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INTRODUCTION
Magnetic fields play a key role in 
supporting molecular clouds against 
gravitational collapse.
Planck dust polarization maps revealed a 
dramatic change in the alignment 
between the magnetic field and dust and 
gas in the ISM, from parallel in diffuse 
regions to perpendicular in dense 
supercritical filaments and ridges. 
Such a transition should be accompanied 
by a corresponding change in the 
kinematic properties of the gas.
This can be investigated through a 
combination of wide-field dust polarimetry 
and velocity-resolved molecular line 
imaging at high angular resolution. 

Planck Collaboration: The Planck dust polarization sky

Fig. 5. Upper: map of the apparent magnetic field (〈B⊥〉) orientation. The polarization segments from the measured 353 GHz polarization, having
been rotated by 90◦, show the orientation of the apparent magnetic field, but their length is constant, not reflecting the changing polarization
fraction. The colour map shows the 353 GHz emission in log10 scale and ranges from 10−2 to 10 MJy sr−1. Lower: map of the 353 GHz polarization
angle uncertainty (σψ) at 1◦ resolution. The scale is linear from σψ = 0◦ to σψ = 52.3◦. The polarization angle is obtained using the Bayesian
method with a mean posterior estimator (see Sect. 2.3). The uncertainty map includes statistical and systematic contributions. The same mask as
in Fig. 1 is applied.

regions of the sky. This is particularly the case in the sec-
ond Galactic quadrant (#II & 145◦, bII & 0◦, including a re-
gion at low latitude known as “the Fan”7), the Perseus area

7 The term “the Fan” generally refers to an area extending over roughly
120◦ ! #II ! 160◦ and 0◦ ! bII ! 20◦ seen in the earliest maps of
Galactic polarized radio emission in the 1960s. The region is one of
the brightest features of the polarized radio sky and has a distinctive

(#II & 143◦, bII & −25◦), the Loop I area (#II & 40◦, bII & +45◦)
and a region in Microscopium (#II & 15◦, bII & −40◦). The

fan-like appearance of the polarization vectors at low radio frequencies.
The “fanning” of these vectors disappears at higher frequencies where
Faraday rotation is weak, leaving a large region with coherent polar-
ization that as yet has no definitive explanation. See, e.g., van de Hulst
(1967) and Wolleben et al. (2006).
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Planck Collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps

Fig. 7. Observed polarized emission at 353 GHz (in MJy sr�1) of the Musca (left) and Taurus (right) clouds. The maps are at the resolution of 9.06
(indicated by the white filled circles) for increased S/N. The black segments show the BPOS-field orientation ( +90�). The length of the pseudo-
vectors is proportional to the polarization fraction. The blue contours show the total dust intensity at levels of 3 and 6 MJy sr�1, at the resolution
of 4.08. The white boxes correspond to the area of the filaments and their backgrounds that is analysed in the rest of the paper.

Fig. 8. Observed polarization fraction (p) as a function of column den-
sity (NH), for the cuts across the crest of the filaments derived from the
boxes shown in Fig. 7. The small and large dots correspond to the back-
ground and filament regions, respectively. The three lines show linear
fits for the filament regions of log p versus log NH described in Sect. 3.4.
The data uncertainties depend on the intensity of the polarized emission.
They are the largest for low p and NH values. The mean errorbar on p is
1.2% for the data points used for the linear fits. For smaller NH values,
the uncertainty on p is larger but does not account for the full dispersion
of the data points.

allows us to characterize and compare the polarization properties
of each emission component (Sects. 4.2 and 4.3).

4.1. A two-component model: filament and background

The observed polarized emission results from the integration
along the LOS of the Stokes parameters. We take this into ac-
count by separating the filament and background emission using
the spatial information of the Planck maps. We describe the dust
emission observed towards the filaments as a simplified model

with two components. One component corresponds to the fila-
ment, for |r| < Rout, where r is the radial position relative to
the filament crest (r = 0) and Rout is the outer radius. The other
component represents the background.

