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Abstract

We present a detailed study of the magnetic field structure in the G111 molecular cloud, a ring-like filamentary
cloud within the NGC 7538 region. Our analysis combines multiwavelength polarization data and molecular-line
observations to investigate the magnetic field’s role in the cloud’s formation and evolution. We utilized
interstellar dust polarization from the Planck telescope to trace large-scale field orientations, starlight extinction
polarization from the Kanata telescope to probe the cloud’s magnetic field after foreground subtraction, and
velocity gradients derived from CO isotopologues observed with the IRAM 30m telescope to examine dense
regions. Our results reveal a coherent yet spatially varying magnetic field within G111. The alignment between
Planck-derived orientations and starlight extinction polarization highlights significant foreground dust
contamination, which we correct through careful subtraction. The global alignment of the magnetic field with
density structures suggests that the field is dynamically important in shaping the cloud. Variations in CO-derived
orientations further suggest that local dynamical effects, such as gravitational interactions and turbulence,
influence the cloud’s structure. The curved magnetic field along the dense ridges, coinciding with mid-infrared
emission in WISE data, indicates shock compression, likely driven by stellar feedback or supernova remnants.
Our findings support a scenario where G111’s morphology results from turbulent shock-driven compression,
rather than simple gravitational contraction. The interplay between magnetic fields and external forces is crucial in
shaping molecular clouds and regulating star formation. Future high-resolution observations will be essential to
further constrain the magnetic field’s role in cloud evolution.

Unified Astronomy Thesaurus concepts: Interstellar magnetic fields (845); Polarimetry (1278); Molecular clouds
(1072); Interstellar filaments (842)

1. Introduction

Star formation is a fundamental process within galaxies, and
filaments play a pivotal role in star formation, acting as the
skeletal structure within molecular clouds where stars are born.
The study of magnetic fields is closely intertwined with the
exploration of filamentary structures (Planck Collaboration Int.
XIX. 2015; Planck Collaboration Int. XXXIII. 2016; Planck
Collaboration et al. 2016; D. Alina et al. 2019; K. Pattle et al.
2023). Their interaction offers valuable information about the
evolution of the interstellar medium (ISM) and the conditions
necessary for star formation.

There exist several theoretical explanations of filament
formation, which can be divided into the following major
groups (see D. Abe et al. (2021) for a more detailed

comparison or K. Pattle et al. (2023) for an alternative
classification):

1. Self-gravitational fragmentation of sheet-like clouds
(T. Nagai et al. 1998; S. K. Balfour et al. 2015), which
can be triggered by cloud–cloud collision, expanding H II
regions, supernovae explosions, or motions due to
galactic rotation.

2. Turbulent motions. In the works of J. M. Stone et al.
(1998), P. Padoan et al. (2001), and C. Federrath (2016),
turbulence was proposed to trigger shock and compres-
sion of sheet-like structures. According to P. Hennebelle
(2013) and T. Inoue & S.-i. Inutsuka (2012), turbulence
can stretch the existing inhomogeneities of parental
clouds. Here, one of the main points of debate is the
nature of turbulence.

3. Converging flows and cloud–cloud collision (T. Inoue &
Y. Fukui 2013).

4. Cloud contraction and self-gravitating accretion
(F. Nakamura & Z.-Y. Li 2008; F. Heitsch 2013).
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The proposed scenarios imply different configurations,
where many factors, such as the density of the filaments
compared to the environment, as well as magnetization, play
role. For instance, in sub-Alfvénic turbulence, where the
magnetic field is a dominant factor, one would expect
perpendicular alignment between the magnetic field and the
local gas structures (L. Barreto-Mota et al. 2021) while in
super-Alfvénic turbulence, where the magnetic field is less
dominant, different configurations can be possible (R. Mazzei
et al. 2023). In addition, perpendicular relative orientation
between the magnetic field and the filament can be expected in
self-gravitational contraction of the filament itself, where the
contraction is most efficient along the magnetic field lines. In
contrast, parallel relative orientation is expected for sub-
Alfvénic turbulence, and in the compressed sheets in the super-
Alfvénic regime (P. Hennebelle 2013) or filaments formed by
isothermal sheet fragmentation (T. Nagai et al. 1998). Also,
anisotropy of the magnetohydrodynamic (MHD) turbulence
can lead to the formation of filaments parallel to the magnetic
field (S. Xu et al. 2019), due to perpendicular turbulent mixing
effects. Moreover, some filament formation mechanisms can
affect not only the magnetic field versus density structures
alignment but also the shape of the filaments themselves
(K. Pattle et al. 2023). For instance, several filament formation
mechanisms predict curved or ring-like structures of the
filaments. Turbulent shear flows in molecular clouds can
stretch dense structures (P. Hennebelle 2013; T. Inoue &
S.-i. Inutsuka 2016), and the presence of a magnetic field can
induce tension, which would curve a filament. Also, shock
waves from supernova explosions, stellar winds (B.-C. Koo &
C. F. McKee 1992), or cloud collisions can distort filaments,
leading to curved shapes. Nonlinear fluid instabilities can
create irregularities in the density. Those irregularities may
evolve into curved structures (M. Lachieze-Rey 1981;
E. T. Vishniac 1994; J. M. Stone & E. G. Zweibel 2009).

Although the relative alignment can be alternated during the
evolution of molecular clouds, we categorize the above-
mentioned expected relative orientations between filament
morphologies and magnetic fields into four groups:

1. Filament parallel to the magnetic field would be typically
expected in sub-Alfvénic turbulence or in shock-
compressed layers.

2. Filament perpendicular to the magnetic field would be
typically expected in self-gravitational collapse along
magnetic field lines or in super-Alfvénic turbulence.

3. Curved magnetic field would be seen in ring-like or arc-
shaped filaments, potentially resulting from expansion by
stellar feedback

4. Complex relative orientation would be expected in
highly turbulent or very dynamic environments.

These scenarios are not exclusive and may coexist within a
single cloud. Theoretical studies of filament formation and
alignment with magnetic fields reveal a variety of possible
configurations, depending on factors such as the turbulence
regime, magnetic field strength, gravitational influence, and
formation history. However, the complexity and diversity of
these scenarios underscore the need for observational data to
validate and refine our understanding of these processes in real
ISM. Thus, individual studies of the morphology of molecular
clouds and their magnetic field can provide valuable input and
can be used to test theories. We propose to analyze the
magnetic field structure of a ring-like filamentary cloud G111.

