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ABSTRACT

Context. On average, in our Galaxy, the star formation efficiency (SFE) is of the order of a few percent, which is lower than theoretical
predictions. Detailed observational studies of individual molecular clouds may offer insight into the contributing factors to the low
galactic SFE.

Aims. We investigated the high-latitude molecular cloud MBM12 as part of the B-fields and star formation across scales (B-FROST)
survey with the Taeduk Radio Astronomical Observatory (TRAO) to assess why star formation activity in MBM12 is low.

Methods. We estimated N(H,) with Herschel dust emission and a dust opacity «, derived from near-infrared extinction, 21 cm HI
column densities, and far-infrared emission. With '>CO and '*CO (J = 1-0) line observations, covering an area of 2.5° X 3° at 48"
resolution, we mapped the CO column density N(CO), CO-to-H, factor X(CO), and abundance [CO/H,]. We estimated the multi-scale
virial parameter a.; and constructed mass-size scaling laws of hierarchical structures with dendrograms. We computed the relative
orientation between column density structures and magnetic fields using Planck observations of dust polarisation.

Results. We identified four main regions based on velocities with H, column densities ranging from 2 x 10%°-1.3 x 10?> cm~2. The
CO integrated line intensity, W(CO), increases linearly with N(H,), providing an average X(CO) factor close to the Galactic average.
At a low N(H,), X(CO) varies below Xg, due to the fall-off of collisional de-excitation in low-density gas, and above Xg, due to
the drop of CO abundances in poorly shielded cloud edges. The hierarchical structures follow a broken power law mass-size relation
M = AR". The values of a,; ranged from 3-60, with the smallest values at 0.1 pc scales. The mass-size relations for the structures
with the lowest a.;, have scaling factors, A, three times larger than those of high ay; structures, indicating external pressure one order
of magnitude larger than the former. We found a transition from parallel to perpendicular relative orientations between column density
structures and the magnetic field at N(H,) = 4.5 x 10?! cm™.

Conclusions. We provide the first integrated chemical, dynamical, and magnetic field analysis of MBM12. Further investigation
into the scale dependence of the mass-size relation and virial parameter can highlight the role of external pressure in regulating the
star-formation efficiency.

Key words. methods: observational — ISM: abundances — ISM: clouds — ISM: kinematics and dynamics — ISM: magnetic fields —
ISM: individual objects: MBM12
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1. Introduction

Molecular clouds (MCs) are among the densest and coldest
large-scale structures in the interstellar medium (ISM), and
they are the sites of star formation in galaxies. They evolve
under the combined effects of self-gravity, turbulence, magnetic
fields, radiation, and stellar feedback (Hennebelle & Falgarone
2012). The chemical evolution of MCs is closely linked to their
dynamics due to comparable dynamical and chemical timescales
(Dobbs et al. 2014; Chevance et al. 2023). The most commonly
used tracers for large-scale (>1 pc) MC properties are carbon
monoxide (CO) line emission, near-infrared (NIR) extinction,
and far-infrared (FIR) dust emission, each offering complemen-
tary insights. Galactic surveys of >CO (J = 1-0) line emission
have been used for over 40 years to estimate MC masses, sizes,
surface densities, densities, and velocity dispersions. These mea-
surements underpin many of the classic MC scaling relations
(Wilson et al. 1970; Solomon et al. 1987; Dame et al. 2001;
Roman-Duval et al. 2010; Miville-Deschénes et al. 2017).

Near-infrared extinction is another dust-based tracer of MC
structure, though the consequent column densities depend on the
assumed extinction law, but NIR extinction is independent of
dust temperature variations along the line of sight (Lada et al.
1994; Alves et al. 2001; Hasenberger et al. 2018). With the all-sky
2MASS survey, it is possible to produce ~5’ resolution extinc-
tion maps for most of the sky (Skrutskie et al. 1997; Lombardi &
Alves 2001; Lombardi 2009; Juvela & Montillaud 2016). How-
ever, the achievable resolution and dynamic range of column
densities from NIR extinction are limited by stellar density.

Far-infrared dust emission is not limited by background stel-
lar density. The Planck satellite observed the entire sky at 5’
resolution (e.g. Planck Collaboration 2014a), while the Herschel
satellite allowed sub-arcminute resolution and a two-order-of-
magnitude range in column density (Juvela et al. 2010; André
et al. 2010; Juvela et al. 2011). Polarised dust emission also
enables measurements of magnetic field orientation (Pattle et al.
2023).

Each tracer presents unique advantages and limitations.
CO line emission can probe gas dynamics and chemistry, but
transitions between sub-thermal, thermal, optically thick, and
self-absorbing regimes complicate mass and column density
estimates (e.g. Goodman et al. 2009). Extinction is among the
most reliable tracers of hydrogen column density N(H) for a con-
stant dust to gas ratio, though the extinction law may vary, and
the attainable resolution is limited. Far-infrared dust emission
offers high-resolution and a high dynamic range but depends on
variable dust opacities and requires high-altitude or space-based
observations. Magnetic field measurements are constrained by
sensitivity and resolution, but they provide critical insight
into the magnetohydrodynamic (MHD) processes shaping MCs
(Pattle et al. 2023). A key limitation of all dust-based tracers
is their inability to resolve structures along the line of sight at
high-resolution (recent 3D extinction maps are addressing this
problem at scales >10 pc Zucker et al. 2023).

With the advent of wide-field surveys and improved reso-
lution, it is now possible to combine multiple tracers across
large MC samples to test abundance variations, excitation condi-
tions, and structural properties (Lombardi et al. 2006; Goodman
et al. 2009; Pineda et al. 2010; Kong et al. 2015; Pety et al.
2017; Lewis et al. 2021). However, such multi-tracer analyses
are rarely conducted systematically across large samples, with a
few exceptions (e.g. Lewis et al. 2022; Santa-Maria et al. 2023).
The B-Fields and staR fOrmation across Scales with TRAO (B-
FROST) survey has completed over 2500 hours of '>CO and
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13CO (J = 1-0) observations, covering nine star-forming regions
across 90 square degrees (Montillaud et al., in prep.). The aim of
B-FROST is to characterise the relationship between CO chem-
istry, multi-scale dynamics, and magnetic fields across a diverse
set of environments: from high-mass star-forming regions
(Monoceros OB1, W40), and feedback-dominated regions (two
fields in the A Orionis ring), to low-mass isolated clouds
(MBM12, L183), and compact globules (G110-13, L1780). These
sources are at distances of 100-700 pc, corresponding to spatial
resolutions from ~0.03 pc to ~0.15 pc, respectively.

In single-tracer surveys, environmental diversity can be a
weakness, introducing unknown systematics. However, because
B-FROST is explicitly designed to help provide insight into
how CO chemistry and dynamics interact with magnetic fields
across environments, this diversity becomes a strength. There-
fore, conducting in-depth studies across diverse environments
allows us to identify both general trends in star-forming regions
and environment-specific variations.

The most basic CO observable is the line area W(CO) =
> ehan TbAv, with Ty, as the brightness temperature and Av the
channel width. The line area is related to the molecular hydro-
gen column density N(H,) through X(CO) = N(H)/W(CO).
For 2CO this factor has a Galactic average value of Xg, =
2x10%° cm~2 (K km s~")~! (Bolatto et al. 2013). This conversion
factor is essential in extragalactic studies, where high-resolution
CO observations are often the only way to trace mass (e.g. Sun
et al. 2018; Schinnerer & Leroy 2024; Leroy et al. 2025). The
X(CO) factor is normally calculated as a means to an end (to
convert CO intensity to mass), but it is rarely used as a tracer
of physical properties in and of itself. It is well known that it
varies on intra-cloud scales (e.g. Kong et al. 2015; Lewis et al.
2022). By definition, it is the H, column density per CO pho-
ton, and it is therefore connected to processes of H, and CO
abundance variation, as well as CO line excitation and radiative
transfer.

The CO column density N(CO) is another fundamental mea-
sure. With various assumptions, one can estimate the total CO
content of an MC (see Sect. 3.2). When combined with indepen-
dent measures of N(H;), one can get the projected CO abundance
[CO/H;]. The CO abundance has been used to detect CO freez-
ing onto dust grains in the coldest and densest parts of MCs
(Pineda et al. 2010; Lewis et al. 2021). Although CO chemistry
has been studied for decades, the relative role of UV-driven CO
chemistry with dynamically induced chemistry is still an open
question (van Dishoeck & Black 1988; Hennebelle & Falgarone
2012). Photodissociation region models of turbulent MCs fail to
reproduce observed abundances in translucent gas (Levrier et al.
2012). Further, high-resolution maps of abundance have not yet
been utilised on a large scale.

