile over-
laps appear, even in the lowest accepted S/N regions. In addition,
the sub-block averaging redresses this issue. In this work, we
applied IG, VG, and VChG techniques to the TRAO data, with
sub-block size of 20� 20 pixels (one pixel is 2000 large) which is
the empirical minimum value (Lazarian & Yuen 2018b); we also
smooth the VGs and IGs to 70 resolution of the Planck data. We
also tested 30-pixel large box size and observed that the results
are stable against averaging. For a fully noise-dominated sub-
region, the corresponding histogram of the gradients would be

a uniform distribution, for which sub-block averaging gives a
noise-type output. In the case of a spurious signal, the histogram
would exhibit a peak in the given sub-block, and the averag-
ing method minimizes such a contribution. The stability of the
results at larger block size suggests this effect is not significant
since it is less likely that spurious noise features still dominate at
larger scales. To further improve the accuracy of the gradients,
we made a selection based upon the error of Gaussian fitting,
which is intrinsically based on the noise level of the spectro-
scopic data. The details of the used thresholds are reported in
Sect. 4.3.

4. Results

Figure 3 shows the 353 GHz dust emission map and the 12CO
integrated intensity map of the Monoceros OB 1 east molecular
cloud. It spans over more than 25 pc in the south-north direc-
tion and has a complex morphology. We divide the cloud into
two sub-regions: the northern part, which has a clear filamen-
tary shape, and the southern part that includes the NGC 2264
open cluster. Its location corresponds to the red color area in the
Planck intensity map. In the left panel of Fig. 3 the northern
and southern parts are delimited with yellow and green boxes,
respectively. As we shall see, the large-scale magnetic field in
the two parts has different properties regarding its structure and
its dynamical role.

We observe that the Stokes I map (Fig. 3, left panel), the
column density map (Fig. 2) and the integrated CO gas emis-
sion map at the velocities of the studied cloud (Fig. 3, right
panel) trace the same structure, at column densities larger than
�1:8� 1021 cm�2. This threshold is used to define the regions
where the background polarized signal can be neglected with
respect to the polarization coming from the Monoceros OB 1
east cloud.

In what follows, we adopt the nomenclature introduced by
Montillaud et al. (2019b) for the sub-structures in the north-
ern part. There, the north-main filament is located in the lower
part, connected to two upper filaments that extend slightly to east
and west. Henceforth, these are referred to as the north-eastern
and north-western, respectively, and the three filaments are con-
nected at the junction region. The schematic representation of
these structures is shown in Fig. 4.

4.1. Plane-of-sky magnetic field structure

The left panel of Fig. 3 shows the Planck intensity map and the
POS magnetic field orientation represented by blue segments.
The length of the segments corresponds to the value of p in
a given pixel. The Monoceros OB 1 east molecular cloud is
located around two degrees above the Galactic plane, and we
observe the uniformly orientated magnetic field in the south-
western part of the map, which is globally aligned with the
Galactic plane, with the bII = 0� latitude shown by the pink
dashed line. Moving from the Galactic plane towards the center
of the map, the POS magnetic field orientation changes grad-
ually with increasing intensity, then shifts by 90 degrees from
the SE–NW (south-east–north-west) to the SW–NE (south-west–
north-east) orientation at the western border of the main part of
the cloud. The SW-NE orientation prevails throughout the dens-
est part. The low-intensity eastern part of the map also shows a
uniform orientation of the magnetic field, orientated north, that
changes in the brighter region. We observe that the northern and
southern parts of the cloud show different POS magnetic field
structures.
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.

Fig. 4. TRAO 13CO integrated (between vlsr = �3 and 17 km s�1) T �a
emission map of the northern part of the cloud in K km s�1 with the
schematic representation of the sub-structures. Contours are taken at
5 K km s�1.

extent of the regions and the associated velocity pro�les and their
dispersions. We require each VCS to contain at least 100 pixels
(after projection onto the

Fig. 5. Planck Stokes Q (left panel) and U (right panel) maps of the
northern part of Monoceros OB 1 east, shown in yellow box in Fig. 3.
Contours correspond to the TRAO 13CO emission, as shown in Fig. 4.

The northern part of the cloud shows a large-scale magnetic
field mainly orientated in the south-north direction. In order to
analyze the variations throughout the cloud, we show in Fig. 5
the maps of polarized linear intensities in that region, Q and
U, used for the calculation of  B (Eq. (3)), so that their rela-
tive variations partially reflect variations of  B. The north-main
filament and the north-eastern filament, which are proposed
by Montillaud et al. (2019b) to form one structure, are clearly
detected in Q as a strong negative signal in a primarily uniform
background with the maximum (in absolute value) in the junc-
tion region. The U parameter shows a gradient in the direction
from south-east to north-west. Remarkably, the north-eastern and
north-western filaments have opposite U polarities (positive and
negative respectively). This means the magnetic field orienta-
tion is systematically directed north with an inclination to the
east and west, respectively. This is also seen when inspecting the
map of the magnetic field angles in Fig. 3 and when considering
the filamentary structures detected in the Planck column density
map using RHT (see details in Appendix A). The mean magnetic

field angles are around 3� and �2:6� with the mean dispersion of
5:4� and 5:3� in the north-eastern and north-western filaments,
respectively. The decrease in Q lies between the junction region
and the north-main filament, and U changes its sign at the south-
ernmost end of the junction region. This suggests that the two
structures have distinct polarization properties.

The southern part of Monoceros OB 1 east, shown in the
green box in Fig. 3, has a different magnetic field structure. In
particular, at the eastern border, we observe a region with a dis-
tinct uniform magnetic field orientated roughly perpendicular to
the Galactic plane, extending from low-intensity regions towards
the brightest part, which includes NGC 2264. We note that the
brightest part seems to be perpendicular to this uniform magnetic
field. The southernmost end of the region shows a global N–S
orientation of the POS magnetic field inferred from the Planck
data, and the two meet in the brightest part of the cloud (see
the right panel of Fig. 3). The global SW-NE orientation is also
detected in the southernmost western corner of the northern part.

4.2. Strength of the magnetic field and the effect on filaments
stability

We estimate the POS magnetic field strength according to
Sect. 3.2 in the north-eastern, north-western, and north-main
filaments, in particular, in VCSs that are identified in 13CO emis-
sion (described in Sect. 3.1). This allows us to constrain the
spatial extent of the regions and the associated velocity profiles
and their dispersions. We require each VCS to contain at least
100 pixels (after projection onto the Planck grid). The north-
main filament contains several VCSs in the junction region, and
we do not consider that part of the filament to avoid confusion.
We also note that the VCS corresponding to the north-eastern
filament covers mainly the northern part of the filament. The
contours of the VCS and the velocity dispersion map are rep-
resented in Fig. 6. We can see that the three VCS do not spatially
overlap, and because each of the structures accounts for most of
the observed emission, the use of the Planck polarization data is
justified.