The cloud’s striking geometry can be seen as a perfect test
bench of the formation scenarios described above, and the
information on the cloud’s magnetic field structure may help to
disentangle between them.
G111 is a part of a larger molecular cloud complex that

includes active star-forming regions NGC 7538 and S159
(C. M. Brunt et al. 2003). Previous studies of G111’s star-
forming activity have used spectroscopic and continuum
observations. W. W. F. Frieswijk et al. (2007) obtained
C18O (2–1) intensity maps, which revealed a filamentary
curved structure. They also studied the properties of the
southern cores and the S159 region using NH3, CS, and CO
isotopologues observations, discovering intermediate- and
high-mass cores with temperatures indicative of internal
heating sources. C. Fallscheer et al. (2013) used Herschel
observations to highlight the quasi-elliptical ring shape of
G111 at wavelengths 250 µm and longer. Their spectral energy
distribution (SED) fitting detected many compact sources,
identifying eight high-mass dense clump candidates, mostly
located in the southern part of G111. These findings, together
with previous molecular line studies (W. W. F. Frieswijk et al.
2007), suggest that G111 is a massive molecular cloud
complex, with an estimated total mass of the cores of
∼3000M⊙, which could potentially lead to cluster formation.
In addition, the region’s structural complexity indicates that
the cloud is relatively evolved.
However, the origin of the cloud formation and its specific

shape remains unknown. J. Fenske et al. (2021) conducted a
comprehensive study to investigate the origin of the elliptical
ring structure. They explored various possible formation
mechanisms, such as a stellar wind or a supernova explosion,
and concluded that a star within NGC 7538 might have
initiated the ring formation through an ejection event driven by
an external force. Despite this, they did not find a promising
candidate responsible for the formation of G111. Given these
uncertainties, another promising approach to study the
formation and evolution history of G111 is to analyze its
magnetic field structure. Magnetic fields can serve as tracers of
the cloud’s developmental processes, offering insights into the
forces and dynamics that have shaped its current configuration
(H.-B. Li et al. 2014; D. Alina et al. 2022). By examining the
magnetic field orientations within G111, we can better
understand the mechanisms that have influenced its evolution.
Ring-like structures and their magnetic fields can be studied

using submillimeter observations of the interstellar dust
polarized emission from H II regions. For instance, M. Ferná-
ndez-López et al. (2021) studied an ultracompact HII region
G5.89-0.39 using the Atacama Large Millimeter and Sub-
millimeter Array (ALMA) and found an irregular shape of the
polarization pattern, from radial in the inner part to azimutal at
the outer parts. However, the correspondence between
polarization and magnetic fields is not straightforward,
because of the uncertainties on the alignment mechanisms’
nature at the scale of the HII structure, which is around
10,000 au. Yet another example can be found in the study of
V. Könyves et al. (2021), which utilized James Clerk Maxwell
Telescope (JCMT) polarization data to map the magnetic field
structure of a region within the Rosette Molecular Cloud. The
study revealed that the embedded parsec-size H II regions
exhibited partly aligned magnetic fields. However, both studies
investigated small, subpc- and parsec-scale structures. Simi-
larly, M. Tahani et al. (2023) analyzed the magnetic field
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morphology around compact H II regions and identified
tangential field configurations relative to ring-like structures
within the subparsec-scale regime.

In contrast, our analysis focuses on a large, more than 10 pc,
elongated ring-like cloud with ongoing star formation activity
indicating a stage beyond the pristine early star formation. The
magnetic field within the structure has not been previously
investigated, and it can provide valuable insights regarding
both past and ongoing physical processes.

Starlight polarization by interstellar dust grains and their
polarized emissions are commonly used to map the plane-of-
the-sky (POS) interstellar magnetic field. In addition, the
velocity gradient technique (VGT) introduced by A. Lazarian
& K. H. Yuen (2018) broadens the tool set of magnetic field
studies. The technique utilizes spectroscopic data, and it has
proved its efficiency in observational studies of molecular
cloud regions, as well as its consistency with polarization data
(Y. Hu et al. 2018, 2019; D. Alina et al. 2022). By combining
these tools, we obtain a holistic probe of POS magnetic field
structure in the ISM, where dust and gas are mixed.

2. Data

2.1. Submillimeter Polarization Data

We employ the Planck12 satellite’s PR3 data release at
353 GHz, the highest-frequency polarization channel that
would trace dust emission polarization. We smooth the data
from the nominal 5 resolution down to 7 , to improve the
signal-to-noise ratio (SNR), taking into account the full noise
covariance matrix according to the procedure described in
Planck Collaboration Int. XIX. (2015). Note that we preserve
the sampling of the nominal resolution and present 1.7size
pixels. Figure 1 shows POS magnetic field orientation derived
from the Planck data by rotating polarization angles by π/2, as
described further in Section 2.5.

2.2. JCMT Submillimeter Emission Data

We use JCMT archival data at 850 µm with the angular
resolution of 14″. Observations covered the entire NGC 7538
complex from which we extracted the G111 region. Figure 1
shows the corresponding submillimeter dust emission map
where we can distinguish the quasi-closed elliptical ring. The
ring contains several dense compact structures that were
previously detected by C. Fallscheer et al. (2013) in Herschel
data. The map also features less dense and extended structures
to the west from the ellipse’s ridge, toward NGC 7538, as well
as to the southern part of the map.

2.3. Starlight Polarization Data

2.3.1. Observations at the Kanata Telescope

We obtained starlight polarization data in the H (1.6 µm)
and RC (0.65 µm, R band hereafter for simplicity) bands
during observations at the 1.5 m Kanata Telescope of the
Higashi-Hiroshima Observatory in 2023 December and 2024
January using the Hiroshima Optical and Near-Infrared camera
(HONIR; H. Akitaya et al. 2014). HONIR employs a cooled
LiYF4 Wollaston prism and is attached to the Cassegrain focus

of the Kanata telescope. Each observation set consisted of a
sequence of exposures at four position angles (PAs) of the
super-achromatic half-wave plate, °0.0, °45.0, °22.5, and °67.5.
The exposure time of each frame is 75 s in the R band, and 60 s
in the H band. A focal mask consisting of five rectangular
apertures, each with a ×0.75 9.8 slot, was used to prevent the
overlap of the ordinary- and extraordinary-ray images. A
single field observation covers ×7.8 9.0 in the combined
data. We ran each observation set with 3 × 3 spatial dithers,
using a 31.2 step in the east–west direction and a 20.0 step in
the north–south direction to cover each field with at least three
observation sets. Thus, most of the stars have at least three
position data in 12 frames, giving an actual exposure time of at
least 900 s in the R band and 720 s in the H band. Due to the
extent of G111, we divided the region into nine overlapping
fields with dimensions of ×7.8 9.0. The angular resolution
of the observations is 0.3 pixel−1, which is substantially less
than the typical seeing of 2.5. The observation’s coverage is
represented in dark gray in Figure 1.
The data were reduced by the HONIR’s common pipeline.

The polarization parameters were calculated in the way
described in K. S. Kawabata et al. (1999). We have confirmed
that the instrumental polarization is negligible (∆q, ∆u
� 0.1% in the R band and �0.2% in the H band) and the
uncertainty of the PA of the polarization was less than 2°
throughout the observation period, by continuous calibration
observation of the polarimetric standard stars (G. D. Schmidt
et al. 1992). Typically, σp reaches 0.2% at 15 mag in the R
band. The pipeline provided the catalogs for each observation

Figure 1. G111 molecular cloud. The background image shows the JCMT 850
µm intensity map in mJy. The black segments show the magnetic field
orientation in the POS, as inferred from Planck polarization data at the
corresponding frequency at 353 GHz, rotated by 90°. The blue and red
rectangles are the footprints of the TRAO 14 m and IRAM 30 m observation
fields, respectively. The red curve corresponds to the IRAM 30 m 13CO
contours at 15 K km s−1. The blue curve corresponds to the TRAO 14 m 12CO
contours at 95 K km s−1. The black rectangle delimits the footprint of starlight
polarization observations with the Kanata 1.5 m telescope.