Complementary to environmental characteristics of MCs
are their dynamics. Self-gravity competes with internal turbu-
lence, magnetic tension, magnetic pressure gradients, and stellar
feedback (Chevance et al. 2023). Molecular clouds are char-
acterised by self-gravitating filamentary structures (e.g. André
et al. 2010). There is some disagreement about whether the
dominant mechanism shaping MC structure is self-gravity or
supersonic turbulence (Vazquez-Semadeni et al. 2019; Padoan
et al. 2020). There are a number of statistical tests that can be
run on a position-position-velocity (PPV) cube, but projection
effects and molecular abundances make direct comparison with
simulations difficult (e.g. the tools in Koch et al. 2019). One
controversial but easy to calculate measure of gravitational bind-
ing is the virial parameter a.;;, where super- and sub-virial are
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Fig. 1. Left: position of MBM12 relative to the galactic disk. The colour scale shows the Planck 857 GHz dust continuum, and the contours are
the neutral hydrogen column density with contours at levels [1.0, 1.2, 1.4] x10*' ¢cm~2 from the HI4PI all sky survey (HI4PI Collaboration 2016).
The beam sizes of Planck 857 GHz (orange) and H14PI (white) are shown in the bottom left. Assuming a distance of 252 pc to MBM12 and a
solar height of 20 pc above the galactic plane, the distance of MBM12 from the galactic plane is shown in white. Right: zoom-in of MBM12 with
the positions of T Tauri stars from Meeus et al. (2009) shown with cyan [X] markers. The observing field of view of the TRAO and Herschel
observations used in this work are shown in white and yellow, respectively. A distance scale is shown in the bottom right.

relative to ay; = 2 (Bertoldi & McKee 1992), where

502 Ry

V,st

iy 1
GMy M

Ayir =

with oy ¢ as the 1D velocity dispersion of the structure, Ry as the
size, G as the gravitational constant, and My as the mass of the
structure (Bertoldi & McKee 1992; Kauffmann et al. 2013). The
case of @i < 2 does not necessarily imply ‘bound’ and a;; > 2
‘unbound’ (see the brief discussion in Appendix F). Yet, it can
be useful when used in conjunction with other tracers and paired
with a physically motivated definition of a cloud. The dendro-
gram algorithm by Rosolowsky et al. (2008) is a natural way to
segment PPV cubes into hierarchical structures. Many analyses
utilise the highest levels of dendrogram structures (e.g. Friesen
& Jarvis 2024), yet only a few utilise the full multi-scale hierar-
chy produced by the dendrogram algorithm (Oakes et al. 2025).
Tracing the scale dependence of ay;, within an MC structure may
yield additional insights into its stability.

Magnetic fields should not be ignored, as they increase in
strength with density (Crutcher et al. 2010; Pattle et al. 2023).
There has been a lot of work done mapping B-fields across scales
in MCs (Arzoumanian et al. 2021; Hwang et al. 2025). In many
MCs, magnetic fields transition from being parallel to column
density structures at low column densities to perpendicular at
high column densities, suggesting they influence cloud evolu-
tion (Soler et al. 2013; Soler 2019). Highly magnetised gas has
preferential motion along field lines, leading to a perpendicular
arrangement at the strong field in the high density limit (Soler
et al. 2017; Suin et al. 2025). Algorithms such as FilDRealS

allow for a multi-scale consideration of B-field to column density
relative orientations (Carriere et al. 2022a,b; Oers et al. 2026).
Magnetic field studies are not often paired with CO virial analy-
ses, but they may complement one another. Virial analysis with
CO typically ignores magnetic fields, and relative orientation
analysis cannot separate components along the line of sight.

The source we investigate as part of the B-FROST survey
in this paper is the high-latitude MC MBM12 (Fig. 1). MBM12
has an estimated age of Zf? Myr, and contains about a dozen
T Tauri stars (Luhman 2001; Hogerheijde et al. 2002; Meeus
et al. 2009; Kim et al. 2012). It is at a distance of 252fg +12
pc (Zucker et al. 2019), and is a well-studied MC from the MBM
catalogue (Magnani et al. 1985). A previous analysis of large-
scale CO mapping assumed a distance of 65 pc, and its authors
concluded from a virial analysis that MBM12 is dispersing or
pressure bound (Pound et al. 1990). Analysis of ammonia map-
ping of MBM12 concluded that it is not forming stars (Gémez
et al. 2000). The MC MBM 12 had an estimated mass of 1.2 x 10
M, when studied as part of the Galactic Cold Cores Herschel
programme (Montillaud et al. 2015). A follow-up IRAM 30-m
survey of one of the cores found rich prestellar chemistry, but
did not detect deuterium or oxygen-bearing species, suggesting a
quiescent core, or one at the early stages of star formation (Zhou
et al. 2022). Virial analysis of a recent CO survey found a.; > 30
for most cores in the cloud (Xu et al. 2021). However, Moriarty-
Schieven et al. (1997) used CO and HI observations to show that
MBM12 might be pressure compressed at its southern end. So
although most studies imply that MBM12 has finished forming
stars and is dispersing into the environment, it may contain gas
at the onset of triggered star formation.
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As part of the B-FROST survey, we present an in-depth case
study of MBM12. In this work, we aim to test whether MBM 12
shows signs of gravitational instability despite previous indi-
cations of dispersal. We also assess how CO chemistry varies
across the cloud, and whether magnetic field orientation corre-
lates with structural or dynamical features. By combining '>CO
and 3CO line emission with Herschel dust continuum data, we
derive spatially resolved estimates of X(CO), N(CO), [CO/H,],
and a,;; across 0.05-1 pc scales. MBM12’s high-latitude envi-
ronment allows us to explore the role of magnetic fields and the
interplay between CO chemistry and gravitational stability in a
relatively pristine setting. In Section 2 we introduce the data from
TRAO, Herschel and Planck observations. Then we describe
our methods for estimates of H, column density (Sect. 3.1),
CO column density (Sect. 3.2), virial parameters (Sect. 3.3),
and histogram of relative orientations (HROs, Sect. 3.4). In
Section 4.1, we analyse the spatial distribution and probability
density functions (PDFs) of N(H;), N(CO), X(CO), and [CO/H;]
and compare these quantities against each other. We then look at
multi-scale virial parameters (Sect. 4.2) and the histogram of rel-
ative orientation for MBM12 (Sect. 4.3). We discuss our findings
in Section 5.

2. Observations
2.1. TRAO observations

The  B-FROST survey observed MBMI12 (1,b)=
(159°00700”,-34°00'00"") for 288 hours with the TRAO,
operated by the Korean Astronomy and Space Science Institute
(KASI)!. More details on the observations, data reduction
and data quality are found in Montillaud et al. (in prep.). We
observed the '2CO (J = 1-0) and the '*CO (J = 1-0) molecular
lines simultaneously in on-the-fly mode with a spectral resolu-
tion of 0.2 km s~!. The angular resolution was between 46" and
48" for 110-115 GHz, and pointing accuracy was better than
10” (Jeong et al. 2019). We resampled all data to a grid resolution
of 44”. MBM12 was mapped by scanning 0.6° X 0.6° tiles in
orthogonal / and b directions. The average system temperature
was 300 K and 660 K at 110 GHz and 115 GHz respectively, but
we repeated the scans until the desired noise level was reached.
The final map size was 2.5° x 3°. The tiles were gridded and
averaged with the GILDAS CLASS? software to make a single
spectral cube for each line. We achieved a T sensitivity of
oirco = 0.28 K and oicg = 0.13 K for most of the tiles,
although some areas had a higher noise level. We converted
the antenna temperature 7', to main beam temperature T, by
dividing the antenna temperature by n.¢ = 0.51 at 115 GHz and
Net = 0.54 at 110 GHz.

2.2. Herschel and Planck observations

MBM12 was observed with the Herschel Space Observatory
Spectral and Photometric Imaging REceiver (SPIRE, Griffin
et al. 2010) at 250 um, 350 pm and 500 um as part of the Galac-
tic Cold Cores open time programme (Juvela et al. 2010). We
retrieved the MBM 12 maps from the Herschel archive. The res-
olutions for these maps are about 18", 25", and 37”. The relative
calibration accuracies of the Herschel SPIRE surface brightness
maps are expected to be better than 4% (Bendo et al. 2013)*. We

I https://trao.kasi.re.kr/main.php

2 https://www.iram.fr/IRAMFR/GILDAS

3 https://www.cosmos.esa.int/web/herschel/
ao2-documentation
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also used the Planck 353 GHz full mission data, which are avail-
able as part of the Product Release 2018 in the Planck Legacy
Archive*, observed with the Planck High Frequency Instrument
(HFI, Lamarre et al. 2010). We extracted from the all-sky Planck
data 2° x 2° maps of the Stokes total intensity / and the Q and U
parameters, which correspond to the linear polarisation compo-
nents, and their uncertainties at 353 GHz centred on the Herschel
maps of MBM12. We smoothed the Planck maps from an angu-
lar resolution of 4.7’ to 7’ to improve the signal-to-noise ratio.
Appendix A describes our estimates of the polarisation angles.