To estimate the ratio of turbulent to ordered magnetic field
strengths, we computed the angular dispersion function C and
the corresponding fits as described in Sect. 3.2. The results are
shown in Fig. 7. The uncertainties on the measurement of the
Stokes Q and U in the Planck data propagate non-linearly to C.
We used Monte-Carlo simulations that consider the noise vari-
ances of Q and U and their co-variance noise. The range of
the uncertainties, within 95% confidence interval, is indicated
in dark grey in Fig. 7, except for the north-main region where
the uncertainties are minor and are comparable to the symbol
size. The areas of the VCS have elongated shapes, and the largest
distances have a smaller number of pixels pairs. We represent
the largest circles inscribed in each VCS in Fig. 6 and report
the corresponding diameters in Fig. 7. This corresponds to the
lags for which the determination of pixel pairs is isotropic. We
also assessed the uncertainty due to the decreasing number of
pixel pairs with increasing lag l for each VCS using Monte-
Carlo simulations of random angles and report them as gray
shaded areas in Fig. 7. The fit was applied to intermediate lags
because, at low separations between data points, the assump-
tion of the Gaussian turbulent auto-correlation function is not
relevant (Houde et al. 2009), while at large separations, one
might be tracing uncorrelated components. The resulting esti-
mates of the POS magnetic field strength are reported in Table 1.
The uncertainties are estimated from, first, the standard error
propagation between the data and the fit, and second, from the
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Fig. 6. Northern part of the cloud where the magnetic field strength
was estimated. Left panel: location of the north-main (white contour),
north-western (yellow contour), and north-eastern (red contour) veloc-
ity coherent structures overlaid on the TRAO 13CO integrated intensity
map, in K km s�1. Segments represent the POS magnetic field ori-
entation derived from the Planck data, the length of the segments
corresponds to the polarization fraction, with the reference length of
100 corresponding to p = 0:05. Right panel: velocity dispersion in the
three subregions from the 13CO emission TRAO data, smoothed to 70
resolution, in km s�1. Purple circles correspond to the largest circles
inscribed in the area of each VCS.

Monte-Carlo simulations. We find that the strength is around
17 �G, 5 �G, and 6 �G in the north-main, north-western, and
north-eastern regions, respectively, or globally on the order of
10 �G. This value is in agreement with the global tendency in
molecular clouds at the observed densities (Crutcher et al. 2010).
A determination of the magnetic field strength using the DCF
method is generally subject to several assumptions, as well as
the approach adopted here. Supposing that errors are similar in
different regions, a relative analysis of the results allows us to
conclude that the north-western region has a larger turbulent
component (hB2

t i=hB2
0i ’ 0:67 compared to ’0:14 and 0:11) with

the large-scale magnetic field strength two times weaker than in
north-main filament. The values of B0,POS reported here are ten-
tative, and a possible range will be discussed in Sect. 5. As far
as we know, there are no Zeeman lines splitting observations in
G202.3+2.5 (the northern part). In the NGC 2264 protocluster
located half-a-degree south to the north-main region, the Zee-
man lines splitting observations were studied by Maury et al.
(2012). However, in that region, we observe a different geometry
characterising the POS magnetic field. The magnetic field com-
ponent projected onto the line of sight (LOS) was estimated to
be 600 �G at most, using IRAM 30-m observations of CN(1�0)
emission line at a resolution of 2300. The Zeeman measurement
with IRAM traces the small-scale magnetic field strength in
the NGC 2264, while the Planck + DCF-derived magnetic field
strength applies to the large-scale magnetic field of G202.3+2.5;
thus, they cannot be directly compared.

We compare our results with the results derived using a
method that does not account for the beam dilution. Hildebrand
et al. (2009) proposed using the two-point angular structure
function within the assumption of the independence between
the large-scale ordered and turbulent components that introduces
no assumptions on the geometry of the large-scale field. The

Fig. 7. Angular dispersion functions C (C = 1 � cos(h� (l)i)) and the
corresponding fits to the data using Eq. (5) (dotted curves) for the north
Main, north western, and north eastern regions from top to bottom
respectively. The dashed curves show the integrated turbulent compo-
nent obtained from Eq. (5) without the exponential term. The grey area
shows the error estimated using Monte-Carlo simulations that take into
account the noise variances of the data and the dark gray area shows the
uncertainty due to the number of available pixel pairs for each lag l. The
vertical lines show the diameters of the purple circles from Fig. 6.

Table 1. Results of the fit parameter hB2
t i=hB2

0i from Eq. (5)

Region hB2
t i

hB2
0i

B0,POS B0,POS
(1) �

(�G) (�G)

North-main 0:14 16:0 � 2:5 385 � 17 0:95 � 0:41
North-western 0:67 5:1 � 0:9 362 � 14 2:55 � 0:57
North-eastern 0:11 6:5 � 1:1 85 � 2 1:40 � 0:38

Notes. The magnetic field strength B0,POS is derived using Eq. (5), B1
0,POS

is derived using the angular structure function (see Appendix B). � is
the estimated mass-to-magnetic flux ratio parameter calculated using
Eq. (10). Results are shown in the three detected VCSs in the northern
part. (1)calculated according to the method of Hildebrand et al. (2009).
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details of the calculations are reported in Appendix B, and the
magnetic field strength estimation is reported in the fourth col-
umn of Table 1. This method yields values that are about two
orders of magnitude larger for the ordered component’s strength
and proves the necessity of accounting for the beam dilution to
any data. It was also noted by Planck Collaboration Int. XXXV
(2016) that the method proposed by Hildebrand et al. (2009)
should be applied with caution to the Planck data.

The magnetic field may support the filamentary clouds
against gravitational fragmentation. To quantify this, we evalu-
ated the ratio � between the actual and critical mass-to-magnetic
flux ratios M=� according to Crutcher (2004):

� = 7:6� 10�21NH2=Btot; (10)

where Btot is the total magnetic field strength in �G and N(H2) is
the column density of molecular hydrogen in molecules per cm2.
We then determine the total magnetic field strength out of our
estimation of BPOS: Heiles & Crutcher (2005) argued that sta-
tistically BPOS accounts for 0.79 of Btot on average, and we
adopt this value. If � < 1, the cloud is subcritical, which means
that the cloud is not prone to collapse, and � > 1, the gravita-
tional energy is larger than the support provided by the magnetic
field. We average the column density data in the three VCS
regions and obtain � = 0:95� 0:41; 2:55� 0:57; and 1:40� 0:38
for the north-main, north-western, and north-eastern regions
respectively. These regions are mostly supercritical, where the
magnetic field alone does not provide sufficient support against
collapse. As we show in Sect. 4.3, the VGs do not show signif-
icant signs of collapse. Thus, turbulence may be the most likely
factor providing support in this instance.

4.3. Coupling between magnetic field structure and the
cloud’s dynamics

According to Hu et al. (2020), the relative orientation between
the magnetic field as inferred from polarimetric dust observa-
tions and the velocity and intensity gradients of the gas emission
can be used as an indicator of undergoing dynamical processes:
(i) if both the VGs and IGs are perpendicular to the magnetic
field, this is an indication that the gravity is not a dominant fac-
tor in the region; (ii) if both the VGs and IGs are parallel to the
magnetic field, this is an indication of a gravitational collapse;
(iii) if the VGs are perpendicular to both the magnetic field and
the IGs, this is an indication of a shock.