12 Planck (http://www.esa.int/planck) is an ESA science mission designed
and completed by a collaboration of institutes, directly funded by ESA
Member States, NASA, and Canada.
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set containing pixel coordinates, polarization parameters
q = Q/I and u = U/I, and their observational errors.

2.3.2. Inferring Star Distances Using Gaia Data

We employed Gaia Early Data Release 3 catalog of star
distances (C. A. L. Bailer-Jones et al. 2021) from which we
preliminarily extracted the stars located within Kanata’s FOV.
In addition, we calculate the B, R, V, Ic, J, H, and Ks bands
magnitudes from the G-band magnitudes and color informa-
tion contained in Gaia data using Johnson–Cousins and
2MASS relationships.13 Thus, our Gaia catalog contains
information on distances and magnitudes in each band for
each star in addition to the information contained in the
original Gaia DR3.

We obtained the World Coordinate System information for
each observed image using astrometry.net platform. Based on
this information, we determined the coordinates of each
observed star and detected the corresponding stars in the Gaia
catalog within a search radius of 1″. By converting the
observed flux to magnitudes for each observational band and
comparing these with the magnitudes obtained from the Gaia
catalog, we eliminated the possibility of mismatches. Finally,
this allows us to use Gaia’s median photometric distance
posterior estimate, known as r_med_photogeo.

2.3.3. Starlight Polarization Data Selection

Bias in polarization parameters (polarization fraction and
angle) is a long-known issue (K. Serkowski 1958; J. Wardle &
P. Kronberg 1974; D. Clarke et al. 1983), which can in
principle be addressed if one knows the noise properties of the
data (L. Montier et al. 2015a, 2015b). Starlight polarization
measurements typically do not provide the full noise
covariance matrix, a feature available at some submillimeter
polarization instruments (Planck Collaboration Int. XIX. 2015;
J.-P. Bernard et al. 2023). Instead, it provides the variance of
the Stokes Q and U parameters. We employ the classical
approach and compute uncertainties on polarization para-
meters as follows (J. Naghizadeh-Khouei & D. Clarke 1993):

( )=
+Q U

p
1p

Q U
2 2 2 2

and

( )= °28.65 , 2
p
p

where

( )=
+

p
Q U

I
3

2 2

is the classical, or naive, estimator of polarization fraction. In
addition, we employ the asymptotic estimate of polarization
fraction that accounts for the bias issue (J. Wardle & P. Kronberg
1974):

( )=
>

p
p p

p

0

0
. 4p

p
AS

2 2

This allows us to obtain an SNR value closer to the true SNR.
In general, polarization studies use the SNR criterium to filter
polarization data. L. Montier et al. (2015b) showed that the
minimum threshold of at least an SNR = 2 on polarization
fraction is necessary for most of the estimators, while a
minimum SNR = 3 is necessary for the naive estimator
(Equation 3). However, limiting the SNR can lead to the
elimination of low polarization fraction data and induce bias
toward high polarization fraction values. Indeed, Figure 2
shows that a cut based on SNR(pAS) would result in choosing
measurements with high noise and high pAS. Instead, we chose
to base our selection on the uncertainties of polarization
fraction and polarization angle, to directly address the quality
of the measurements:

( )< 20 5

and

( )< 0.6% . 6p

Figure 2 shows that the σp criterium largely corresponds to
the threshold of SNR(pAS) larger than two for the R band. In
both bands, our selection criteria are more restrictive than the
the classic approach based on the SNR of polarization fraction.
In addition, as can be observed in Figure 2, it also allows us to
remove high (i.e., greater than 10%) polarization fraction data,
which are very likely to be caused by bias. Also, the σψ
criterion balances the lower wing of the distribution of p,
which can be due to the averaging of uncertain measurements.
As expected, the H band shows higher noise due to the fainter
signal.

Figure 2. Left: Polarization fraction estimated using Equation (4) vs.
polarization fraction uncertainty (σp), based on the starlight polarization
observations, for the R band (top) and H band (bottom). The blue and red dots
correspond to the data satisfying criteria based on the thresholds of σp ∼ 0.6%
and σPsi ∼ 20%. The red line shows SNR(pAS) = 2. Right: Distribution
functions of σp.

13 See https://gea.esac.esa.int/archive/documentation/GDR3/Data_
processing/chap_cu5pho/cu5pho_sec_photSystem/cu5pho_ssec_
photRelations.html for more details.
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2.4. Molecular Line Data

2.4.1. TRAO 14 m Telescope Data

G111 has been observed as part of the "TOP" key science
program at the Taeduk Radio Astronomy Observatory
(TRAO).14 This survey observed 2000 Planck Galactic Cold
Cores using CO (J = 1–0) transitions (T. Liu et al. 2018). The
angular resolution of the data is 47″, and the spectral resolution
after smoothing is 0.3 km s−1. The field observed by the
TRAO 14 m telescope toward G111 is shown in blue in
Figure 1, and the contours correspond to the 95 K km s−1

integrated intensity level.

2.4.2. Observations at the IRAM 30 m Telescope

We observed G111 at the Institut de Radio Astronomie
Millimétrique (IRAM) 30 m telescope in the period between
2022 January and March (project ID: 125-22). The Eight
MIxer Receiver instrument (EMIR)15 at the 3 mm band was
tuned to 109.7 GHz in combination with the fast Fourier
transform spectrometers at 50 KHz resolutions that yielded
≈0.5 km s−1 resolution at the chosen band. This allowed us to
obtain 13CO and C18O emission lines. We mapped the entire
region by separating it into six slightly overlapping tiles
covering the elliptical ring using the on-the-fly mapping mode
with an OFF position outside the molecular complex. The
footprint of the observed field and the contours of the
13CO-integrated intensity at 15 K km s−1 are shown in red in
Figure 1. We employed the Continuum and Line Analysis
Single-dish Software (CLASS)16 for the data reduction and
generation of spectral cube files.

2.5. Deriving Magnetic Field Angle Using Interstellar Dust
Polarization

Elongated interstellar dust grains tend to gain rotation
around their shortest axis and align it with the local magnetic
field’s direction (J. Vaillancourt 2007). However, the exact
origin of this alignment is not fully understood, and it may
vary depending on the physical conditions (A. Dolginov 1972;
E. Purcell 1979; A. Lazarian & T. Hoang 2007; B. Draine &
B. Hansley 2013; T. Hoang et al. 2018). The linear dichroism
of the interstellar dust grains, or difference in absorption
properties along different axes, is fundamental to understand
the origin of the linear polarization. Unpolarized starlight is
preferentially absorbed along the longest axis of the grains,
while light polarized perpendicular to this axis can pass
through. In the submillimeter range, thermal emission from the
grains is stronger on their largest surface and is polarized
parallel to the longest axis. Thus, dust polarization observa-
tions allow us to trace the POS interstellar magnetic field
direction: directly in the visible and by rotating by 90° in the
submillimeter domain.