3. Methods
3.1. H> column density from dust emission

The Herschel SPIRE 250 pm, 350 um and 500 pm maps were fit
with modified black body (MBB) functions. Maps were colour
corrected, background subtracted, and convolved to an angular
resolution of 40”. The background subtraction was done by sub-
tracting the average surface brightness of low-emission region
centred on (@, 8) = (2"53™56°%, +19°19’17”) with a radius of 4’
from each map. If the dust emission is optically thin, the intensity
I, can be written as:

Iv ~ Bv(Tdust)Tv, (2)

with B, (Tqust) a black-body intensity with dust temperature 7 gys.
The values of 7, and T4, for each pixel, as well as their
uncertainties, were estimated with Markov chain Monte Carlo
(MCMCO) runs as in Juvela et al. (2015). The H, column density,
N(H,), could then be estimated from:

Ty

b
KyHH,Mp

NH,) = (3

where 7, is the dust optical depth at a frequency v, «, is the
dust opacity in cm? g~' assuming a dust-to-gas ratio of 100,
m,, the proton mass, and the molecular mass per H, molecule
tu, = 2.74 (e.g. Heiderman et al. 2010). The opacity is known
to vary by a factor of three between the dense and diffuse ISM
(Planck Collaboration 2014a; Ysard et al. 2015; Juvela et al.
2015). Our source, MBM12, is a high-latitude cloud, so assum-
ing a literature value of x for the partly translucent ISM may
be unreliable Therefore, we explored empirical calibration of «,.
Calibration of «, to use with far-infrared emission requires a ref-
erence column density estimate from an independent tracer. We
calibrated the 250 pm (1200 GHz) optical depth 7,209 against the
K-band extinction Ag (Lombardi et al. 2014; Lewis et al. 2022).
For a Cardelli et al. (1989) extinction curve, Ry = 3.1, and an
extinction to atomic hydrogen column density conversion factor
Bx = N(H)/Ax = 1.67 x 10?2 cm~2 mag~!, the dust opacity for
N(H,) at 1200 GHz is given by (Lewis et al. 2022)

1

Smolr, MpBKY 1200

“

K1200 =

where y1200 = Ak/T1200 and fio is the molecular gas fraction.
We extracted a K-band extinction map from the iNICEST online
platform (Lombardi & Alves 2001; Lombardi 2009)°. We chose
a control field close to MBM12, and a smoothing full-width at

4 Planck Legacy Archive: https://www.cosmos.esa.int/web/
planck/pla.

5 http://interstellarclouds.fisica.unimi.it/html/
index.html
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Fig. 2. Spatial variation in the 250 um dust opacity in MBM12, k20,
derived from the ratio of 7590 and Ak, accounting for the variable
molecular gas fraction. The conversion assumes an extinction curve
with Ry = 3.1, and N(H)/Ax = 1.67 x 102 cm™ mag™' (Cardelli
et al. 1989; Bohlin et al. 1978; Lewis et al. 2022). Contours of kjygg =
[0.16,0.18,0.2,0.22,0.24] cm? ¢! are overplotted.

half maximum of 5, and a pixel size of 2.5’. We then convolved
and reprojected the 71200 map to the same grid and used Eq. (4)
to produce the spatial variation in k0 (Fig. 2). We also took
spatial variations in f,o into account (Appendix C). This N(H,)
is then the molecular content, rather than the total hydrogen con-
tent along the line of sight. We are only considering the MC
MBM12, as CO emission is emitted from inside an MC.

3.2. LTE CO column density

The method used to derive CO column densities for MBM12 is
given in Montillaud et al. (in prep.). We give a brief overview
of the methodology here. We derived the CO column densities,
N(CO), with large-scale TRAO CO line observations. We fol-
lowed Pineda et al. (2010) to estimate N('>*CO). The main steps
of the local thermodynamic equilibrium (LTE) estimate were
estimating a Tex map from the peak Ty, of each pixel’s spectrum
in the '2CO map, assuming the same 7, between '>CO and '*CO
(Eq. (19) of Pineda et al. 2010). After the T estimate, the Bco
optical depth 7!3(v) was calculated for each channel width Ty,
and the T (Eq. (20) of Pineda et al. 2010). Lastly, '*CO column
density was calculated from B() and Tex (Eq. (17) of Pineda
et al. 2010). Then N('*CO) was converted to N(CO) by using the
empirical isotopologue ratio with Eq. (4) of Szfics et al. (2014),
with the coefficients of model e in Table 3 of that paper. The
different models consist of different initial conditions in their
simulations. The choice of the model for the isotope ratio has
around 20% systematic uncertainty, but it is much smaller than
the uncertainty from assuming a constant isotope ratio (Sztics
et al. 2014). The assumption of the same excitation tempera-
ture between '>CO and '3CO adds uncertainty to our estimates
(Padoan et al. 2000). To improve this estimate, one could either
model the conversion of Tex between two isotopologues, or one
could survey the cloud in the 3CO (J = 2-1) line. However,
modelling the difference of T between the two isotopologues
is non-trivial, and we did not have access to the *CO (J = 2-1)
line at 2.5° X 3° scales.

3.3. Virial analysis with CO
3.3.1. Dendrogram generation

We applied the dendrogram algorithm (Rosolowsky et al. 2008)
with the astrodendro package to both CO spectral cubes. The
algorithm assigns each voxel in the position—position—velocity
(PPV) cube to one or more structures of connected isocontours.
The structures are nested, with higher Ty, structures in PPV
space always within lower Ty, structures. The trunk contains all
the structures, while branches are structures with more structures
within them. Structures that contain no further hierarchical struc-
tures are leaves. The minimum antenna temperature for a voxel
to be considered for a structure is 7'p;,. The minimum number of
voxels for a structure is determined by the parameter Ny,;,. The
final parameter, ATy, is the minimum T3, difference between
two peaks in PPV which could be considered as separate struc-
tures. We took Npmin = 27, Tmin = 30ms, and AT min = 30 tms,
following the suggestion of Rosolowsky et al. (2008).

3.3.2. Virial parameter estimates

We estimated the virial parameter a.;, for dendrogram structures
assuming each structure corresponds to a sphere with mass My
and radius Ry. We assume optically thin '*CO emission, corre-
sponding to a direct conversion factor between the sum of Tpy
of the structure and the mass My (Eq. (5)). The virial parame-
ter i, was calculated for structures at all levels with Eq. (1).
We used a locally calibrated (X('*CO)) = 7.83 x 10 cm™? (K
km s7)7! to convert Ty, to N(H,) (estimated in Sect. 4.1 and
Fig. 5f). The benefit of using line observations with an empiri-
cal conversion from T, to N(H) to estimate a;, is that velocity
components can be considered individually, under the assump-
tion that each velocity component corresponds to a respective
gas clump. Separating structures into a dendrogram avoids spuri-
ous increases in o due to multiple velocity components along
the line of sight. The mass estimate from the spectral cube was
calculated as (Ladjelate et al. 2020)

My = 6Apisettn,mu(X(CON) X > > AT, 5)

pixels channels

with 6Apixer the area of a single pixel, my the mass of a hydro-
gen atom and Av = 0.2 km s~! the channel width. The mass of
larger hierarchical structure includes the mass of that structure’s
smaller scales. The pixel area 0Apixel = Spixel,l Spixel,b d? with Spixel
referring to the pixel scale and d the distance to MBM12. The
radius R was estimated as

0.5
Ry = (i‘) , ©)

T

with A = 35 0Apixer as the total pixel area. The velocity
dispersion per pixel, oy pixe1,Was calculated with

Zchannels Tmb,i(Ui - 5)2
Oy pixel = s @)

Zcharmels Tmb,i

with T; the antenna temperature in K, v; the velocity of a chan-
nel i, 0 the intensity-weighted mean velocity for the structure.
The velocity dispersion o was then the unweighted average
of oy pixel for all sky pixels. The largest systematic uncertainties
in our estimate of ayj are spatial variation in X(CO), structure
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morphology, and distance. The (X(CO)) we use is the mean
for MBM12; for low-density regions the true X(CO) can be
significantly higher. The use of a constant X(CO) may under-
estimate the mass in low-density regions. Compared to the
flux-weighted size from Rosolowsky et al. (2008), our estimate
gives larger @i, as we use the total area for the radius. These
considerations suggest that our estimates of ;. are upper lim-
its (while a.; further neglects external pressure and magnetic
fields, Ballesteros-Paredes 2006). However, we point out that our
use of a calibrated X(CO) from «,-calibrated N(H,) reduces the
uncertainty on the observed value of ay;: significantly compared
to assuming a X(CO) value from the literature. The distance we
adopt has an uncertainty of 10%, which is systematic across the
cloud, and so the uncertainty from distance is likely smaller than
that from X(CO) and morphology.