We computed the IGs, VGs, and VChGs in the two parts of
the cloud and compared the derived directions between them and
to the direction of the POS magnetic field. The uncertainty on
the determination of the gradient angles can come from the sys-
tematic error in the map and from the sub-block averaging as
described in Sect. 3.3. In the sub-block averaging process, only
the statistically crucial angle, which corresponds to the peak of
the Gaussian fit to the histogram over the considered pixels, is
considered, and the uncertainty of the sub-block averaging is
taken as the error of the Gaussian fitting at the two-sigma level.
Figure 8 shows the histograms of the gradient uncertainties.
The PDFs peak between 5 and 10 degrees. We only considered
those gradients with uncertainties lower than 30�. Figure 9 illus-
trates that the data in the northern region has a sufficient S/N
so that the gradients are defined at every data point. In contrast,
Fig. 10 illustrates that in faint regions there are no gradients that
satisfy our selection criteria. We set thresholds on the consid-
ered area at the 12CO integrated intensity level of 3 K km s�1

in the southern part and 6 K km s�1 in the northern part. This

Fig. 8. Uncertainties of the IGs (black plain curve) and VGs (red dashed
curve) orientations in the Monoceros OB 1 east cloud. Top: 12CO,
bottom: 13CO.

globally corresponds to column densities above �1:8� 1021

cm�2 as discussed earlier. Comparison between spectroscopic
and polarimetric results is performed above these thresholds.

4.3.1. Northern part

We represent in the panel a of Fig. 9 the POS magnetic field
traced by the interstellar dust polarized emission, and the VGs
and IGs rotated by 90�, calculated on the 12CO TRAO data in the
northern part of Mon OB 1 east association, for illustration pur-
pose. We compute the angle differences between magnetic fields
and VGs and IGs and represent the PDFs in Fig. 11. Globally,
the PDFs peak at 90�, and a 30� range from the peak corre-
sponds to more than 1� level. In what follows, we adopt this
margin as a confident one. In panels b–e of Fig. 9, we overlay
the three dynamical cases on the grey scale image of the 13CO
integrated intensity map. There, the quiescent regions (case i)
are represented as blue shaded areas, the shock regions (case iii)
are represented as yellow shaded areas, and the sites of possible
collapse (case ii) are shown as red shaded areas. We identify two
main types of dynamical regions in the northern part: the “quies-
cent” regions where the IGs and VGs are both perpendicular to
the magnetic field orientation within 30� (case i) and the candi-
date “shock” regions where the VGs are perpendicular to, and the
IGs are parallel to the magnetic field within 30� (case iii). The
former means that the magnetic field orientation derived from
the gradient orientations (obtained by rotation of 90�) would give
the same orientation of the magnetic field as the one derived
from dust polarization observations. In the north-main and
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a) 12CO, smoothed b) 12CO, smoothed c) 13CO, smoothed

d) 12CO, unsmoothed e) 13CO, unsmoothed

Fig. 9. Northern part of Mon OB 1 east (corresponding to the yellow rectangle in Fig. 3) with the POS magnetic field orientation (blue segments),
the orientations of the rotated velocity gradients (magenta segments), and intensity gradients (red segments) overlaid on the TRAO 12CO integrated
intensity map (between vlsr = �3 to 17 km s�1) shown in panel a. In panels b–e, we show the same region. The blue shaded pattern corresponds
to the regions where gravity is not dominant (case i), the red shaded pattern corresponds to the candidate collapse (case ii), the yellow shaded
pattern corresponds to the candidate shock regions (case iii), overlaid on the 13CO integrated intensity grey scale map: (b) based on 12CO TRAO
data smoothed to 70 resolution, (c) based on 13CO TRAO data smoothed to 70 resolution, (d) based on 12CO TRAO data at the resolution of 4700,
(e) based on 13CO TRAO data at the resolution of 4700.

north-eastern filaments the 12CO and 13CO intensity and veloc-
ity gradients both agree with polarimetric data in estimating the
magnetic field orientation. It means that, first, there is apparently
no source of foreground contamination in the polarized emis-
sion map, and both polarimetric and spectroscopic data trace the
same media. Second, the turbulent motions in the gas and the
magnetic field support are more significant than the gravitational
forces (case i), as expected from the theory on MHD turbulence
forming the basis of the gradient technique used in this study.
Interestingly, the comparison of the 12CO VGs and IGs with the
dust-derived POS magnetic field in panel b traces a shock in-
between the north-eastern and north-western filaments. At the
same time, we observe no such dynamics in 13CO (panel c).

It is worth noting that the VG and IG maps were smoothed
to the Planck resolution in order to facilitate a comparison with
the polarimetric data. However, these maps bring information on
the magnetic field structure and the gas dynamics at higher res-
olution. We oversampled the Planck map and represent in the
last two panels d and e of Fig. 9, the dynamically active regions
identified using the unsmoothed map of 12CO and 13CO. The
corresponding histograms are reported in Appendix C, Fig. C.3.
As expected, the shock is also observed when using unsmoothed
12CO gradients between the two northern filaments (panel d).

Moreover, there are signs of collapse around the shock region
and in the north-western filament. In denser parts, traced by
13CO, the comparison between the unsmoothed gradients and the
oversampled Planck magnetic fields reveals a small shock region
between the two filaments, which disappears if the smoothing
is applied. In the northern part of the junction region, in 13CO
(panel e), we do not observe any noticeable trend. However, if the
smoothing is applied, the magnetic field orientation derived from
the spectroscopic data is coherent with the magnetic field orien-
tation derived from the polarization data in this region. This can
be due to the confusion of multiple sub-structures of Monoceros
OB 1 along the LOS (Montillaud et al. 2019b). The coherence
between magnetic field orientation derived using polarimetric
and spectroscopic data is also lost at the southernmost end of
the junction region, where a signature of merging of the north-
eastern and north-main filaments was detected using the IRAM
30-m observations (Montillaud et al. 2019b). A comparison with
higher resolution polarimetric data is necessary in order to ana-
lyze the magnetic field in this region. The velocity channel
gradients (VChGs) show a better agreement with the Planck
data in the determination of the magnetic field orientation:
their PDFs show a narrower peak toward 90�, while the VG’s
PDFs are flatter, especially for the 13CO data (bottom panel of
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a) b)

c) d)

Fig. 10. Southern part of Mon OB 1 east (corresponding to the red box in Fig. 3) with the POS magnetic field orientation represented by the blue
segments, overlaid on the TRAO 12CO integrated intensity gray-scale map. Top row: red segments show the orientation of the rotated intensity
gradients based on the 12CO and 13CO tracers (panels a and b respectively). Bottom row: magenta segments show the orientation of the rotated
velocity gradients based on the 12CO and 13CO tracers (c and d respectively).

Fig. 11. PDFs of the absolute differences between the POS magnetic
field derived from the Planck data and the IGs in black (plain curve),
VGs in red (dashed curve), VChGs in blue (dash-dotted curve) for the
northern part. Top: based on 12CO data. Bottom: based on 13CO data.

Fig. 11). However, the global behavior is very similar between
the VGs and the VChGs. For this reason, we chose not to add the
corresponding plots.

4.3.2. Southern part

The magnetic field traced by interstellar dust emission polariza-
tion in the southern part of the cloud seems to have two major
parts. A uniform magnetic field orientated north-east to south-
west extends from the eastern edge of the cloud to the densest
part, even in regions with no significant CO detections, and is
roughly perpendicular to the Galactic plane (see left panel of
Fig. 3). Figure 12 shows the first moment map of 12CO emis-
sion, in which we observe that an elongated structure that joins
the main cloud at the eastern border and follows this magnetic
field direction, is detected at a vlsr from 8 to 8:4 km s�1 in both
12CO and 13CO, whereas the rest of the cloud has velocities in the
range 3–7 km s�1. In the southernmost part, the Planck magnetic
field is orientated south-north.