We define as background the emission that is observed in
the vicinity of a filament. It comprises the emission from the
molecular cloud where the filament is located and from the dif-
fuse ISM on larger scales. We argue that the former is the domi-
nant contribution. Indeed, the Taurus B211 and L1506 filaments
and the lower column density gas surrounding them are de-
tected at similar velocities in 13CO and 12CO (between 2 and
9 km s�1, Goldsmith et al. 2008), indicating that most of the
background emission is associated with the filaments. CO emis-
sion is also detected around the Musca filament (Mizuno et al.
2001). Planck Collaboration Int. XXVIII (2015) present a map
of the dark neutral medium in the Chameleon region derived
from the comparison of �-ray emission measured by Fermi with
H i and CO data. This map shows emission around the Musca fil-
ament indicating that the background is not associated with the
di↵use ISM traced by H i emission.

We separate the filament and background contributions to
the I, Q, and U maps within the three fields defined by the
white boxes in the Taurus and Musca images displayed in Fig. 7.
The filaments have all a constant orientation on the POS within
the selected fields. For L1506 the field also excludes the star-
forming parts of that filament (see Sect. 3.3). Within each field,
we separate pixels between filament and background areas us-
ing the I map to delineate the position and width of the filament.
We fit the pixels over the background area with a polynomial
function in the direction perpendicular to the filament crest. The
fits account for the variations of the background emission, most
noticeable for U in B211 (see Fig. 4). The spatial separation is il-
lustrated on the I, Q, and U radial profiles shown in Fig. 9. These
mean profiles are obtained by averaging data within the selected
fields in the direction parallel to the filament crests. They are re-
lated to the profiles presented in Sect. 3 as follows. The mean
profile of Musca corresponds to the averaging of profiles 4 and 5
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J. Pety et al.: The anatomy of the Orion B giant molecular cloud

Fig. 1. Composite image of the 12CO (blue), 13CO (green), C18O (red) (1�0) peak-intensity main-beam temperature. The circles show the typical
extensions of the H ii regions and the crosses show the position of the associated exciting stars (see Table 1). The �-Ori star that excites the IC 434
H ii region is located 0.5� east of the Horsehead nebula.

Table 1. Properties of the stars exciting the H ii regions in the observed field of view.

H ii region Star Type ↵, � (J2000) (�x, �y) Parallax Distance VLSR
(00, 00) mas pc km s�1

IC 434 �Ori O9.5V B 05h38m44.779s,�02�36000.1200 (�33.35, 00.07) 2.5806 ± 0.0088(1) 387.5 ± 1.3(1) 15.0 ± 1.6
IC 435 HD 38087 B5V D 05h43m00.573s,�02�18045.3800 (+32.87, 01.33) 5.90 ± 1.29(2) 169 ± 37(2) 18.1 ± 4.5
NGC 2023 HD 37903 B1.5V C 05h41m38.388s,�02�15032.4800 (+13.72, 09.42) 2.776 ± 0.271(3) 362 ± 35(3) �7.7 ± 2
NGC 2024 IRS2b O8V-B2V 05h41m45.50s,�01�54028.700 (+20.54, 29.43) – 415(4) –

Alnitak O9.7Ib+B0III C 05h40m45.527s,�01�56033.2600 (+05.49, 31.04) 3.4 ± 0.2(5) 294 ± 21(5) 3.7 ± 1.3

Notes. (1) Schaefer et al. (2016); (2) van Leeuwen (2007); (3)
Gaia DR1: Gaia Collaboration (2016b), Lindegren et al. (2016), Fabricius et al. (2016),

Gaia Collaboration (2016a); (4) Anthony-Twarog (1982); (5) Hummel et al. (2013).

separation between two successive rasters was �/2D = 8.4600
to ensure Nyquist sampling perpendicular to the scanning di-
rection. The scanning direction was reversed at the end of each
line (zigzag mode). This implied a tongue and groove shape at
the bottom and top part of each tile. We thus overlapped the top
and bottom edges of the tiles by 3000 to ensure correct sampling.
Furthermore, the left and right edges of the tiles were adjusted
to avoid any overlap, that is, to maximize the overall scanning
speed. The FoV was covered only once by the telescope, ex-
cept for the tiles observed in the worst conditions (low elevation
and/or bad weather) that were repeated once.