3.4. Histogram of relative orientations

We applied FilDReaMS (Filament Detection and Reconstruc-
tion at Multiple Scales; Carriere et al. 2022a) to the Herschel
dust column density maps of MBM12 described in Sect. 3.1.
FilDReals is designed to detect elongated structures, which we
will call filaments hereafter, in an image, and provides infor-
mation on their widths, their orientations and the robustness of
the detection. FilDRealMS uses a model template that has the
shape of a rectangular bar (referred to as the model bar) defined
by its length Ly, width Wy and aspect ratio r, = Ly/W,. We
adopt r, = 3 (Panopoulou et al. 2014; Arzoumanian et al. 2019;
Carriere et al. 2022b), and we consider values of W, spanning
the range [(Wo)min,» (Wo)max ], with (Wp)min = 5 pix and (Wp)max =
29 pix equal to the broadest structure detected in the map. The
orientation angle of the model bar, ¥, is defined in the range
[-90°, +90°] and follows the IAU convention (Appendix A). For
each value of W;,, FilDReaMs filters out structures broader than
Wy, and converts the resulting image into a binary map. At each
pixel i of the binary map, FilDReaMS retrieves the orientation
angle of the model bar that best matches the map, (¥}); and
computes the corresponding significance, S;, which compares
the detected filament to an ideal case (see Carriere et al. 2022a
for more details). If S; > 1, FilDReaMS confirms the detection
of a filament with orientation angle (¥¢); = (¥);. Once all the
pixels have been treated, FilDReaMS creates a filament mask by
multiplying the above binary map with a model bar mask formed
by the model bars of all the detected filaments. This filament
mask is then applied to the initial image to reconstruct the phys-
ical network of detected filaments of bar width W, with their
true shapes. In case a given pixel belongs to two or more fil-
aments, the filament orientation angle assigned to that pixel is
the orientation angle of the most significant filament detected.
This process is repeated over the entire range of Wy, leading to
filamentary networks of different size scales.

4. Results

We identified four main regions separated by velocities in
MBM12: the Horseshoe, the Bow, North Compact, and North
Diffuse (Figs. 4 and 10). Figure 3 shows the mean spectra of the
field. These maps were generated with emission Ty > 50 ms.
The Horseshoe is an isolated region around —6 km s~!. The Bow
and North Compact are connected in emission in '>CO but not
in 3CO at around -2 km s~'. North Diffuse consists of clumpy
emission at > 1 km s~
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Fig. 3. Mean spectra over the entire MBM12 field. The velocities of
each peak are indicated.

4.1. Environmental variation

For MBM12, we show the relations between N(H,), N(CO),
X(CO) and [CO/H;], and their spatial distributions and PDFs.
Figure 5 shows a comparison of most of these quantities to each
other. Figs. 6-9 show their spatial distributions and PDFs.
The dust-opacity-calibrated N(H;) maps of MBM12 range from
NH,)=2x102cm™to 1.3 x 10?> cm™2. We generated a N(Hy)
probability density function (PDF) (Fig. 6). The PDF shows mul-
tiple bumps, which may be the result of the superposition of
several independent column density distributions in the field.
We calculate X('2CO) and X('3CO) for the southern half of
MBM12, by reprojecting the 40" Herschel N(H,) map to the
TRAO CO integrated intensity maps at 44" resolution (Fig. 7).
The morphology of X(CO) differs between the two isotopo-
logues. In '2CO, the distribution is continuous, while in '*CO the
Horseshoe is spatially disconnected from the Bow. The PDFs of
X("2CO) and X('*CO) in Fig. 7 ¢ show double-peaked distribu-
tions connected by a powerlaw. We decompose the X(CO) PDFs
into a lognormal at the peak with a truncated power law. The
fitting equations and results of the fit are given in Appendix E.
The combination of these distributions well described the X(CO)
PDFs, except an excess at X('2CO) = 10 Xg,; and X('3CO) = 40
Xgal- Lognormal PDFs with deviations for X(CO) have been seen
in 8.6’ resolution maps by Lewis et al. (2022, Appendix B). We
consider physical explanations for the X(CO) PDF in Sect. 5.2.
The N(CO) varies in MBM12 from 1 x 10'® cm™2 up to 1 x
10'8 cm~2 (Fig. 8). The distribution of N(CO) shows filamentary
structure in the Horseshoe. In North Compact, there are some
peaks, but N(CO) is relatively constant throughout the structure.
The abundances [CO/H,] in MBM12 have an average of 5.9 X
1075. The spatial distributions of the [CO/H,] have some inter-
esting variation. At the centre of the Horseshoe, the abundances
are between 4 x 107—1 x 107, with a clumpy spatial distribu-
tion. The northern islands in the Bow show centrally peaked
[CO/H,] (Fig. 9). The abundances are lognormal, centred at the
average abundance. The abundance shows a power-law tail at the
lower end.
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We compared our multi-tracer observables in Fig. 5. Three
main features are (i) the quasi-linear dependence of N(CO) with
N(H,) (panel d), leading to an average uniform CO abundance
[CO/H,]=5.9x1073. (ii) At low N(H;) (panel e), the two large
excursions of W('2CO) below and above the average quasi-linear
increase of W(12CO) with N(H»), corresponding to X(2C0o)) =
XgGal- These 1-dex excursions are responsible for the shape of the
X(2CO) distribution with N(H,) (panel j). The former, at the ori-
gin of the rise of X('2CO) above Xga at N(H,) below 1.5 x10%!
cm~2, is due to the drop of the CO abundance in the least UV
shielded layers, while the latter, at the origin of all the X (2C0o)
values below Xga, traces the fall-off of collisional de-excitation
in low-density gas. (iii) The quasi-linear increase of W(!3CO)
with N(H,) (panel f) leading to a '3 CO integrated intensity close
to four times weaker than that of '2CO, a result in agreement with
early galactic CO and '*CO line surveys that found that '2CO
lines are about five times brighter than '3CO lines (Stark et al.
1983).

4.2. Multi-scale dynamics
4.21. How to interpret dendrograms

The dendrogram algorithm is a useful way of segmenting PPV
cubes into hierarchical structures. Our use of dendrograms

assumes each voxel in PPV corresponds to a mass proportional
to the voxel’s Typ(Rosolowsky et al. 2008). From Eq. (1) and
the dendrogram algorithm, some considerations can be drawn.
Higher in the hierarchy, the structures become smaller and have
a higher average Tp,. Therefore, one would generally expect
ayir to decrease as one moves up the dendrogram hierarchy.
A similar pattern should be expected for velocity dispersion.
Therefore, looking only at the leaves of a dendrogram will sys-
tematically underestimate ay;i;, as one ignores the pressure, shear
and gravitational effects of the larger parent structure on ay;
(Ballesteros-Paredes 2006). Therefore, it is helpful to look at the
full hierarchy of ay; estimates. Virial parameters are calculated
per structure, and are therefore difficult to visualise spatially. We
produced a plot where we layer the contours of the structures,
starting from the lowest hierarchical structure (i.e. the largest
structure spatially). The contour is coloured by the value of the
respective variable, either Vigg or ayi;. We then successively
layer the sub-structures on top of the largest structures to produce
a two-dimensional visualisation. This works well for simpler
dendrograms, such as '3CO in MBM12 (Fig. 10). We colour
the dendrogram tree diagrams with V| sg and a.i;, and annotated
the respective sub-structures (panels ¢ and d of Fig. 10). Virial
parameters alone are not conclusive indicators of gravitational
collapse, as they measure energy balance rather than stability.