Starlight polarization by dust extinction in the visible using
the Kanata telescope data is calculated through the following
equation:

( ) ( )= U Q0.5 arctan , . 7V

Here, 0 is toward the north, and it increases counterclockwise,
according to the International Astronomical Union (IAU)
convention. In what follows, we will denote the POS magnetic
field angles derived using the R- and H-band data as BR and
BH, respectively.
The Planck dust emission polarization is calculated using

( ) ( )= U Q0.5 arctan , . 8S

The negative value of the Stokes U parameter facilitates the
conversion from the COSMO convention of the Planck data to
the IAU convention. To obtain the magnetic field angle, we
rotate ψS by 90°. In the following, we denote the corresp-
onding POS magnetic field angle as BPlanck.

2.6. Subtracting Foreground Polarization

The interstellar dust polarized emission observations in the
submillimeter range and the starlight polarization by extinction
in the visible correspond to an optically thin emission regime,
which results in a signal integrated over the line of sight.
Therefore, to isolate polarization originating from a distant
cloud, it is essential to subtract both the foreground and
background contributions. In the case of the dust polarization
in the visible domain, where the distances to the observed stars
are known, only the foreground contribution needs to be
removed.
Since star observations are “pencil-like,” meaning that they

do not form a regular gridded distribution and do not have a
spatial resolution, we perform interpolation between data
points across the map. We apply the nearest-neighbor
interpolation method to process the polarization data of the
molecular cloud. This method involves assigning each
unknown value on the target grid the value of the nearest
known data point, and it minimizes the distance between the
target and known points. This allows us to fill in gaps in the
data without creating artificial artifacts that may arise from
using more complex interpolation methods. This approach was
chosen specifically because the spatial distribution of stars in
our data is highly nonuniform: some regions have dense
sampling, while others contain large gaps. Using linear or
spline-based interpolation in such sparse regions would
introduce artificial structures or smooth values into physically
unconstrained zones, which we aimed to avoid. The spatial
interpolation is performed for the Stokes Q and U parameters.
We first define the distance that constitutes the foreground, dfg.
Second, by interpolating data of the stars located within the
range [0, dfg] pc, we obtain Qfg and Ufg. Thus, a regularly
gridded foreground map allows us subtract the foreground
contribution and obtain the cloud polarization as follows:

( )= > >Q Q Q , 9cloud d d d dcloud fg

( )= > >U U U . 10cloud d d d dcloud fg

The result is then converted to a polarization angle using
Equation (7). Note that an alternative method of smoothing
starlight polarization to the Planck resolution has been tested,
as described in the Appendix. The interpolation technique
described above is more advantageous because it provides us
with a uniform grid that is used in foreground contribution
subtraction, although smoothing only removes several pixels
from the map, as can be seen in the Appendix.

14 https://trao.kasi.re.kr/main.php
15 https://publicwiki.iram.es/EmirforAstronomers
16 https://www.iram.fr/IRAMFR/GILDAS/doc/html/class-html/
class.html
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2.7. Deriving Magnetic Field Angle Using the Velocity
Gradient Technique

Based on the theory of magnetohydrodynamic turbulence by
P. Goldreich & S. Sridhar (1995), A. Lazarian & E. T. Vishniac
(1999), D. F. González-Casanova & A. Lazarian (2017),
A. Lazarian & K. H. Yuen (2018), and Y. Hu et al. (2018)
developed the velocity gradient technique (VGT) to trace the
magnetic field structure using spectroscopic data. The technique
relies on the anisotropy of MHD turbulence, in which turbulent
eddies are elongated along magnetic field lines. This anisotropic
structure implies that the velocity gradient tends to be oriented
perpendicular to the magnetic field, making it a useful tracer of
magnetic field orientation in turbulence-dominated regions. This
implies that we should compute the velocity gradients rotated by
90°. However, when gravitational collapse or other nonturbulent
dynamical processes become significant, the relative orientation
between the velocity gradient and the magnetic field may
change. Thus, the technique can be used with molecular clouds
supported by turbulence. The method can be applied to two-
dimensional intensity or velocity maps. To extract velocity
information from spectroscopic data, one can use either velocity
centroid maps C(x, y) or velocity channel maps Ch(x, y). They
are calculated as follows:
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where ρ(x, y, vlos) represents the intensity values within the
PPV cube and vlos is the LOS velocity. v0 is the center velocity
of the channel, and ∆v is the width of the channel, chosen to
be less than the square root of the dispersion of the velocity of
turbulence, ( )<v v 2 . These two maps have different
weights of density and velocity information. Here, we use the
velocity channel gradient, since it has more velocity informa-
tion, due to the velocity caustics effect (A. Lazarian &
D. Pogosyan 2000), and allows us to trace the magnetic field in
specific velocity ranges. In addition, the concept of the
connection between local magnetic fields and gradients is only
valid statistically, and we use sub-block averaging, as
suggested by K. H. Yuen & A. Lazarian (2017), with blocks
of 20× 20 pixels. This results in obtaining the final angular
resolution of 5 , which is comparable to the resolution of the
Planck data. We only consider pixels with at least 95% of the
sub-block population exceeding the mean rms noise. We
applied the velocity gradient technique to the CO-isotopolo-
gues data (12CO, 13CO, and C18O), and denote the derived
magnetic field as BV GT.

2.8. Alignment Measure

The different methods used in this study to derive the
magnetic field structure have different capabilities and
limitations, due to the different physical phenomena involved.
We see those as an advantage and make use of their synergy.
Further, we employ the alignment measure (AM) parameter to

compare the magnetic field geometries:

( )=AM 2 cos
1

2
, 132

where θ = |B1 − B2| and subscripts of 1 or 2 denote different
methods. AM = −1 indicates a perpendicular relative
orientation, while AM = 1 indicates a parallel relative
orientation.

3. Results

3.1. Magnetic Field Structure Derived from Planck
Measurements

Despite the low angular resolution of the Planck data, the
magnetic field map in Figure 1 shows the variation of the
magnetic field orientations over the observed region. In
particular, three main uniform directions can be distinguished:

1. a quasi-horizontal direction in the southwestern and
central part, which coincides with the galactic plane
orientation;

2. a quasi-vertical direction in the southeastern part of the
map; and

3. a SE-to-NW orientation in the northern part.

Those changes in the magnetic field orientation confirm that
the G111 filament, and the NGC 7538 region in general, have a
distinct magnetic field structure that stands out from the
Galactic plane magnetic field, and its dust polarized emission
has a significant contribution to the submillimeter signal.
However, the submillimeter observations alone, at the Planck
angular resolution, do not allow us to access the magnetic field
structures of the different components along the line of sight,
and we employ our starlight extinction observations.

3.2. Magnetic Field Structure Derived from Optical
Polarization Measurements

3.2.1. Foreground Polarization Angle

Although the distance to G111 has not been specifically
measured, it is associated with the NGC 7538 star-forming
region by its velocity properties. The latter was estimated to lie
between 2700 ± 100 pc by L. Moscadelli et al. (2009) using
trigonometric parallaxes and 3100 ± 1200 pc (J. Brand &
L. Blitz 1993) using spectrophotometric distances of H II
regions and fitting to the galactic rotation curve. Here, we
adopt the most recent distance of 2700 pc, which was also used
in C. Fallscheer et al. (2013). Taking into consideration this
estimate and the distribution of the photometric magnitudes
described above, we set the upper limit for the foreground to
dfg = 2500 pc.
Figure 3 shows the interstellar extinction of the stars

observed in both HONIR bands toward G111. A step-like rise of
the upper boundary of the extinction in the G band at ≃800 pc
indicates about non-negligible foreground interstellar material in
the direction of the cloud. In addition, the lower boundary of the
interstellar extinction increases more rapidly after that distance.
We also observe a less prominent increase of AG at around 1700
pc. Figure 4 shows the Gaia magnitude in the red photometric
band Grp of these stars as a function of distance, in the R and H
bands. Here, we also notice a significant increase of around 2
mag at ≃800 pc, which is more prominent in the H band. In
addition, the density of the data points increases beyond a
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distance of ≃2500 pc, and the lower boundary of the
magnitudes increases abruptly after 2700 pc. Thus, notable
changes in the dust distribution or in star population are
observed at the distances of 800 pc and 2700 pc.