Figure 10 shows the POS magnetic field from the Planck data
and the rotated velocity and intensity gradients, to illustrate the
derived local magnetic field direction. Contrary to the northern
part, the directions of the velocity and intensity gradients differ
in more extended regions. We schematically define three regions
(rectangles A, B, and C in Fig. 10) to identify the special cases
of the relative orientation between the Planck magnetic field and
the gradients rotated by 90�, one-by-one. We note that González-
Casanova & Lazarian (2017) found the VGs to be a more robust
tool than the IGs, as they are stable to different regimes (sub-
sonic or supersonic). We observe a better agreement between
the Planck magnetic field and the VG magnetic field than the
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Fig. 12. First moment map of 12CO emission, in km s�1. The arrows
show the cuts used for the position-velocity diagrams of Fig. 14.

IG magnetic field in rectangle A and NGC 2264 for both gas
tracers. In addition, the alignment is tighter in 12CO than in
13CO. This is expected because 12CO traces the more extended
envelope, which might contribute more to the polarized emis-
sion detected by Planck in that LOS. In the southernmost part
(rectangle B), VGs and IGs are almost perpendicular to each
other, and the magnetic field derived from the VGs agrees with
the Planck magnetic field direction, which indicates a candidate
shock region. Interestingly, at the western edge (rectangle C), the
magnetic field derived from the IGs is aligned with the Planck
magnetic field while it is perpendicular to the rotated VGs. This
does not correspond to any of the three dynamical cases and
this might be attributed to the VGs and IGs being dominated
by different regions in the LOS.

The histograms of the absolute difference between the orien-
tation of the magnetic field derived from the polarimetric data
and the orientation of the IGs and VGs are reported in Fig. C.4.
The distributions also peak at 90� with a spread that is larger
than in the northern part.

We present in the upper panels of Fig. 13 the three cases:
quiescent (case i) in blue, candidate collapsing (case ii) in red,
and candidate shock (case iii) in yellow. The lower panels show
the results when using VChGs instead of VGs. The IGs and VGs
globally show the same magnetic field orientation as the polari-
metric data. There are signs of collapse around NGC 2264 and
at the south-western edge. The 12CO VGs indicate shock-like
dynamics near the densest part of the cloud. However, it disap-
pears when considering the velocity channel gradients (VChGs).
This probably means that several structures are present along the
LOS and a combination of higher resolution polarimetric and
spectroscopic data would be necessary. Other candidate shock
regions are detected in the southern part and at the outer end of
the elongated eastern structure, both in VGs and VChGs.

5. Discussion

This work aims to study the large-scale magnetic field of the
Monoceros OB 1 east cloud and analyze its connection with the
cloud’s dynamics. For this purpose, Planck polarimetric data and
gradients of TRAO spectroscopic measurements are combined.
The resolution of the Planck data and the sub-block averaging
of the IGs and VGs give access to scales larger than a parsec or
larger than a few arcminutes in angular size. This raises ques-
tions about whether sub-resolution processes could impact our
analysis, and how the data obtained with the large-scale, low-
density tracer 12CO and the smaller scale, higher density tracer
13CO can be combined to characterize the large-scale magnetic

field in this region. We first address these two questions and then
discuss the large-scale magnetic field separately in the northern
and southern parts of the molecular complex.

The analysis of intensity (or column density) gradients of
spectroscopic data for magnetic field studies within MHD turbu-
lence has been applied in sttudies by different authors (Soler &
Hennebelle 2017; Chen et al. 2016; Heyer et al. 2020). In the last
sub-section, we discuss our results based on the developments
of Hu et al. (2020) within the interpretations of the column den-
sity gradients behavior in the presence of magnetic fields and
self-gravity proposed in the literature.

5.1. Effect of outflows on our large-scale study

NGC 2264 is actively forming stars which is accompanied by
outflows. The outflow activity affects the shape of the emission
lines and may affect the calculation of the gradients. Buckle et al.
(2012) analyzed the 12CO (J = 3–2) emission and H2 emission
in the cluster and identified 46 outflows with angular sizes rang-
ing from a few arcseconds to a few arcminutes in a 1 deg2 region.
They are clustered in a few groups where they are often seen to
spatially overlap, effectively covering a minor area in compari-
son to the 6 deg2 studied here. The authors concluded that the
outflow activity does not significantly bring energy and momen-
tum and that is not the dominant source of turbulence even on
the scale used in their study. In our analysis, the TRAO beam
size (4700) is larger than most of the identified outflows and the
sub-block averaging of the gradients trims the contribution of
the most significant outflows. Thus, the outflows have a negli-
gible effect at the final resolution of the gradients. In addition,
the conclusions we draw based on the comparison between the
gradients and the polarization data, represented in Fig. 13, are
scarcely tied to NGC 2264. Instead, they are related to less dense,
extended structures.

5.2. Toward a cloud tomography

The sub-millimeter emission of the interstellar dust is optically
thin, and the signal contains information gathered all along the
LOS. The 12CO emission is generally optically thick in molec-
ular clouds. It mostly traces the outer envelopes and less dense
material within the cloud, while 13CO is more optically thin and
allows us to examine denser parts. We see this difference in the
opacity of the two isotopologues as an advantage. When gra-
dients from 12CO and 13CO both agree with polarimetric data,
the magnetic field structure is very probably coherent across dif-
ferent layers, from outer envelopes to inner and relatively denser
parts. Conversely, when 12CO and 13CO gradients bring different
information, it suggests a complex magnetic field morphology
through the thickness of the cloud. A similar idea was proposed
by Hu et al. (2019c) who suggested that multiple gas tracers
(12CO, 13CO, C18O, CS, HNC, HCO+, HCN) could be used to
make a cloud’s tomography. While we only have two gas trac-
ers, the available high S/N Planck data in the region allows us
to draw a global picture of the interplay between the molecular
cloud and the magnetic field. Hsieh et al. (2019) showed that the
VGs could safely be applied to both optically thin and optically
thick gas tracers to infer the magnetic field morphology. In the
northern part, the IGs and VGs derived from 12CO and 13CO
data (Fig. 9) globally provide the same direction of the magnetic
field. Since 13CO was found to be essentially optically thin in
this region (Montillaud et al. 2019b), this indicates that the large-
scale magnetic field orientated south-north is permeating the
filaments at least in gas layers of volume densities on the order of
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a) 12CO b) 13CO

c) 12CO, VChG d) 12CO, VChG

Fig. 13. Southern part of Mon OB 1 east. The blue shaded patterns correspond to the regions where gravity is not dominant (case i), the red shaded
patterns correspond to the candidate collapsing regions (case ii), and the yellow shaded patterns correspond to the candidate shock regions (case
iii), overlaid on the 13CO integrated intensity grey scale map. Top row: based on the comparison between the velocity gradients, intensity gradients
and the POS magnetic field direction derived from Planck: (a) based on 12CO data; (b) based on 13CO data. Bottom row: based on the comparison
between the velocity channel gradients, intensity gradients and the POS magnetic field direction derived from Planck: (c) based on 12CO data; (d)
based on 13CO data.

those probed by those transitions (�102–103 cm�3). In the south-
ern part, the magnetic field direction in the cloud’s envelope,
traced by the IGs and VGs from the 12CO data is different from
the magnetic field direction in the denser part of the cloud, traced
by 13CO (Fig. 13). In the envelope and the more diffuse gas,
the magnetic field is in the south-north and south-east to north-
west direction, while in the denser part, it is in the north-east
to south-west direction. Rapson et al. (2014) and Park & Sung
(2002) showed that the cloud has a complex, continuous star for-
mation history, with at least one past burst in the southern part of
the cloud outside of NGC 2264 and one ongoing inside the clus-
ter. Both studies concluded that the cloud is generally quiescent
if not considering NGC 2264. Our analysis supports this state-
ment as we observe a global agreement between the magnetic
field directions derived from the spectroscopic gradients and
polarimetric data globally in the cloud.