A157, page 7 of 21



Vorster, J. M, et al.: A&A, 711, A157 (2026)

)]
o

F [ 102
1 —_ I
Z10°E = 10 F
(] r (G F
X x40 = | 8
— I —_ i C
@) - @) = } 10! >
O O L 5F 8
S 10°F n 20 S ¢t
< X O 1
: ' 0 0 10°
c 0
Tex (K)
L= — — | > 102
rI:\7.5: d =40 E _
€ I é’ 210 H(X(13¢C
Csof g £ [39Xa . #
"‘o - hv4 V4 I [
= 20 = I 10! 3
—25F o o 5r O
o L O o I
C ! D = [
=,.L = = |
0.0 0 0 : — 100
0 1o
N(H5) (1021 cm™2)
10! N = %
L . 37
— — B | L
= = - =t
ol 10! F o F . o
k. 7F N S
b N — B ~ 1F
S— N — - - -
< <o <
N L 0 Tl N B 100
107! 10° 107! 10° 5
N(CO) (1017 cm™2) N(CO) (1017 cm2)
; N 102
) : ~ 0.4
—~10'F - [ .
© o © -_
O 3 (G | 8
= E = > %’
—_ r —_ ~ 1
@) o (@] 10! | =02 10 >
» . (o]
S F S S O
< 10°F o [ q
<100 F - X o
< <0 <
L 0.0 e 10°
10° 0 5 10
N(H5) (1021 cm~2) N(H5) (1021 cm™2) [CO/H;]1 (1073)
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(Ballesteros-Paredes 2006; Offner et al. 2022; Chevance et al. most structures having ay;; > 4 (also seen in Pound et al. 1990).

2023). The North Diffuse region has the same velocity as the small
northern clumps at Vi gg ~ 4 km s7!
4.2.2. Hierarchical structure in MBM12 The Bow subregion has two components in '3CO, east at

Visk ~ —1 km s™! and west at —2.5 km s~!. This subregion is
The 3CO emission is separated into the North Diffuse, Bow, also detected with Herschel. The eastern Bow at —1 km s7lis
North-Compact and Horseshoe subregions (Fig. 10). The North  likely denser than the western Bow, with ay;, < 2.5, and thin lay-
Diffuse subregion has a ring shape in the north of MBM12, with ers of large X('*CO) (middle panel of Fig. 7). The western Bow
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has two islands, the most western island with ay; > 5, and an
eastern island with @i ~ 2. The western Bow has thicker layers
of large X('3CO) (middle panel of Fig. 7) than the eastern Bow.

The North Compact subregion has complex hierarchical
structure. It was not covered with Herschel. It has some sub-
structures with a,j; > 5 (panel d of Fig. 10), but the whole
structure has ayi; ~ 3. The region has the largest N(CO) in the
north of MBM12 (Fig. 8) but is not strongly centrally peaked.
There are single structures in this subregion (Fig. 11) with a.;; <
2, but most of this structure has a.; > 2.

The Horseshoe, at Visg = —5.5 km s~ has the most com-
plex hierarchical structure in MBM12. Some structures at the
southern part of the Horseshoe have ay; > 5 (Fig. 10b). Some of
these may be fore- or background clumps, as they are also at dif-
ferent velocities. The Horseshoe has the largest average N(H;) in
MBMI12 and has ay; ~ 3.

4.2.3. Scale dependence of ay;;

We examine the interdependence of My and ayi; on Ry for the
largest structures identified in the '3CO dendrogram (Fig. 10c).
We fitted a broken power law to the masses M and radii Ry of
13CO dendrogram structures in MBM12. The functional form is
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Fig. 7. Ratio of N(H,) and CO line area for '>CO and '*CO ground state
rotational transitions in the southern half of MBM12. The figures are in
units of Xga = 2 x 10?° cm™2 (K km s™!)~!'. The beam size and linear
scale are shown at the bottom left and right respectively. Contours of
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bottom panel shows the PDFs of X('2CO) and X('3CO).

where i = 1 if Ry < Rpreak and i = 2 if Ry > Rpreax. The best fit
parameters with uncertainties are shown in Table 1. To ensure
continuity between the two power laws, from Eq. (8) the break-
point Ryeax can be calculated directly:

1
A2
Ryreax = (A_;) s 9

From the dendrogram we take trunk-level structures that have
more than eleven sub-structures. Spatial investigation reveals
that these structures are the Horseshoe, North Compact, eastern
Bow, western Bow, southern North Diffuse, and eastern North
Diffuse. We then plot the mass-size relation normalised by R,
and the surface density dependence of ay; for all hierarchical
structures (Fig. 11). Note that these data points are not inde-

pendent, as they share voxels in PPV. Therefore we are rather
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Table 1. Fitted parameters for the broken power law fits to the mass-size relations (Fig. 11).

ID  Subregion Ay ay Aj ) Rureak (pC)
1 Horseshoe 215+8 256+0.06 169+1 191+0.02 0.69

2 North Compact 165 +2 255+003 134+1 140+0.04 0.83

3 Bow E 339 +£312 3.02+x055 731 1.92+0.03 0.25

4 Bow W 170 =28 280+0.16 53+2 1.36 £ 0.07 045

5 North Diffuse S 50+ 1 2.13+0.02 - - -

6 North Diffuse E 139 + 19 265+0.16 54+2 1.30+0.09 0.50

Notes. The parameters (A;,a;) were for Ry < Ryeax, While (Az,a,) was for Ry > Ryeax North Diffuse S is fit with a single power law.
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Fig. 8. Carbon monoxide column density N(CO) for MBM12, derived
from TRAO '2CO and '3CO (J = 1-0) observations. The map shown on
the top was estimated with standard LTE assumptions to derive N('*CO)
and converted to total N(CO) with the isotopologue ratio function from
Sziics et al. (2014). The bottom panel shows the PDF for the N(CO)
map.

estimating the slope of the change in mass with radius, compa-
rable to the differential virial analysis of Krumholz et al. (2025).
We found correlations between mass and radius, that are best
described by a broken power laws (Fig. 11a). Table 1 show the
scaling parameters A;, power law slopes «@; and break points
Ryeax for all the substructures. The large scale (Ry > Rpreak)
indices were close to M o R? for the Horseshoe and eastern
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Bow with @, = 1.91 £ 0.02 and @ = 1.92 + 0.03 respectively. For
the other subregions, the outer power law index is sub-Larson,
with a; < 1.5. The outer scaling factor A, varies between 54—
169, with the largest value at the Horseshoe, and the smallest
at North Diffuse subregions. However, the power law index is
super-Larson for all low-mass subregions in the inner power law,
with a; > 2, and the statistically significant scaling factors A;
varying between 50—215. The virial parameter is increasing with
decreasing Xy. The North Compact is the only region which
contained ay;; < 2 structures. However, a.;; has some variation
depending on the scale at which the structure is analysed. Many
of the smallest scale structures in the Horseshoe and North Com-
pact have large ayir > 2. The other structures have a; ~ 8 at
parsec scales (Fig. 11 b), with variability in @ towards smaller
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Fig. 11. Scale dependence of *CO dendrogram structures in MBM12. The colours are for the Horseshoe (blue), North Compact (green), eastern
Bow (yellow), western Bow (purple), southern North Diffuse (black), and eastern North Diffuse (grey). Broken power law fits are also shown, with
the respective fit values in Table 1. Vertical lines indicate the power law breaking point. The vertical axis in panels a—c (My/R%) is in units of solar

mass per square parsec.

scales. No structures in eastern Bow, western Bow, southern
North Diffuse, eastern North Diffuse have ayi; ~ 2 at any scale.

4.3. Histograms of relative orientations

We examine the relative orientation between N(H,) structures
and the plane-of-sky magnetic field Bp,s. Figure 12 summarises
our histogram of relative orientation analysis in MBM12. The
top left panel shows the Herschel N(H,) map, from which net-
works of filaments were extracted. These networks are shown
in the top middle and top right panels, with the largest-W;, and
smallest-W,, filaments per pixel shown. These figures reveal very
thin and low-N(H;) striations around the Horseshoe and Bow
subregions. The Horseshoe has significantly thicker filaments
than the Bow, with bar widths ~0.6 pc, with a finer, continuous
structure, while the Bow appears more disconnected, with bar
widths of ~0.4 pc. The middle row of Fig. 12 shows maps of the
relative orientation between filaments and Bp,s for the smallest-
Wy filaments (left panel), largest-Wj, filaments (right panel), and
most significant filaments across all W, (centre panel). The bot-
tom row of Fig. 12 shows the histograms of relative orientations
as a function of N(H,) for the same sets of filaments. At small
scales, most filaments are roughly parallel to Bp,s at low N(H,),
with [y — wp| < 35° for Ny, < 4.5 x 10°! cm™2, while high-
N(H;) filaments have more random orientations, with a small
preference towards —45°. The situation is clearer for the most
significant and largest-W,, filaments. Similarly, most filaments
at low-N(H;) are roughly parallel to Bp,s while the high-N(H,)
filaments, which correspond to the Horseshoe, shows that the
northern part is mostly parallel to Bp,s and the southern part
is roughly perpendicular to Bp,s. The HROs in MBMI12 seem
to indicate that at low-N(H,) filaments tend to be smaller and
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oriented parallel to the magnetic field. As the N(H,) increases,
the filament size also increases, and these large scale filaments
are either parallel or perpendicular to the magnetic field. At high
N(H,), structures are located in the southern part of the Horse-
shoe, perpendicular to the magnetic field, where both the large
scale filaments are co-spatial in the plane of the sky.