The right column of Figure 4 shows the probability
distribution function of the magnitudes in both bands.
Naturally, as the brightness of the stars decreases with the
wavelength, the values are higher in the H band, with a
maximum at 19.5 mag. In the R band, the final data set does

not contain stars fainter than 18 mag. Initially, the data set
comprised 986 polarization measurements in the R band and
1265 in the H band. After applying all the thresholds, the final
data set consists of 528 measurements in the R band and 488
measurements in the H band.
To represent the foreground magnetic field, we show in

Figure 5 the starlight polarization observations for stars with
distances less than 2500 pc and satisfying the criteria described
above. Overall, we observe similar orientations of the bi-
vectors. Their lengths correspond to the polarization fractions,
and variations in the H band are higher, probably reflecting the
more significant noise in the fainter band, and indicative of the
sensitivity to interstellar structure variations along the line of
sight.
Figure 6 represents the corresponding interpolated fore-

ground magnetic field structure, obtained according to the

Figure 3. Distribution of the number of stars (N) and their extinction (AG) as a
function of distance in pc (r_med_photogeo in the Gaia catalog) in the R
and H bands. The vertical dashed line indicates a significant increase in the
number of stars at ≃800 pc.

Figure 4. Distribution of the photometric magnitude in the Gaia RP band (Grp)
as a function of distance in pc for the stars observed in the R (upper panel) and
H (lower panel) polarimetric bands. The vertical dashed and dotted lines
correspond to distances of 2500 pc and 2700 pc, respectively. The red-colored
area shows the stars that were used for the foreground estimation and
subtraction.

Figure 5. Starlight polarization in the H band (red bi-vectors) and R band
(blue bi-vectors) for foreground stars with distances less than 2500 pc. The
background image is the JCMT 850 µm intensity map in mJy. The reference of
the bi-vector length for the polarization fraction of 5% is shown in the upper
right corner.

Figure 6. Interpolated foreground magnetic field obtained from starlight
polarization in the H (right) and R (left) bands toward G111, using polarization
data shown in Figure 5. The background image represents the JCMT 850 µm
intensity map in mJy.
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procedure described in Section 2.6. The R band shows a rather
uniform E–W orientation with a slight tendency toward NE–
SW diagonal alignment. The H-band polarization map with its
similar E–W orientation exhibits more small-scale variations.
Foreground BR and BH both seem to rotate and align with the
location of faint dust structures south and northeast of the ring.
Interestingly, the curved filamentary structure south of the ring
appears to be tightly aligned with the magnetic field. The
presence of a twist in both wavelengths indicates that these
faint structures are part of the foreground material, as
consistent polarization patterns imply similar contributions of
dust to starlight polarization. If the structures were part of a
more distant or spatially extended background component,
such coherence would be less likely, given the differential
extinction and alignment effects. However, we cannot entirely
exclude the possibility of a large-scale structure with coherent
magnetic geometry projected along the line of sight.

3.2.2. Cloud Polarization Angle

We subtract the foreground polarization component using
the procedure described in Section 2.6. Figure 7 shows the
resulting interpolated BR and BH. In the R band, the deviations
from the global E–W orientations coincide with the higher-
intensity locations, such as the cores in the northern horizontal
filament and in the southern far end of the eastern vertical
filament. The H band has more fluctuations. However, we also
observe the rotation of BH in the vicinity of the same regions.

The sparsity of the data of starlight polarization by
extinction limits the ability to trace variations of the magnetic
field in the cloud. In addition, the near-infrared and the visible
bands probe low-to-intermediate interstellar extinction mat-
erial. We complement our study by using the velocity gradient
technique.

3.3. Magnetic Field Structure Derived Using the VGT on 12CO
Data

The TRAO 12CO (J = (1–0)) data allow us to trace the
envelope and the outer regions of the cloud. The blue contours
in Figure 1, which correspond to 12CO contours, are evocative
of two arcs located side by side, touching each other with the
convex parts. The top left panel of Figure 8 shows the 12CO
velocity map. Indeed, two curved velocity coherent structures
can be distinguished in the eastern and western parts, with an

overall velocity gradient from SE to NW of the observed
region. The rest of the panels of Figure 8 depict the orientation
of the local magnetic field derived using the VGT over three
consecutive velocity intervals: [−53.6; −53] km s−1, [−52.5;
−50] km s−1, and [−48.4; −46.5] km s−1, shown in the top
right, bottom left, and bottom right panels, respectively. Those
ranges were chosen to show the maximum emission of the two
curved structures and their common velocity interval. The
western ring, in the bottom right panel, exhibits a rather
intriguing BV GT structure, which seems to follow the arc-like
structure traced by the gas emission. In this analysis, we
mainly focus on the eastern ring. There, we observe a smooth
rotation of BV GT along the filament. However, the sensitivity
of TRAO observations and its angular resolution limit further
investigations.

3.4. Magnetic Field Structure Derived Using the VGT on 13CO
and C18O Data

The IRAM 30m telescope observations (13CO(J = 1–0) and
C18O(J = 1–0)) allow us to trace denser parts of the clouds
with higher angular resolution. Structures that we associate
with the G111 cloud span over the wide velocity range from
−59 km s−1 to −42 km s−1 and exhibit a clear filamentary
structure that follows the dust filaments observed with the
JCMT, as can be seen from the red contours in Figure 1. We
distinguish several intensity components at different velocities
both in 13CO and C18O maps in Figure 9, at the same velocity
intervals. The most prominent components, which are clearly
seen both in dust and gas emission maps, are as follows:

Figure 7.Magnetic field structure obtained from starlight polarization in the H
(right) and R (left) bands in G111, after foreground subtraction (magenta
segments), and the corresponding interpolated structure (black segments). The
background image represents the JCMT 850 µm intensity map in mJy.

Figure 8. Maps of 12CO toward G111 from the TRAO 14 m telescope
observations. Top left panel: Velocity centroid (moment 1) map, in km/s,
computed over the velocity range [−59; −42] km s−1. The blue and orange
curves depict the two arcs described in Section 3.3. Top right: integrated
intensity (moment 0) map in K km/s computed over the velocity range
[−53.6; −53] km s−1. Bottom left: same as top right, over the velocity range
[−52.5; −50] km s−1. Bottom right: same as top right, over the velocity range
[−49.3; −48.4] km s−1. Red bi-vectors show the orientation of the local
magnetic field derived using the velocity gradient technique, i.e., the
orientation of the velocity gradients rotated by 90�. Black contours correspond
to the JCMT 850 µm intensity contours 0.1 mJy.
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1. Two curved diagonal structures, opposite to each other,
in the northern (denoted by a in Figure 9) and southern
(b) parts at [−50.5; −51.4] km s−1. The cloud appears
more elliptical in this velocity range.