In the two following sections, we discuss each part of the
cloud separately.

5.3. Northern filaments

The northern part of the cloud seen in submillimeter and radio
wavelengths has a filamentary shape that bifurcates into two
filaments. Montillaud et al. (2019b) identified the structures as
the north-main, north-western, north-eastern filaments, and the
junction region (Fig. 4) and showed that the north-western and
north-eastern filaments are moving towards each other, suggest-
ing that they are experiencing a collision at their junction. We
first re-examine this scenario using our results and then discuss
the contribution of the magnetic field to the stability of the cloud
substructures.

Our results suggest that the north-main and north-eastern fil-
aments originally formed one structure. The following findings
support this idea. First, the north-main and north-eastern fila-
ments have similar polarized intensities properties: their Q and
U parameters shown in Fig. 5 have globally the same polarities,
negative and positive respectively, while the north-western fila-
ment has an opposite polarity, with both Q and U being negative.
Second, they exhibit similar behaviors in intensity and velocity
gradient orientations with respect to the observed POS magnetic
field: the IGs and VGs both agree with the polarimetric mea-
surements regarding the derived magnetic field orientation. The
difference in the angles in the north-main and north-eastern fil-
aments, shown in the panels b and c of Fig. 9, do not exceed
30�. This is true to a greater extent if we consider the northern
part of the north-eastern filament, where polarimetric and spec-
troscopic data show the same orientation of the magnetic field in
both 12CO and 13CO.

We also detected a signature of a shock in the diffuse gas
using the comparison of the IGs and VGs of 12CO with the
polarimetric data. It is located in the northernmost end of the
cloud between the two northern filaments. The 13CO data does
not show such a trend. This may either mean that the dense
structures were formed before the collision or indicate that the
dissipation of the shock in the diffuse gas takes longer time. The
shock detection in the combination of polarimetric and spectro-
scopic data supports the hypothesis of a collision of the filaments
proposed by Montillaud et al. (2019b).

Our results shed new light on the findings of Montillaud et al.
(2019b) who interpreted the north-main and north-eastern fila-
ments as two structures that were originally distinct and are in
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the process of merging at the level of the junction region, while
the north-western filament was understood as the continuity of
the north-main filament. Our analysis suggests that the north-
main and north-eastern filaments were one and entered into a
collision with the north-western filament. At the same time, the
magnetic field has been dragged along with the matter during the
evolution of the structures.

Magnetic support and filament stability

The northern filaments have a large population of dense cores
(Montillaud et al. 2019a; Rapson et al. 2014). An analysis by
Montillaud et al. (2019b), based on the Herschel data, suggested
that the filaments are subject to fragmentation if the magnetic
field does not provide support. In Sect. 4.2, we used the DCF
method to estimate the strength of the magnetic field in the
northern filaments. We adopted an approach proposed by Houde
et al. (2009) to account for beam dilution. However, the DCF
method, even with the applied corrections, can be uncertain
by a factor of two or more, as discussed in Crutcher (2012).
Also, there exists an uncertainty on the determination of nH2

from observations of 13CO, which is generally assumed to be
a tracer of gas at n = 103 cm�3 rather than the values adopted
here (n = 102 cm�3), supported by recent studies (Evans et al.
2020). With these caveats, it is clear that the absolute value of
the B field remains quite uncertain. However, assuming that the
errors committed on the magnetic field strength measurements
are similar in the various regions, differences between their val-
ues may reflect genuine variations from region to region. In
the following, we discuss the differences between the regions
in the frame of this assumption. Although the magnetic field
strength values are similar (below 10 �G) in the north-eastern
and north-western filaments, the ratio of the turbulent-to-ordered
component is larger for the north-western filament. The ratio
between the actual and critical mass to magnetic flux ratio � for
the north-western filament (� ’ 2:55) is about two times larger
than for the north-eastern filament (� ’ 1:4). In contrast, those of
the north-main and north-eastern filaments have fewer discrep-
ancies (� ’ 0:95). This confirms again that the north-western
filament is dynamically more active, Furthermore, the magnetic
field properties of the north-main and north-eastern filaments
are similar with low �. We note that if a larger (e.g., by one
order of magnitude) gas volume density was taken in the cal-
culation, the strength of the magnetic field would be larger by a
factor of ’3 and the two northern filaments would be considered
as sub-critical (with � = 0:8, and 0:4 for the north-western and
north-eastern), supported by the magnetic field. In addition, we
do not detect signs of gravitational accretion, at the considered
scales, when comparing the VGs and IGs to the polarimetric
data. This indicates that stability against gravity is provided by
turbulence or turbulence and magnetic fields. This is in line with
other studies that have aimed to explain the inefficiency of star
formation in molecular clouds (Zuckerman & Evans 1974). Sim-
ulations (Clark & Bonnell 2004; Dobbs et al. 2011; Bonnell et al.
2011) and observations (Barnes et al. 2016; Nguyen-Luong et al.
2016) have shown that globally molecular clouds are gravitation-
ally unbound entities with sites of very dense bound gas in which
star formation occurs.

The velocity dispersion used in this analysis is provided by
the 13CO data, while the polarization data at the given resolution
(70 or 1:5 pc) trace the cold dust emission of structures such as
cold clumps or dense filaments. Thus, these results characterize
the gravitational to magnetic balance at intermediate densities
only (lower than 103 cm�3) and do not contradict potentially

Fig. 14. Position-velocity diagrams of the eastern (top) and southern-
most (bottom) inflow candidates in the southern part of the Monoceros
OB 1 east. The colorscale shows 12CO emission, while the black lines
show contours of 13CO at T �A = 0:1, 0.4, and 0.7 K. The location of the
position-velocity cuts and their orientations are shown by the arrows in
Fig. 12.

different behaviors at smaller scales in dense cores. The present
study should be complemented with higher angular resolution
data to tackle this question. For example, we could consider
using the data from the Atacama Cosmology Telescope (ACT,
Thornton et al. 2016) at 10 resolution (Naess et al. 2020) to make
the comparison between polarimetry- and spectroscopy-derived
orientations of the POS magnetic field but also to estimate the
strength using techniques involving polarization-gradient rela-
tion within ideal MHD framework from the polarimetric data
only (Koch et al. 2012).