5. Discussion
5.1. Dust opacity variation and N(H») estimation

The dust opacity «, is a function of various dust properties (size
distribution, chemical composition, and structure). Dust models
can predict x, among other things (e.g. Hensley & Draine 2023;
Ysard et al. 2024). It is known that the far-infrared dust opac-
ity varies in the diffuse ISM, with less pronounced variations in
NIR extinction (Planck Collaboration 2014b; Reach et al. 2015;
Nguyen et al. 2018). Between the diffuse ISM and MCs, there
is a factor of three change in the ratio of the 250 um and NIR
opacities (Juvela et al. 2015). Empirical «, calibration is impor-
tant as column density estimates propagate into mass, density
and abundance estimates. We summarise some methods for esti-
mating k00 in Table 2 (see Appendix D). We recommend the
k, calibration method of Lewis et al. (2022) with NIR extinc-
tion. Even if NIR extinction maps do not have high-resolution,
they can give a cloud averaged «,, or spatial variation in some
cases that is better than assuming a constant from literature. The
NIR extinction to column density ratio is not necessarily con-
stant if Ry varies, but the empirical models of Hensley & Draine
(2023) can be used to quantify the uncertainty of Ry. Informed
use of «x, would remove bias in masses and chemical abundances
in diverse star forming environments.
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Fig. 12. Top left: MBM12 H, column density map. Top middle: Network of filaments reconstructed with FilDReaMS, with the largest bar width,
W, per pixel shown. Top right: same network of filaments with the smallest W, per pixel shown. Middle left, middle, and right: Map of the relative
orientation for the smallest W, filaments, most significant filaments across Wy, and largest W,, filaments, respectively. Bp,s orientation is visualised
using line integral convolution in grayscale in the background. Bottom left, medium, and right: histograms of relative orientations as a function of
N(H,) for the smallest W, filaments, most significant filaments across W, and largest W;, filaments respectively.

Table 2. Summary of kj»9 estimating strategies and the consequent values.

No. Method K1200 (B =2) Range in k1509  References
(g'em?) (gl emd)
1 Common Literature 0.1 N/A (Hildebrand 1983)
2 Common Literature 0.144 0.136-0.149¢  (Beckwith et al. 1990)
3 Survey 0.093 +0.016 0.065-0.12° (Lewis et al. 2022)
4 Survey 0.112+0.014 0.084-0.280 (Juvela et al. 2015)
5 Calibrator N(H) 0.124+0.006  0.124-0.176°¢ (Remy et al. 2017)
6 Calibrator N(H) 0.192+0.007 0.16-0.244 Extinction with NICEST (Sect. 3.1)

Notes. For the determinations of the values and ranges, see Appendix D. “For 8 = 1.7-2.2. ®For 8 = 1.7-2.2 between 353 GHz and 1200 GHz.
©For fre = 0.7-1. @Spatial variation.
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5.2. Intra-cloud X(CQ) variations

The X(CO) factor is a measure of H, molecules per CO emis-
sion. On theoretical grounds we expect it to be affected by CO
abundances, H, kinetic temperature, H, density, dust tempera-
ture and the surrounding radiation field (Shetty et al. 2011; Lewis
et al. 2021). Molecular H, and CO are photodissociated in the
interstellar radiation field if shielding is too weak (van Dishoeck
& Black 1988; Gong et al. 2018). Shielding can occur due to
self-shielding, shielding by other molecules or attenuation by
dust (van Dishoeck & Black 1988). Molecular hydrogen forms
at low densities (>30 cm™3) with efficient self shielding, while
CO requires dust to attenuate the radiation and therefore forms
at hydrogen densities >100 cm™ (van Dishoeck & Black 1988;
Glover et al. 2010; Gong et al. 2018). In these intermediate den-
sities 30—100 cm~ is CO dark gas, which would lead one to
expect X(CO) — oo as CO starts to form at the outer edges of
MCs. However observations of diffuse clouds have rather found
X(CO) < Xga (Liszt et al. 2010; Liszt & Pety 2012). This can be
explained by low collisional de-excitation for CO at low densi-
ties, where CO is more effective per Hy molecule at emission
(Hennebelle & Falgarone 2012). The variance of the X(CO)
factor is also very high in diffuse regions, where ny, < 400
cm™> (Shetty et al. 2011). Deeper into the cloud, where Ay is
between 1 and 2 mag, the dust shields the interstellar radiation
field for the formation of CO, X(CO) exponentially decreases
(Shetty et al. 2011; Szfics et al. 2016). However, at the largest
densities, the lines may self-absorb, or CO is frozen onto dust
grains, which then increases X(CO) again (Pineda et al. 2010;
Sziics et al. 2016). We see these regimes in Figs. 5j and k. For
N(H,) below 102! cm™2, we have high X('2CO) values, but also
many where X('2CO) < Xga. The mean value of X('>CO) was
very close to the galactic average recommended by Bolatto et al.
(2013). Our estimate is twice the value of ~0.5Xg, surround-
ing MBM12 from Remy et al. (2017). In Perseus X('2CO) was
measured as 0.5-1.5Xg, (Pineda et al. 2008). The relationship
between X(CO) and N(H;) has been investigated theoretically
and through observations of the California MC as well (Kong
et al. 2015; Szlics et al. 2016; Lewis et al. 2021). Magnani
et al. (1988) calculated X(CO) for various high-latitude clouds
(excluding MBM12) and found an average value of X(CO) =
3.2 + 0.6 Xgq for their full sample, or 1.6 Xgg if they excluded
some dark clouds. They also estimated abundances of 4—12 x
10~ which is closer to our estimate of MBMI2 than to the
average Milky Way value. Cotten & Magnani (2013) estimated
X(CO) = 0.65 Xga for MBM 40. In MBM16, X(CO) = 3.6 Xga
and in MBM40 X(CO) = 1.3 X, (Magnani et al. 1998). The
X(CO) PDFs possibly encode this chemical behaviour (Fig. 7).
Close to the average value of X(CO) the PDF was lognormal,
with a similar standard deviation of around 1.4 Xg,. In App E,
we use the statistical behaviour of the X(CO) PDF to visualise
the physical transitions in MBM12 Fig. E.1. If other MCs show
similar lognormal and powerlaw behaviour in their X(CO) PDFs,
the PDF properties can be used as a measure of chemistry and
excitation. Most works only focus on X(CO) as a conversion fac-
tor for mass. However, our 44" investigation of X(CO) implies
that it may be a useful probe of MC substructure in its own right.
Radiative transfer modelling of the X(CO) PDFs physical depen-
dencies combined with estimates from more sources may reveal
if X(CO) PDFs have any diagnostic potential.

5.3. CO abundances

The highest CO column densities in MBM12 was 1 x 10'8 cm™2.
The high column densities are associated with the Horseshoe
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and North Compact (Fig. 8). The measured N(CO) for MBM12
of a few 10'7 is higher than any MBM clouds in the sample of
van Dishoeck et al. (1991). The mean [CO/H,] of 5.91 x 107 of
MBMI12 is lower than the canonical 10~* in Milky Way clouds
such as Taurus and Orion B (Pineda et al. 2010; Bolatto et al.
2013; Roueff et al. 2021). Low abundances like this have been
observed before (Burgh et al. 2007; Liu et al. 2013; Luo et al.
2023). The methodological assumptions that go into abundance
calculations (k, for N(H,), constant Ty, isotope ratio, LTE only
vs non-LTE) make precise comparison with other works dif-
ficult. In the case of Taurus Pineda et al. (2010), assumed a
constant isotope ratio of 69, which increases their N(CO) esti-
mate by up to 70%, compared to our use of a variable isotope
ratio (Szfics et al. 2014). Variable isotope ratio would also change
the shape of the N(CO) and [CO/H,] PDFs. The environmen-
tal differences between Taurus and MBM12 play a role in the
abundance differences.