2. Horizontal structures in the northern (c) and southern (d)
parts at [−51.5; −52.3] km s−1, with the highest
intensity values in the clumps.

3. A thin vertical filamentary ridge in the western part (e),
partially present at all velocity ranges.

4. A fainter and smaller vertical filamentary ridge ( f ) in the
eastern part at velocities under −53.4 km s−1.

5. A southern half-ring (g) and a diagonal bar (h) in the
northwest at [−52.8; −53.4] km s−1, with the northern
clump still present at these velocities.

In general, we observe a tight alignment of BV GT with the
above-described filamentary structures for given velocity
intervals, for both tracers. The last column of Figure 9 shows
that the overall BV GT globally follows the elliptical ring
geometry regardless of the molecular gas tracer. A coherent
curved geometry is observed in the western vertical ridge e
across different velocity ranges. In the northern part (a, c, h),
the magnetic field orientation changes with the intensity
structure, and interestingly, a high-mass dense clump candi-
date has been identified previously by C. Fallscheer et al.
(2013) at the intersection of the two structures. In the northern
clump c, there are clear changes in the 13CO-BV GT between
the redshifted and the blueshifted parts. In addition, the

different tracers show perpendicular orientations in the north-
ern clump in the [−53.4; −52.8] km s−1 velocity range. The
possible origin of such a behavior will be discussed further in
Section 4.2. In the southern part of the cloud, the location of
three candidate high-mass dense clumps coincides with the
different structures intersecting each other with the respective
aligned magnetic fields (b, d, g).

3.5. The Warm Dust Structure and the Magnetic Field
Structure

We employ the WISE (E. L. Wright et al. 2010) Band 3 data
to complement our analysis with the information on the
distribution of the warm dust. Figure 10 presents the WISE
12 µm emission, overlaid with the magnetic field orientations
derived from Planck submillimeter polarization, optical, and
near-infrared starlight polarization (BR, BH), and velocity
gradients (BV GT) from CO isotopologues.
The warm dust emission is more prominent in the eastern and

southern parts of the cloud, where it overlaps with molecular
structures traced by the CO emission. The near-infrared
compact sources align along this vertical cold dust filamentary
ridge and form an arc. Another set of compact sources aligns
along the inner front. The near-infrared map also shows an
arc-like structure in the southern part that coincides with the
structures detected in the JCMT map, pointing toward the south.
The magnetic field orientations show notable variations

across different tracers. BPlanck exhibits large-scale uniformity.

Figure 9. Magnetic field orientations (red segments) derived using the velocity gradient technique applied to 13CO (upper row) and C18O (lower row) IRAM 30 m
data. BV GT are derived for different velocity ranges: [−51.4; −50.5], [−52.3; −51.5], [−52.8; −52.3], and [−53.4; −52.8] km s−1, from left to right, respectively.
In addition, BV GT obtained from the entire velocity range in which G111 is detected is represented in the last column. The red circles indicate the locations of the
high-mass dense clump candidate objects reported by C. Fallscheer et al. (2013; see their Table 1). The circles’ radii show their relative sizes, with the smallest and
the biggest corresponding to 0.4 and 1.1 pc, respectively. The backgrounds are the integrated intensity maps over the indicated velocity ranges. We represent BV GT

for pixels with lower thresholds of 2 K km s−1 and 0.5 K km s−1 for 13CO and C18O, respectively, except for the upper right panel where the threshold is taken at
2 K km s−1. The letters a–h and the colored contours indicate the structures listed in Section 3.4.
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The rotation of BPlanck along and beyond the submillimeter
cloud’s elliptical ring is observed in the near-infrared,
coinciding with the near-infrared intensity structures. As
already mentioned previously in Section 4.4, foreground-
subtracted visible and near-infrared polarization are in
agreement with BPlanck in the southeastern part of G111. In
addition, BR and BH reveal finer-scale variations aligned with
denser structures. BV GT derived from 13CO data follows the
gas distribution closely, in particular in the northern and
southern filamentary ridges.

These preliminary observations indicate a strong correlation
between the magnetic field structure and the warm dust
distribution, supporting the hypothesis that the cloud’s
morphology is influenced by both magnetic and dynamical
processes. Conversely, the strong correlation may also indicate

that the magnetic fields geometry is influenced by dynamic
processes. Further interpretation of these findings is presented
in Section 4.5.

4. Discussion

4.1. Foreground Magnetic Field Structure

The abrupt change in interstellar extinction (Figure 3) and
Gaia magnitude (Figure 4) at 800 pc indicates that the increase
in magnitude is due to the change in the dust distribution
toward G111 and a significant amount of dust material in the
foreground. In addition, the gradual increase of the lower
envelope after that distance until reaching the distance of the
cloud’s location supports this hypothesis. In order to analyze
the distant cloud’s magnetic field structure, it is important to

Figure 10. WISE intensity maps of the G111 region with JCMT 0.2 mJy contours (black). The top panels show Planck polarization (gray) with starlight polarization
in the R band (blue, left) and H band (red, right). The bottom panels display VGT polarization (magenta) with starlight polarization in the R band (blue, left) and H
band (red, right).
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assess this foreground’s magnetic field direction. We compare
the interpolated foreground BR and BH with BPlanck. Figure 11
shows that, in both bands, the polarization by extinction and
the dust polarized emission traces the same interstellar dust
regions in the southwestern to central parts, as well as in the
northeastern part of the map. We associate this trend with the
non-negligible foreground material strongly contributing to the
submillimeter polarization. This is even more prominent in the
R band, which does not probe very dense matter. The
variability in the H band is probably due first to the sensitivity
of the detector and second to faint clouds that can be located
along the line of sight. The orientation of BPlanck and
foreground BR observed in the southwestern part coincides
with the Galactic plane orientation, which means that this
orientation is the Galactic magnetic field, as was found out by
W. Hiltner (1949) and later confirmed with the Planck
observations (Planck Collaboration Int. XIX. 2015). The
Appendix, where starlight polarization was smoothed to the
Planck resolution, shows similar trends of the alignment
measure. On the other hand, the diagonal SE–NW stripe of
perpendicular alignment indicates a contribution of interstellar
matter that is not traced by the foreground stars. In addition,
we observe deviations of AM from those extrema at the
position of the ring and the associated northern and southern
structures.

4.2. BV GT Derived with Different Tracers

The velocity gradient technique allows us to probe the
magnetic field structure at different densities by employing
different tracers. We compare the results of BV GT derived
using 13CO and C18O observations, with the help of Figure 9.