5.4. Southern part

A large ordered magnetic field orientated roughly perpendic-
ular to the Galactic plane permeates the southern part of the
cloud across its densest part, and the whole region seems elon-
gated perpendicular to this magnetic field. We discuss here two
structures of interest in this region. The diffuse region framed
by rectangle A in Fig. 10 is elongated alongside its POS mag-
netic field lines and presents a strong velocity gradient towards
the bulk of the cloud (Fig. 14). This suggests an inflow, either
channeled by the magnetic field or dragging it. However, in
this region, Fig. 13 shows mostly blue patterns (case (i)), where
gravity does not dominate the dynamics, and a few small and
scattered yellow patches (shocks, case (iii)) – leaving the reason
for this possible inflow unclear. Its orientation, which is nearly
perpendicular to the Galactic plane, may indicate that the gas
follows the Galactic gravitational potential.
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A second structure, at the southernmost end part of the
cloud, shown below the rectangles A and B, covers an
extensive velocity range. It appears as a compact red patch in
Fig. 12 (�8 km s�1), but its position-velocity profile (Fig. 14)
shows that it spans velocities from �6 to 12 km s�1 over only
�100, suggesting that it corresponds to a structure greatly
inclined with respect to the plane of the sky. Interestingly, the
four frames of Fig. 13 show a large yellow pattern indicating a
large zone of shock between this structure and the bulk of the
cloud, suggesting that this second structure is also flowing into
the cloud. This draws a picture where star formation in the main
cloud is fueled by inflows of diffuse gas on scales as large as
10�15 pc.

We notice other intriguing observations in this region. When
using the velocity centroid maps, signs of shocks are present
in NGC 2264, but they disappear when using velocity channel
maps. Also, the densest area of the southern part, corresponding
to the location of the NGC 2264 open cluster, is located pre-
cisely at the confluence of two distinct magnetic field regions.
These observations would call for further investigation, but they
are less relevant for the present study, which is focused on the
large-scale magnetic field. Thus, we reserve them for a future
study that is more focused on the area of the cluster.

5.5. Comparison to alternative approaches

Predictions of the magnetically influenced filament formation
and evolution from numerical simulations as well as the corre-
sponding observational pieces of evidence have boosted theo-
retical investigations of the underlying physical processes. This
work employs the technique of intensity and velocity gradients
(Yuen & Lazarian 2017a; Lazarian & Yuen 2018b; Hu et al.
2018). There are also alternative approaches that utilize gra-
dients of column density to consider. Specifically, Chen et al.
(2016) and Soler & Hennebelle (2017) used the gradients of col-
umn density to study its relative orientation with respect to the
magnetic field.

It is worth noting that the histograms of relative orientation
(HRO) employed in Chen et al. (2016) and Soler & Hennebelle
(2017) studies the relative orientation of the gradients of column
density with respect to the magnetic field as revealed by polariza-
tion. In contrast, the intensity and velocity gradients techniques
effectively allow us to obtain magnetic field direction. Moreover,
the VGT and IGT can detect self-gravity effects without employ-
ing any polarization data. Hu et al. (2020) showed that the results
of identification of collapsing regions obtained without polariza-
tion measurements are consistent with the HRO results obtained
with polarization measurements. More recently, using velocity
gradients, the regions of gravitation collapse were identified in
Serpens G3–G6 molecular cloud (Hu et al. 2021). Our present
results for the Monoceros OB 1 east also show the consistency
of the velocity gradients and HRO predictions. Moreover, the
combination of the velocity and intensity gradients of molecular
line observations with polarimetric observations of interstellar
dust allows us to investigate a possibility of other dynamical
processes such as the shock or regions dominated by turbulence
and magnetic field that are beyond the techniques utilizing the
column density gradients versus the polarization data.

6. Conclusion and perspectives

We analyzed the large-scale magnetic field structure of the
Monoceros OB 1 east molecular cloud with its complex mor-
phology of interconnected filaments in order to study the possi-
ble influence of the magnetic field on the evolution and formation

of the cloud and its active star formation. We used the Planck
353 GHz polarized channel to trace the plane-of-sky (POS)
component of the magnetic field associated with the cold dust
and the novel technique of estimation of intensity and velocity
gradients (IG and VG). This approach allowed us to trace dynam-
ically active regions such as shocks or turbulence and magnetic
field-dominated regions via a comparison of the polarimetric
observations with the spectroscopic data.

The magnetic field in the Monoceros OB 1 east cloud has a
more significant influence on the dynamics in the southern part
of the cloud than in the northern part. In the northern part, the
magnetic field follows the filamentary structure of the cloud in
the south-north direction, and this regular field seems to have
the same direction in the envelope, as traced by 12CO emission,
and in denser parts, as traced by 13CO emission. Our study sug-
gests that the north-main and north-eastern filament were once
one whole structure that collided with the north-western filamen-
tary cloud. In this scenario, the magnetic field was kept dragged
during the evolution of the cloud, and is probably providing sup-
port against fragmentation at the scales larger than a parsec, at
least in the north-main filament, in the direction, perpendicular
to the magnetic field and the filament. It might also channel a
flow of matter along the filament, but we do not detect signs of
accretion in the northern filaments at large scales. However, the
comparison of unsmoothed gradients and polarization data show
small-feature collapsing regions. We conclude that the magnetic
fields and turbulence might be the two stabilizing factors in the
northern part, at scales larger than a parsec. The southern part,
in contrast, shows a complex structure of the magnetic field.
The data suggest an inflow of matter towards the dense parts of
the cloud, which is channeled along the magnetic field lines in
the north-east to south-west direction. Alternatively, the mag-
netic field could be dragged by the gas motion towards the main
cloud. In more diffuse parts, the magnetic field is also generally
orientated in the south-north direction.

Our study of Monoceros OB 1 east molecular cloud sup-
ports the emerging paradigm: the molecular cloud filaments with
higher densities than their environments are mostly elongated
perpendicular to the magnetic field, as we see in the southern
part. The lower density-contrasted filaments tend to align with
the magnetic field, as we observe in the northern part or the
diffuse inflow of the southern part.

The studies of the relative orientation between filamentary
molecular clouds and magnetic fields indicate the change from
parallel to perpendicular with increasing column density (Planck
Collaboration Int. XXXV 2016; Soler 2019). In addition, the
relative orientation also depends on the characteristics of the
environment and the scale such as those of cores or clumps
(Zhang et al. 2014; Hull et al. 2017; Alina et al. 2019). Recently
Pillai et al. (2020) reported a discovery of a change of the rela-
tive orientation from perpendicular to parallel with increasing
density in the open cluster in the Serpens south cloud using
Sofia HAWC+ data with sub-arcminute resolution. This is a step
forward in confirming the paradigm of the relative orientation
between matter and magnetic fields in molecular clouds. Further
analyses of the Monoceros OB 1 east cloud and the NGC2264
open cluster is of interest to investigate whether this trend can be
observed in different molecular clouds.