5.4. Virial analysis in MBM12

We used virial analysis as one tool among many for assessing
virial equilibrium. In Appendix F we discuss some of the histor-
ical ambiguities in the interpretation of ay;.. We find ay;; 2 3 for
all regions in MBM12. In all cases, a.;; did not vary significantly
with scale. The scale independence of ay;; has also been seen in
other regions, including Serpens South and NGC 253 (Luo et al.
2024; Friesen & Jarvis 2024; Oakes et al. 2025). Scale inde-
pendent a.;; is expected for structures. If the structures follow
Larson’s laws, My o« R% and oy 5 o R, then from Eq. (1) @y o
02RyM" o 1. The scaling factors in front of the mass-size rela-
tions (Fig. 11) in the Horseshoe are up to three times higher than
that of the northern regions. The My o th and oy g o< R(s)['5 hier-
archy is the locus of the gravitational instability threshold of
self-gravitating polytropes of increasing temperature immersed
in a common pressure reservoir Pe. The structures of this hier-
archy are the result of fragmentation of the larger scales, which
occurs prior to collapse, and behave as a N-body system in virial
equilibrium (Chieze 1987). The interesting point here is that the
pre-factor of the mass-size relation is proportional to P%> which
shows that the external pressure of the structures of lowest @i
is about 10 times larger than that of the structures of largest
ayir- For a turbulent core with a constant surface density, an
increased internal pressure (which is related to the external pres-
sure) should increase ay;; (McKee & Holliman 1999; McKee
& Tan 2003). We do observe that the smaller scale structures
Ryt < Ryreak, With larger mass-size coefficients have larger virial
parameters (Fig. 11d). Additional investigation will be required
into the role of pressure in the scale dependent behaviour of @y,
such as the analysis proposed by Krumholz et al. (2025).

5.5. Magnetic fields and gravitational stability in MBM12

From the analysis of ideal MHD equations, Soler & Hennebelle
(2017) showed that perpendicular and parallel alignments
between magnetic field orientations and column density struc-
tures are attractors in the equations of motion. In strongly
magnetised (plasma S ~ 0.1) gas the transition between these
two attractor modes are induced through convergent flows
where V - v < 0 (Soler et al. 2013; Soler & Hennebelle 2017).
Convergent flows can either be large scale flows or self-gravity,
which dominates magnetic pressure gradients in MCs (Chen
et al. 2016). Observational studies of ten Gould Belt regions
with Planck dust emission and polarisation measurements
found a transition column density Ny, (H) = 5 x 10*! cm™
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(Planck Collaboration 2016). This transition N(H) is close to
the Ne_pi(H) = 10?' cm™ where the upper limits of magnetic
field strengths from Zeeman measurements transition from con-
stant to power law (Crutcher 2012; Soler & Hennebelle 2017).
The connection between the Ny, to N, (H) may indicate a
shared mechanism of super-critical filaments between these two
transitions. However, this interpretation is weakened by the large
scatter in measured N, , (H), which ranges from 2 x 10?! cm™2
to 23 x 10?! cm™2, or many clouds not displaying a transition
at all (Planck Collaboration 2016; Soler et al. 2017; Carriere
et al. 2022b). MBM 12 displays a transition column density of
Nj»1(Hp) ~ 45x 10* cm™ and @ = 3 in the Horseshoe. Our
virial parameter ignores contributions from internal magnetic
pressure or external thermal pressure, which brings up the ques-
tion of whether the magnetic field is supporting MBM12 from
collapse. For a single source, a parallel to perpendicular transi-
tion is difficult to interpret (Sect. 6.1.3 of Pattle et al. 2023). The
presence of the relative orientation transition indicates the pres-
ence of strong magnetic fields 8 < 1, convergent velocity flows
and possibly super-Alfvénic gas motions. The south of MBM12
Horseshoe would therefore be a candidate for higher resolution
kinematic follow-up, to assess whether there are signs of infall
or gravitational collapse.

6. Conclusion

We report large-scale '>CO and '*CO (J = 1-0) line observa-
tions of MBM12 with the TRAO radio telescope combined with
Herschel and Planck column density estimates. For the first time
in MBM12, we combined an analysis of molecular gas properties
(N(H), X(CO), N(CO), [CO/H;]), dynamics (multi-scale virial
parameters a.;;), and magnetic fields (with histogram of relative
orientations):

1. We estimated the spatial variation in the molecular gas frac-
tion and 1200 GHz dust opacity, with («xj200) = (192 + 7) X
1073 cm? g7!, resulting in column densities that range from
2% 102 cm=2to 1.3 x 1022 cm™2;

2. The average CO-to-H, conversion factors were X(2Co) =
2% 102 cm™? (K km s™))~! and X(13CO) = 7.8 x 10%° cm™
(K km s~1)~! with significant variation across the field. The
average X('?CO) value in MBM12 is equal to the galactic
average. We decomposed the X(CO) PDFs into lognormal
and power law components, with the power law slopes of
X(2C0O) = —1.21+0.03 and X(**CO) = —0.78 £0.04. Future
work will investigate the parameters which influence the
statistical intracloud behaviour of X(CO);

3. We estimated the CO column density N(CO), and the CO
abundances [CO/H,]. We incorporated variable '2CO/!3CO
isotope ratios calibrated by simulations. We measured
N(CO) ranging from 1 x 10'® cm™2 to 1 x 10'® cm™2. The
abundances [CO/H,] ranged from 0.9 x 107 to 1 x 10~* with
an average of 5.9x107;

4. We used dendrograms to calculate multi-scale virial parame-
ters ayir for MBM12. For the Horseshoe and North Compact
subregions, for most structures ay;, ~ 3 at scales of 0.05— 1
pc with masses scaling M o« R? and Larson scaling o o
R%3. On the other hand for the North Diffuse and Bow
regions ayi; = 8 at scales of 0.05— 1 pc. The Horseshoe has
a mass-radius scaling coefficient three times larger than the
other subregions, indicating an order of magnitude stronger
external pressure on the Horseshoe, compared to the other
subregions. Scale dependent a,;; measurements can high-
light the role of external pressure in regulating star formation
MCs;

5. We estimated the histogram of relative orientations in
MBM12, and found column density structures parallel to
the magnetic field orientation for N(H,) < 4.5 x 10*' cm™2,
and some perpendicular structures thereafter. Perpendicular
structures were only detected in the south of the Horseshoe
subregion, and may indicate the presence of strong magnetic
fields and convergent velocity flows.

Our first case study of MBM12 in the B-FROST survey high-
lights the complementary value of tracing environment, dynam-
ics, and magnetic fields. We also stress the value of empirical
k, calibration for H, column densities and assumptions about
LTE and isotope ratios for CO column densities. The multi-tracer
approach in MBM12 enables comparative studies of low- vs
high-mass star formation under varying conditions of turbulence,
feedback, and magnetisation in large scale MC surveys.

Data availability

Data products are available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/711/A157. Included
are the '>CO and '3CO (J = 1-0) cubes, integrated intensity and
mean velocity for both lines, LTE N(CO) map and the local «,
calibrated N(H,) map.
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Appendix A: Polarisation angles

We derived the plane-of-sky magnetic field (Bpos) orientation
angle, Y g, from linear polarisation components Q and U using

g = % arctan(g) +90°, (A1)

which corresponds to the linear polarisation position angle
rotated by 90°, and where arctan is the two-argument arctangent
function defined from —180° to +180°. Following Montier et al.
(2015), we computed the uncertainty in the linear polarisation
position angle, o, using

1 [Q%c?% + Uc2 —2QUoqu
\/ Y 9 ? (A2)

Typ = 2 (QZ + U2)2 ?
with oq and oy the respective uncertainties in Q and U, and
oqu the covariance of Q and U. We adopt the IAU conven-
tion, where the linear polarisation position angle increases from
Galactic north to the east (opposite to the Healpix convention
requiring the flipping of the sign of U in data taken from the
Planck Legacy Archive). There is a 180° ambiguity when esti-
mating yp from linear polarisation that only gives the magnetic
field orientation. However, it is irrelevant in the study of relative
orientations, and thus we can define ¢ 5 in the range [-90°, +90°]
from Eq. (A.1) by choosing the sign in the last term accordingly.

Appendix B: Spatial variation in line ratios

We plotted the average spectrum of both isotopologues for rect-
angular regions in MBM12 in Fig. B.I. The '>CO integrated
intensity is shown in the background. The gridlines indicate
the regions that were averaged. We also showed the mean
12CO/"3CO line ratio in each region.

Appendix C: Molecular gas fraction

The total hydrogen content along the line of sight N(H) can be
decomposed into ionised, atomic, and molecular components:

N(H) = N(H") + N(HI) + 2N(H,) (C1)
that implies the molecular fraction fi, is given by:

Smol =1 — %HI;’(H” (C.2)
with the molecular hydrogen column density given by

N(H,) = f ‘;"‘ N(H). (C.3)

We estimated the spatial variation in f,,; in MBM12 by com-
bining total column density N(H) estimates from extinction with
HI4PI all sky N(HI) estimates (HI4PI Collaboration 2016). We
assumed N(H") to be negligible. Figure C.1 shows N(H), N(HI)
and fio at 5’ resolution. There is a shell of atomic hydrogen
across the whole the east side of MBM12. The molecular gas
fraction varies between 0.5 and 0.8 on subparsec scales.