Not surprisingly, 13CO-BV GT shows more features, as it
probes the broader structures of the molecular cloud complex,
in addition to the filaments and cores. However, 13CO becomes
optically thick in very dense regions, so the C18O comple-
ments the picture with the denser parts and allows us to probe
the associated magnetic field. In particular, we observe the
difference between the 13CO- and C18O-derived BV GT in the
northern clump. This could be due to several reasons, such as
the abovementioned optical depth dependence (C.-h. Hsieh
et al. 2019), dynamical effects such as gravitational pull or
shocks, and physical differences of the regions with different
densities within the cloud. In the latter case, the VGT can be

seen as a powerful tool for the multiscale tomography of the
magnetic field, which was shown in the Vela-C molecular
cloud’s observational data (Y. Hu et al. 2020). We further
investigate this region and the possible caveats of the VGT in
Section 4.3.
There is a global similarity between the TRAO 12CO (in

Figure 8) and the two IRAM (13CO and C18O) tracers. This
indicates that the cloud is permeated by a magnetic field,
which globally does not change from the envelope traced by
12CO to the intermediate-density media traced by 13CO and
C18O (approximately up to 103–104 cm−3, according to
N. J. Evans 1999). It also indirectly indicates, according to
the MHD-rooted basis of the VGT (K. H. Yuen & A. Lazarian
2017), that the gravity is not a dominant factor at the scales
that we trace, which is about ∼0.5 pc, taking into account the
sub-block averaging. Gravitational effects would be observed
as changes of the VGT-derived magnetic fields from the
tracers of different density regimes. Higher angular resolution
observations in the submillimeter range would allow us to test
the derived geometries and probe the magnetic field at smaller
scales.

4.3. Comparison between BR, BH, and BV GT

We focus on 13CO results, as it traces matter at lower
densities than C18O, and hence can partly trace the near-
infrared observations we compare. Although the optical
polarization might not trace the same matter, we also include
BR in the comparison. Figure 12 shows the AM between the
magnetic field orientation derived using the foreground-
subtracted starlight polarization data and the 13CO velocity
gradient technique.
We note the most similarity between the magnetic field

structures derived using the different methods in the channel
[−53.4; − 52.5] km s−1, for both bands. This channel is
centered on the part of the cloud that has the most prominent
peak of emission, as discussed in W. W. F. Frieswijk et al.
(2007). The alignment level is more significant between BV GT

and BH rather than BR, as expected due to the near-infrared’s
ability to probe through denser parts of the cloud.

Figure 11. Alignment measure of the interpolated foreground magnetic field
derived from the starlight polarization data for stars located at distances [0;
2500] pc (green bi-vectors) and the magnetic field derived from 353 GHz
(850 µm) Planck polarization data rotated by 90� (black bi-vectors). AM = −1
indicates a perpendicular relative orientation, while AM = 1 means a parallel
relative orientation. The background map is the JCMT intensity map at
850 µm as in Figure 1. Left panel: R band. Right panel: H band.

Figure 12. Alignment measure between the magnetic field angles derived
using foreground-subtracted starlight polarization (red segments) and using the
velocity gradient technique (black segments) applied to 13CO data. AM = −1
means perpendicular relative orientation, while AM = 1 means parallel
relative orientation. Upper row: R band. Lower row: H band. Each column
corresponds to the different velocity ranges used for the BV GT calculation.
The contours correspond to the IRAM 13CO contours at 15 K km s−1 as in
Figure 1.
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For the vertical filamentary ridge (e) in the western part, we
observe an agreement of the two angles in the H band, with the
magnetic field having a vertical orientation. In the R band, we
observe only a little agreement, which is probably motivated
by the fact that observations at shorter wavelengths cannot
probe dense material. The observed ridge, as we see in
Figure 9, is either a single component, a filament, or a sheet,
detected in the four velocity ranges with a uniform magnetic
field orientation.

In the southern part of the cloud, as noted in W. W. F. Frieswijk
et al. (2007) and C. Fallscheer et al. (2013), there are several
velocity components. We observe a global agreement in the three
velocity ranges that trace the southern half-ring (first, second, and
third columns) for the structures b, d, and g. Thus, the high AM
indirectly suggests that the cloud’s magnetic field has a curved
structure in the southern part.

In the northern part of the cloud, there are both parallel and
perpendicular relative orientations. However, in the northern
clump (c), there is a consensus on the parallel alignment
between the polarization-derived B field and BV GT except for
the [−53.4; −52.8] km s−1 velocity range. The northern clump
contains two compact sources, as seen in the thermal dust
emission map in Figure 1. C. Fallscheer et al. (2013) identified
those cores as elongated structures with strong emission at
longer Herschel bands. The parallel alignment between the
90°-rotated velocity gradients and polarization could be
produced in the case of a gravitational collapse, according to
the findings by Y. Hu et al. (2020). Thus, this region may
undergo a gravitational collapse, which affects its velocity
gradient and produces a change with respect to the large-scale
component. In addition, the discrepancy between the
C18O-derived and 13CO-derived orientations (Figure 9) in
the range from −53.4 to −52.8 km s−1 favors this hypothesis.

4.4. Comparison between BR, BH, and BPlanck

We compare in Figure 13 the foreground-subtracted
starlight polarization and the Planck polarization rotated by
90°. Certainly, Planck data provide the line-of-sight integrated
POS magnetic field. However, if most of the dust emission
arises from a specific region along, the corresponding signal
would be dominant. This is the case in the eastern part of the

map, which showed no alignment when considering the
foreground stars, shown in Figure 6. However, the fore-
ground-subtracted starlight polarization is in agreement with
the submillimeter data in the eastern but also in the
northwestern parts of the map in Figure 13. There, the
alignment is better for the H band, which is expected due to the
limited reach of the visible polarization signal in the R band.

4.5. Link to the Region’s Dynamics

The WISE 12 µm map, presented in Figure 10, reveals
extended warm dust structures beyond the elliptical ring traced
in the submillimeter data. These features likely result from
stellar feedback, turbulent compression, or past shock interac-
tions. Notably, the near-infrared emission aligns well with the
magnetic field orientations derived from multiple tracers,
providing further evidence of the interplay between dust
dynamics and magnetic support.
In the eastern and southern parts of the cloud, where the

12 µm intensity is highest, we observe a close alignment
between BV GT, BR, and BH, suggesting that the gas and dust
are dynamically coupled with the magnetic field. This region
may have experienced external compression, leading to
enhanced emission and structured magnetic alignment.
Conversely, in the northern clump, discrepancies between

BV GT, BR, and BH suggest that gravitational effects or shock-
induced turbulence are modifying the local velocity structure.
The perpendicular alignment between BV GT derived from
13CO and C18O supports this interpretation, as such config-
urations are often associated with collapsing cores or
compression fronts (Y. Hu et al. 2020).
The southern half-ring exhibits a particularly strong alignment

between the inferred magnetic field orientation and the warm dust
structure, indicating that magnetic tension may have played a role
in shaping this feature. Additionally, the consistency between
BPlanck and the BR and BH in this region suggests that the
observed field structure is influenced by an extended magnetic
component, which could be either the large-scale Galactic
magnetic field or the magnetic field of the original dense
structures that were further influenced by compression.
These findings support the idea that the magnetic field

contributes to the structural integrity of G111, guiding the flow
of gas and dust while interacting with external feedback
mechanisms. High-resolution studies would be necessary to
further test these interpretations and probe the small-scale
magnetic field dynamics within the cloud and the link to star
formation.