A detailed analysis of higher S/N data in velocity channels
region by region, using higher angular resolution data, would
improve our knowledge of the magnetic field properties in the
cloud. For example, Naess et al. (2020) obtained an extensive
dataset of polarized emission at 90, 150, and 220 GHz from
ACT. They developed an algorithm to combine Planck and
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ACT data. Their data include the Monoceros OB 1 east cloud
region, and a detailed comparison with the TRAO data might
bring new information regarding the large-scale magnetic field.
It might also be of interest to derive the strength of the magnetic
field using other techniques such as the polarzation-intensity
gradient-based method by Koch et al. (2012). Also, an analy-
sis of spectroscopic data of dense gas tracers, such as N2H+,
using the VGs and IGs techniques along with higher resolution
polarimetric measurements would be necessary to investigate a
possible connection between the magnetic field and the dynam-
ics. This will be especially relevant in complex structures such
as the junction region or the NGC 2264 region.
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Appendix A: Relative orientation between the
filaments and the magnetic fields

Filament detection algorithm

A number of algorithms aimed at the identification of filamen-
tary patterns have led to the discovery of a cosmic web structure
among the galaxy clusters (Bond et al. 1996) and of the ubiqui-
tous nature of the interstellar filaments as revealed by Herschel
(André et al. 2014). Among the many, we used the Rolling Hough
Transform (RHT) (Clark et al. 2014) because it allows us to
identify structures regardless of their intensity relative to the
maximum intensity over the map, which means that not only
the densest filament is detected. Furthermore, it allows us to
trace the structure extent, which means that not only the crest
is detected. The RHT is based on the Hough Transform (Hough
1962). At each pixel, it centers a user-defined kernel of rectangu-
lar shape, computes the total intensity for every position angle
in the parameter space and builds a histogram from which a
final value is picked up. The method strongly depends on the
input parameters, such as kernel size, length, and threshold for
the determination of the final angle over the histogram, which
are chosen for each map separately depending on the resolution
and the angular size of the structures. Also, the rectangular ker-
nel privileges linear structures and the detected pattern can be
more linear than the real filament. However, choosing a rela-
tively short aspect ratio for the kernel, that is between two and
four, makes it possible to reflect the global curvature of the struc-
ture. We applied the RHT to the Planck column density map.
The explored parameter ranges were between 150 and 310 for
the length and 30 to 90 for the width, the smoothing kernel is
set to be equal to the kernel width. The final parameters are 210
and 60 for the kernel’s length and width, respectively; and the
normalised histogram threshold for the identification of the max-
imum is set to 0.65. It is worth noting that for the detection of
more ramified structures, as, for example, in the Herschel map
(Montillaud et al. 2019a), we would suggest using the optimized
version which does not require to set up the histogram threshold
(Carrière et al. 2019).

Results

The RHT was applied to the Planck column density map in
order to quantitatively define the two northern filaments as seen
in the continuum map and study the variations in the relative
orientation of the filaments with respect to the magnetic field.
We represent in Fig. A.1 the detected structure in the north-
ern part of the Monoceros OB-1 east cloud, where we clearly
observe the three prominent filaments. Figure A.2 shows the
PDFs of the magnetic field angles in the north-eastern and north-
western filaments. The red dashed lines represent the attempts
of Gaussian fits to the data. In the north-eastern filament the
magnetic field angle spans from roughly �10� to 15� with the
maximum of the fit at 3�, while in the north-western filament it
is almost uniformly distributed between �10� and 5� with a peak
at �2:6�. We determine the average dispersion along each fila-
ment as the mean value of the standard deviations of the angles
taken perpendicular to the crest. We obtain 5:4� and 5:3� for
the north-eastern and north-western filaments, respectively. Fig-
ure A.3 shows the PDFs of the absolute difference between the
magnetic field angles and the filament orientations. We observe
that the magnetic field and the matter are mostly aligned with
respect to each other in both filaments.

Fig. A.1. Rolling Hough Trans-
form (RHT) intensity calculated
over the Planck column density
map. The yellow curve shows the
crest of the detected structure.

Fig. A.2: PDFs of the POS magnetic field angles derived from
the Planck 353 GHz data in the north-eastern (left panel) and
the north-western (right panel) filaments detected by the Rolling
Hough Transform. The red dashed curve represents the Gaussian
fits.

Fig. A.3: PDFs of the absolute difference between the POS mag-
netic field angles and the orientation of the matter structures
derived using the Rolling Hough Transform in the north-eastern
(left panel) and the north-western (right panel) filaments.

Appendix B: Determination of the magnetic field
strength using angular structure function

In this section, we briefly summarize the method described in
Hildebrand et al. (2009) The two-point polarization-angle struc-
ture function is defined as a root mean square of the angle
difference between a pair of points located at a distance, l, from
one another. In terms of the Stokes parameters, the polarization-
angle structure function has the following expression (Planck
Collaboration Int. XIX 2015; Alina et al. 2016):

S (l) =
h 1
N(l)

N(l)X
i=1

�1
2

arctan[U(x)Q(x + li) � Q(x)U(x + li);

Q(x)Q(x + li) + U(x)U(x + li)]
�2i1=2

: (B.1)

The approach from Hildebrand et al. (2009) was as follows.
Within the assumption that the contribution of the large-scale
structured magnetic field and the turbulent component of the
magnetic field are independent, both contribute quadratically
along with the measurement uncertainty �M to the total angle
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Fig. B.1: Structure function calculated according to Eq. B.1 for
the north-main, north-western and north-eastern filaments (dia-
monds) for different lags l and the fit to the data following
Eq. B.2 (dashed curve).

structure function:

S ’
p

b2 + m2l2 + �M(l)2 ; (B.2)

where ml defines the large-scale component and b corresponds to
the turbulent dispersion of the large-scale magnetic field. In prac-
tice, b can be determined from the zero-intercept of the measured
polarization angle structure function. This allows us to calculate
the large-scale magnetic field component using the DCF method:

B0 ’
p

8��
�(v)

b
(B.3)

We used the same lags for the calculation of S as in Sect. 3.2.
The resulting curves and the fits are represented in Fig. B.1. The
uncertainties are calculated by propagation of the standard error
between the fit and the data.

It is worth noting that Lazarian et al. (2020) proposed the fol-
lowing expression for the structure function of polarization angle
to be more appropriate in the frame of the MHD turbulence:

S FfVg(R) = qR1+m + pR2 (B.4)

where q and p are constants, V is the velocity centroid, and R is
the distance separation. In other words, at the scales less than the
injection scale of the turbulence, one measures the scaling that
reflects the power-law scaling of 3D turbulent motions. Using the
representation given by Eq. B.4, Lazarian et al. (2020) proposed
their new technique of using the structure functions that may be
used in studies of the magnetic fields in molecular clouds.

Fig. C.1: PDFs of the uncertainty on polarization angle,� , com-
puted using Bayesian analysis (Montier et al. 2015b) inside the
area delimited by the contour in Fig. 1 (plain black) and inside
the north-main(green dash-dotted line), north-eastern (red dotted
line), and north-western (blue dashed line) VCSs.

Fig. C.2: Rms noise map of the 13CO data, in K. The contours
are given by 12CO integrated intensity at 2 K km s�1, same as in
Fig. 1

Appendix C: Additional figures

Here we represent:
– the uncertainty on  in the area represented by contours in

Fig. 1, excluding pixels with S/N(p) � 2 and � > 10�. The
S/N( ) in the north-main, north-eastern and north-western
VCSs are shown in green (dash-dotted), red (dotted), and
blue (dashed) respectively and generally do not exceed 5�.