Appendix D: Dust opacity determination

The dust opacity can be parameterised as:

(V)'B
Ky =Kol — >
Yo

with v, a reference frequency, 8 a power-law index, and «j the
dust opacity at the reference frequency. The values of xy and 3 are
related to dust properties, such as composition, porosity, and size
distribution. In Table 2 we summarise ways that the dust opacity
at 250 um k00 can be estimated. Estimates 1 and 2 consist of
assuming a relevant literature value of kg at vy with a power law
exponent S for Eq. D.1. The range of consequent values in k20
originates from variation in 5. The second class of x50 estimates
is to have a calibrator N(H) to calculate source-specific k2.
Estimate 3 is the average «j2qo for the twelve MCs in the survey
of Lewis et al. (2022), calibrated with extinction. The uncertain-
ties are the standard deviation within the twelve fields, while the
range is determined by varying the 8 of 353 GHz to 1200 GHz.
Estimate 4 is the average and range of the surveyed values of
7(250 wm)/7(J) from Juvela et al. (2015), with the extinction to
N(H) conversion used in Sect. 3.1, without accounting for f.
Estimate 5 is also based on a calibrated N(H), but instead of
extinction, is based on a linear model of multi-wavelength obser-
vations of anti-centre clouds, including MBMI12 (y-rays, CO,
FIR emission, HI, Remy et al. 2017). They constructed wide-field
40° x 40° maps at 0.175° resolution by linear modelling of HI,
CO, and free-free emission against a combination of Planck 73s3
and Fermi-LAT vy-ray observations. One can calculate the dust
opacity per nucleon o, = k,ugm, from the Remy et al. (2017)
N(H) map. In Fig. D.1 we show an example of the estimate of
K1200 by Eq. 3 with N(Hj)cq in the case of fo = 1. Flg D.2
shows the spatial variations in the dust opacity per nucleon, 0353,
compared to the Hildebrand (1983) for 8 = 2. The value is close
to unity at the edges of MBM12, but with a change of a factor
of two within the cloud. Estimate 6 is the values we estimated in
Sect. 3.1 of this work.

D.1)

Appendix E: Image segmentation with X(CO)
We fit the X(CO) PDFs with a lognormal distribution, given by

A In[X(CO)] - 2
AN(X(CO)) = LN x (( [X( )2] HLN) ) ED)
X(CO)orix V27 202
and with a truncated powerlaw
frL = ApLX(CO)™ (E.2)

where X(CO) was in units of Xg,. The fitted parameters for
MBM12 are shown in Table E.1. After this PDF decomposition,
we investigated whether the statistical modes of the X(CO) PDF
may correspond to different physical conditions. We generated
binary masks according to whether the PDF is lognormal (LN),
powerlaw (PL) or in the excess region (EX), according to these
criteria

LN if X(CO) < X| NMax
Mask (I,b) = {PL  if Xj nvax < X(CO) < XpLmax
EX if X(CO) > Xprmax

where XLNMax = XLNMode . exp(ll775 . O—LN) Where XLNMode =
exp(urN — O'EN) is the distribution peak of a lognormal. The
1.1775 factor is half the FWHM of a lognormal in log-log space.
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Fig. B.1. Spatial variation in '>CO and '*CO emission (blue and red respectively). The background is the '>CO integrated intensity. Each square
shows the mean spectra within each grid position. The W('2CO)/W(!*CO) line ratio for > 30, emission is shown in black. Note that T, (2CO)
has been multiplied by 0.33. Large line ratios > 50 are seen when '>CO is detected but almost no '3CO.

Table E.1. Fitted parameters on the X(CO) PDFs in MBM12 (Fig. 7 and Egs. E.1 and E.2).

ID PDF Quantity Arn HLN OLN ApL apL PL Range
(Counts) (In[Xcal) (In[Xcal) (Counts) (XGa1)

1 X(2Co) 1358 + 32 —-0.17+0.01 0.32+0.01 1907 +35 -1.21+£0.03 [1.0, 10.0]

2 X(3Co) 3757 +100 1.71 £0.01 0.37+£0.01 2573 +217 -0.78+0.04 [6.5,20.0]

Notes. The PL Range column shows the X(CO) ranges used for the truncated power law fit.
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Fig. D.1. Dust opacity estimate at 1200 GHz for MBM12 using the col-
umn densities N(H;)., of Remy et al. (2017) as a calibrator in the case of
a molecular gas fraction f;,, of 1. The resulting dust opacity is shown.

The value of Xppmax is the maximum of the PL. Range column
of Table E.1, just before the excess peak (Fig. 7). Figures E.1 a
and e show the three masks for the two isotopologues. We also
plotted the histograms of N(H,), N(CO) and [CO/H;] for these
regions (panels b—d and f—h for '2CO and '*CO respectively).
Regarding the maps we note that the EX mask is always at the
edge of the cloud. For '3CO it follows the order of EX — PL —
LN from outside to inside the cloud. However, for '2CO, there is
a filamentary structure on the inside that is PL, which is not seen
in 1*CO. This is likely related to '>CO transitioning to high opti-
cal depths, while '3CO is still optically thin. The N(CO) PDFs
are very different between masks. The LN mask in both isotopo-
logue has a broad lognormal distribution centred around 10"
cm™2, while the PL mask is bimodal for '>CO and single peaked
for 13CO. The EX mask has the lowest peak value for both iso-
topologues. The abundance PDFs show mostly lognormal distri-

0353/0H83

0.0 0.5 1.0 15 2.0

OO

—15°

-30°

Galactic Latitude

—45°

210°

180°
Galactic Longitude

150° 120°

Fig. D.2. Dust opacity per nucleon, o, from multi-wavelength mod-
elling for anti-centre fields from Remy et al. (2017) as a ratio of the
commonly used dust opacity from Hildebrand (1983), with 8 = 2. The
insert is a zoom-in of MBM12, with the same colour scale.

butions, with a possible powerlaw at the low abundance end
for '2CO, while for '*CO the three distributions are lognormal,
with the peak abundance decreasing in the order LN — PL
— EX. We consider these masks to segment the MBM12 map
into distinct physical regions based on CO chemistry and optical
depth effects. The detailed reasons why X(CO) change in these
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statistical behaviour requires additional investigation over mul-
tiple clouds and other spectral lines. Comparison with radiative
transfer and chemistry simulations will also be helpful.

Appendix F: Considerations when interpreting a;,

Most forms of the observational ay; for MCs are the ratio of
internal kinetic energy to gravitational energy (e.g. Bertoldi &
McKee 1992). There has been an ever-evolving discussion on
the (ir)relevance of virial parameters. One’s interpretation of ayi;
varies based on whether one assumes static or dynamic MCs.
Forty years ago, it was common to conclude that MCs are in
virial equilibrium from the Larson o, o« R%3 scaling relation,
and to use that to calculate the cloud virial mass (Solomon et al.
1987; Mooney & Solomon 1988; Lis & Goldsmith 1989). From
similar static assumptions, some have interpreted ayi; < 1 as
a sign of other supporting forces such as internal turbulence
or magnetic fields (Bertoldi & McKee 1992; Kauffmann et al.
2013). Those discussed above used an assumption of virial equi-
librium to either calculate masses or infer some unmeasured
force. For the dynamic assumption of MCs, the value of ay;; can
be used as a measure of (un)boundedness of a cloud. There the
assumption is that internal kinetic and gravitational energies are
the only relevant energies, and so @y > 1 — 2 can be used as
a simple binary measure for gravitational boundedness. Many
users of this approach do flag its tentative nature (Rosolowsky
et al. 2008; Friesen et al. 2016; Friesen & Jarvis 2024; Oakes
et al. 2025). Strictly speaking, this approach in particular has
no way to distinguish if the cloud is gravitationally collaps-
ing (no supporting forces), in pressure equilibrium (unobserved
supporting forces), dispersing (unobserved forces stronger than
gravity) or fragmenting (Chieze 1987). Virial parameters are a
local measure and ignore external pressure, large-scale veloc-
ity gradients, and rotation (Ballesteros-Paredes 2006; Chevance
et al. 2023). There are also observational biasing effects, such
as background subtraction, sampling due to line excitation and
variable emission-to-mass conversion factors that may lead to
artificially small ay;; (Singh et al. 2021). Some have therefore
proposed alternative observational estimators of gravitational
stability (Li et al. 2015; Krumbholz et al. 2025). The observational
virial parameter from PPV cubes is different from a 3D virial
parameter in a simulation due to projection. In simulations, one
can directly calculate gravitational, kinetic and magnetic ener-
gies. Some simulations of MCs suggest that observational virial
parameters are not associated with cloud stability at all, due to
tidal and projection effects (Dib et al. 2007; Kim et al. 2021;
Offner et al. 2022; Lee et al. 2025). These considerations show
that one should be upfront about assumptions when doing virial
analysis, and that the conclusions from a virial analysis alone are
only tentative without combination with independent measures.
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