4.6. G111 in the Context of Ring-like Structures

Ring-like structures are interesting targets for magnetic field
observations, as they allow testing the interplay between
magnetic field support and molecular cloud formation. Studies
like those of V. Könyves et al. (2021), who focused on the
Rosette Nebula’s H II region, and N. O. Butterfield et al.
(2024), who examined a large-scale ring-like structure using
SOFIA HAWC∫ data, have demonstrated similar trends of
alignment and compression. On one hand, V. Könyves et al.
(2021) studied a ring-like H II region within Rosette Nebula
using the JCMT Bistro-2 Survey. The structure is associated
with active star formation, and its submillimeter polarization
revealed a complex morphology of the magnetic field, which is
partly aligned with the curved shape of the cloud and is also

Figure 13. Alignment measure between the interpolated foreground-
subtracted magnetic field derived from the starlight polarization data in
G111 (black vectors) and the magnetic field derived from 353 GHz (850 µm)
Planck polarization data. AM = −1 means perpendicular relative orientation,
while AM = 1 means parallel relative orientation. The foreground-subtracted
polarization angle toward the stars employed in the interpolation is shown in
yellow. The background map is the JCMT intensity map at 850 µm as in
Figure 1. Left panel: R band. Right panel: H band.

12

The Astronomical Journal 170:152 (15pp), 2025 September Alina et al.



partly perpendicular to it. In particular, parallel alignment was
observed at the ionization front, while perpendicular alignment
was observed for cold clumps. Despite the geometrical
similarity, the current study and the study by V. Könyves
et al. (2021) differ in physical size and the origin of the ring-
like structure. While V. Könyves et al. (2021) analyzed a
subparsec H II region, we focused on a several-parsec-scale
molecular cloud that does not have a well-determined origin
and is a rather old star-forming region. On the other hand,
N. O. Butterfield et al. (2024) analyzed a ring-like structure
with a size comparable to that of G111, i.e., several parsecs.
The structure is seen in cold dust emission and the associated
magnetic field was studied using the SOFIA HAWC∫ data.
The POS magnetic field was found to be aligned with the dust
structures, suggesting, together with the available SiO and CS
data (M. Tsuboi et al. 2015), a shock-compression scenario.
The estimated age is less than 2× 105 yr, indicating an aged
supernova remnant. Thus, G111’s case remains unique due to
its uncertain origin and older evolutionary stage. We observe
that the filament–magnetic field alignment persisted through-
out the evolution of the cloud.

5. Conclusion and Perspectives

Our study aimed at tracing the magnetic field structure of
the G111 molecular cloud and its distinct, elliptical, ring-like
morphology, with the hypothesis that the magnetic field
configuration would provide us with a hint of the cloud’s
formation history and evolution.

We examined the plane-of-the-sky magnetic field orienta-
tions at various scales and densities, as well as the cold and
warm ISM structures toward and within the cloud. We used a
combination of submillimeter, optical, and molecular line
observations. We used the interstellar dust polarized emission
from the Planck telescope to trace the large-scale magnetic
field directions along the line of sight, while starlight
extinction polarization from the Kanata telescope, combined
with the Gaia star distance estimates allowed us to probe the
foreground magnetic field structure toward G111 and to derive
the cloud’s magnetic field structure after foreground subtrac-
tion. We also employed the velocity gradient technique, or
VGT, using CO isotopologues from IRAM 30m observations
to investigate the magnetic field structure in denser regions of
the cloud.

Our results reveal that G111 is permeated by a coherent yet
spatially varying magnetic field, with variations in alignment
across different tracers. The alignment between Planck-derived
orientations and starlight polarization at distances smaller than
2500 pc indicated a significant foreground interstellar dust
component, necessitating a careful foreground subtraction.
Despite uncertainties in the Gaia-based distance estimates, the
comparison of Planck and starlight polarization confirmed that
Planck polarization in the southern and southwestern parts of
the cloud arises from foreground interstellar dust, aligning
with the Galactic magnetic field direction.

A strong agreement was found between starlight polariza-
tion for stars beyond the cloud’s location and VGT-derived
magnetic field orientations in the western ridge and southern
parts of the cloud. This alignment suggests that the magnetic
field follows the density structures and remains consistent
across different densities in these regions. However, distinct
orientations between CO isotopologues indicate that, while the
global field structure is coherent, local variations emerge in

denser regions due to gravitational interactions and dynamics
within the cloud. Furthermore, a significant correlation
between the magnetic field structure and the warm dust
distribution, in particular in the eastern and southern parts of
the cloud, suggests the influence of stellar feedback.
We can relate our results to the groups of relative

orientations outlined in Section 1 and conclude that the
southern and eastern regions of G111 fall into the category of
curved magnetic field configuration (group three), consistent
with the magnetic draping or shock-compression scenario. The
western ridge presents an example of the parallel relative
orientation scenario (group one). Perpendicular orientations
are rare and are present in the northern region. Thus, the spatial
variations of the relative orientations show the complex
interplay between magnetic fields and the ISM.
One of the main findings is the curved magnetic field

observed along the dense ridges of G111 seen in the JCMT
map, which is also mirrored in the WISE band 3 map, where the
elliptical ring extends over a wider area. This alignment strongly
suggests the influence of shock compression, contrasting with
the perpendicular configuration expected in the absence of
shocks. The orientation of magnetic fields along these dense
structures supports that shock compression, likely from external
forces such as stellar winds or supernova remnants, played a
central role in shaping G111. This is consistent with the
theoretical framework of turbulent shock-driven compression,
such in the works of P. Padoan et al. (2001) and C. Federrath
(2016). It can also be a result of shear flows that led to the
formation and morphology of such clouds, as proposed by
P. Hennebelle (2013) and T. Inoue et al. (2018).
While the magnetic field may not be the sole cause of the

elliptical shape of the cloud, it likely plays a role in
maintaining and influencing its long-term evolution. In the
absence of a sufficiently strong magnetic field, turbulent
motions and thermal pressure could cause the structure to
disperse more rapidly, or the cloud could fragment into smaller
structures due to gravitational instability. A well-ordered
magnetic field can help maintain coherence by guiding gas
flows, resisting turbulent disruption, and regulating how
material accumulates along filaments.
In conclusion, this work highlights the effectiveness of a

multi-method approach to studying interstellar magnetic fields,
demonstrating that integrating diverse techniques is essential
for capturing the full scope of magnetic influences in complex
cloud structures. Our findings reinforce the concept that shock-
induced compression significantly shapes molecular cloud
morphologies, with magnetic fields playing a crucial role in
guiding gas flows and regulating star formation. Future high-
resolution observations in polarimetry and spectroscopy, such
as SiO and CS shock tracers, could provide critical insights for
the advancement of our understanding of these processes
within G111 and similar molecular clouds.
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Appendix
Alternative Solution for the Foreground Contribution

Estimation

To further investigate the consistency of the starlight
polarization measurements interpolation, we smoothed the
data to the Planck resolution. To do so, we averaged
polarization angles from starlight measurements within spatial
bins matching the resolution of the Planck data. We computed
the AM between the starlight and Planck polarizations in both
the R and H bands, using a method to that detailed in
Section 4.1. The resulting AM maps are shown in Figure 14.
Comparison to Figure 13 shows that both methods provide
stable and consistent results.

Figure 14. Alignment measure between Planck and starlight polarization orientations in the R band (left) and H band (right).

17 http://www.astropy.org
18 https://www.iram.fr/IRAMFR/GILDAS
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