– the rms noise map of the TRAO 14-meter 13CO data in
greyscale with the same contours of the 12CO integrated
intensity at 2 K km s�1 as in Fig. 1.

– the PDFs of the absolute difference between the magnetic
field orientation derived from the Planck 353 GHz polar-
ized channel data and the orientation of the IGs and VGs
derived from the TRAO 14-meter telescope CO data. The
unsmoothed gradients are used to produce the PDF shown
in Fig. C.3, while the PDF in Fig. C.4 is built using the CO
data smoothed to the resolution of 70.

Appendix D: MHD turbulence, reconnection and
Gradient Technique

The Gradient Technique (GT) is rooted in the advanced
MHD turbulence theory and the theory of turbulent mag-
netic reconnection. The Velocity Gradient Technique (VGT)
is a branch of the GT and the Intensity Gradient Tech-
nique (IGT) can be viewed as an outgrowth of the VGT.
Here we briefly explain the basic elements of the the-
ory that are essential for understanding the VGT and
IGT. An in-depth discussion of the properties of MHD
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Fig. C.3: PDFs of the absolute differences between the POS
magnetic field derived from the Planck data and the unsmoothed
(470 resolution) IGs in black (plain curve), VGs in red (dashed
curve), VChGs in blue (dash-dotted curve) for the northern part.
Left panel: Based on 12CO data. Right panel: Based on 13CO
data.

Fig. C.4: PDFs of the absolute differences between the POS
magnetic field derived from the Planck data and the IGs in black
(plain curve), VGs in red (dashed curve), VChGs in blue (dash-
dotted curve) for the southern part. Left panel: based on 12CO
data. Right panel: based on 13CO data.

turbulence and its relation to the turbulent reconnection can be
found in the monograph by Beresnyak & Lazarian (2019).

The current understanding of MHD turbulence theory
is related to the pioneering study in Goldreich & Sridhar
(1995, hereafter GS95). There, the concept of scale-dependent
anisotropy increasing with the decrease of the scale was first
introduced. However, this GS95 anisotropy scaling is derived in
the global magnetic field reference frame, in which the predicted
scaling is not observable. In fact, the scale-dependent anisotropy
is present in the so-called “local" system of reference. This con-
cept of the local system of reference is frequently a point of
confusion for many researchers and it is thus discussed below.
Here we would like to stress that for the GT, the notion of the
local system of reference is central and crucial.

The local system of reference naturally arises in the theory of
turbulence that is based on the turbulent reconnection (Lazarian
& Vishniac 1999, LV99 hereafter). There, it was demonstrated
that MHD turbulence can be presented as a collection of eddies
with their rotation axis aligned with the magnetic field. This
physical picture is possible as the time scale for the turbulent
reconnection coincides with the eddy turnover time. The turbu-
lent reconnection is an essential part of the dynamics of turbulent
eddies, which enables the mixing of magnetic field lines perpen-
dicular to the magnetic field direction. In this direction, turbulent
eddy motions do not experience the magnetic back-reaction. In
other words, if an eddy is rotating around its surrounding mag-
netic field, the eddy evolves in a hydrodynamic type manner. The
evolution of this type of eddies with their rotation axis parallel
to the magnetic field direction presents the path of the minimal
resistance for the energy cascade. Therefore, most of the energy
is channeled through such an anisotropic cascade.

The motions perpendicular to the local magnetic field are
Kolmogorov types that arise due to the absence of the back-

reaction of magnetic field. Therefore the Kolmogorov relations
are valid for the eddy size l?, perpendicular to the magnetic field,
and for the eddy perpendicular velocity vl, namely, vl � l1=3? .

As the eddies mix up the magnetic field, this causes Alfvén
waves to propagate along the magnetic field at a velocity, VA. The
period of the Alfvén wave generated this way � lk=VA is equal to
the turnover time of the magnetic eddies, the latter being � l?=vl.
The relation lk=VA � l?=vl corresponds to the critical balance in
GS95 theory. However, in the latter theory, the scales l? and lk
are measured with respect to the mean rather than to the local
magnetic field direction.

The considerations above reflect the spirit of arguments that
was used in LV99 to derive the following relation between
the parallel and perpendicular scales of the eddies in the local
reference frame of the eddies:

lk ’ Lin j(
l?

Lin j
)

2
3 M�4=3

A (D.1)

where MA is the ratio of the injection velocity, vL, to the Alfvén
speed, VA, while Lin j is the injection scale of turbulence. This
universal scale-dependent anisotropy of Alfvénic turbulence in
the local magnetic field reference frame has been demonstrated
in Cho & Vishniac (2000); Cho et al. (2002), and Maron &
Goldreich (2001).

Combining Eq. D.1 and the “critical balance” expressed
in the local reference frame, namely, l?VA � lkvl, we can get
the scaling relation for velocity fluctuations (see Lazarian &
Vishniac 1999):

vl ’ vL

 
l?

Lin j

! 1
3

M
1
3
A (D.2)

where vL is the injection velocity of turbulence.
The eddies parallel to the local direction of the magnetic

field present a remarkable possibility of determining the direc-
tion of the magnetic field by measuring the gradients of the
absolute value of velocity. Indeed, the latter is perpendicular to
the local magnetic field direction (see Hu et al. 2020 for pic-
torial illustration). Thus, the velocity gradients are capable of
tracing the magnetic fields. In Alfvénic turbulence, the magnetic
field amplitude fluctuations are proportional to the velocity fluc-
tuations.5 Therefore, magnetic amplitude gradients can also be
used to trace magnetic field direction. It is important to note the
velocity gradient’s amplitude for Kolmogorov-type eddies to be
increasing with the decrease of the eddy size, namely, vl=l? �
l�2=3
? . Consequently, the smallest resolved eddies corresponding

to the telescope beam size contribute most to the observed gra-
dient measurement. Also, these smallest eddies trace the local
magnetic field around them well.

The relation between the turbulent velocity fluctuations and
density fluctuations is not so direct as between the velocities
and magnetic field (Kowal et al. 2007). However, for a range of
parameters, the density acts as a so-called "passive scalar" and
is advected by velocity fluctuations. In this case, the statistics of
velocity is imprinted on the density statistics, and the application
of the gradient technique to tracing magnetic field is justified.

Explicitly, since the anisotropic relation indicates l? � lk,
the velocity gradient, rvl, and density gradient, r�l, are scaled

5 From the mathematical point of view, the symmetry of magnetic and
velocity fluctuations in Alfvenic turbulence is evident if the description
of MHD turbulence with Elsasser variables is employed (see Beresnyak
& Lazarian 2019)). On the intuitive level, this symmetry is related to
the Alfven expression that defines �vl � �bl.
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as (Hu et al. 2020):

r�l / �l

l?
’ �0

c
F�1(jk̂ � �̂ j)rvl

rvl / vl
l?
’ vL

Lin j

 
l?

Lin j

!� 2
3

M
1
3
A

(D.3)

where �0 is the mean density, �̂ is the unit vector for the Alfvénic
mode (fast mode or slow mode), c is the propagation speed of the
corresponding mode, and vl is the turbulence velocity at scale l.
In addition, F�1 denotes the inverse Fourier transformation. The
direction of density gradient and velocity gradient is perpendic-
ular to the local direction of the local magnetic field, and this
consideration is at the core of analyses based on the VGT and
IGT.
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