The calibration parameters (including the system tempera-
ture) were measured every 15 min. The pointing was checked
every two hours and the focus every four hours. Follow-
ing Mangum et al. (2007) and Pety et al. (2009), we used the

optimum position switching strategy. A common o↵ reference
position was observed for 11 s every 59 s with the follow-
ing repeated sequence OFF-OTF-OTF-OFF, where OFF is the
reference position and OTF stands for On-The-Fly. No refer-
ence position completely devoid of 12CO (1�0) emission could
be localized in the close neighborhood of the Orion B western
edge. As this reference position is subtracted from every OTF
spectrum in order to remove the common atmospheric contri-
bution, the presence of signal in the reference position results
in a spurious negative contribution to the signal everywhere in
the final cube. Searching for a reference position farther away
in the hope that it is devoid of signal would degrade the qual-
ity of the baseline because the atmospheric contribution would
vary from the OTF spectra to the reference position. We thus
tested several nearby potential reference positions using the
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IRAM ORION-B LARGE PROGRAM

The IRAM-30m ORION-B Large Program has 
imaged a 5 square degree field (~20 pc 
across) in the Orion B molecular cloud.

Angular resolution of 26" (104 au, or 0.05 pc).

At least 30 molecular lines observed in the 72–
116 GHz range with a spectral resolution ~0.6 
km s-1. 

The species include CO, HCO+, HCN, and CS, 
as well as their optically thin isotopologues.

Pety et al. 2017

12CO 13CO C18O

1 pc



P. Gratier et al.: Dissecting the molecular structure of the Orion B cloud: insight from principal component analysis
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Fig. 9. Maps of the independently measured physical parameters, H2 column density (left), volumic density (middle), UV illumination (right).
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Fig. 10. Scatter plots of the first three principal components with the independent physical parameters. Contours in black and gray correspond to
68% and 95% of the samples respectively.

For this analysis, it must be kept in mind that while the
principal components are necessarily uncorrelated, the physical
parameters considered here are correlated: N(H2) is an integral
of nH along the line of sight and the two are thus strongly corre-
lated, whereas U is inversely proportional to N(H2) by construc-
tion and they are thus anticorrelated. As a result, the principal
components will tend to represent the uncorrelated part of the
variations of the underlying physical parameters.

Column density: The component map showing the highest cor-
relation coe�cient with N(H2) is PC1. Spearman’s rank corre-
lation coe�cient is extremely high at 0.90, and the scatter plot

(Fig. 10, left panel) shows a strongly linear relation between PC1
and log(N(H2)).

Because PC1 is the first PC (axis of largest variation), it is
una↵ected by the decorrelation constraint that a↵ects the other
PCs. This first principal component can thus be interpreted as a
global measure of total column density, as suspected in our pre-
vious discussion. Since nH and U are positively and negatively
correlated with N(H2), respectively, these physical parameters
exhibit relatively strong positive and negative correlations with
PC1.

Volume density: The PC most correlated to nH is also PC1,
due to the large correlation between N(H2) and nH. The next
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PCA ANALYSIS

Magenta: dense PDR, yellow: diffuse 
PDR, green: diffuse non illuminated, 
blue: dense non illuminated. 

Gratier et al. 2017
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VELOCITY FIELD AND FILAMENTS
Dynamically young, 
gravitationally stable network 
of filaments.

Filament widths 0.12±0.04 pc

Wide range of linear (1–100 M⦿
pc-1) and volume densities 
(2×103–2×105 cm-3).

Filament population 
dominated by low-density, 
thermally subcritical structures.

Most of the filaments are not 
collapsing to form stars.

Only 1% of the mass in super-
critical star-forming filaments.

Orkisz et al. 2019

NGC2024

J. H. Orkisz et al.: A dynamically young, gravitationally stable network of filaments in Orion B

resolution by convolution with a Gaussian kernel, and resampled
onto identical grids with a resolution of 900 ⇥ 900 ⇥ 0.5 km s�1

(or 0.1 km s�1 for VESPA). The spatial coordinates of the data
cubes are centred onto the photodissociation region (PDR) of
the Horsehead Nebula and rotated by 14� anti-clockwise with
respect to RA–Dec (J2000) coordinates, so that the edge of the
IC 434 PDR, from which the famous Horsehead Nebula emerges,
is vertical in the maps.

As the data are still being acquired, the field presented in
this paper covers 990 by 680, which corresponds to about 11.5 by
7.9 pc at the distance of Orion B (Fig. 1). It features objects such
as the Horsehead pillar, the NGC 2023 and NGC 2024 (a.k.a.
Flame Nebula) star-forming regions, and the PDRs IC 434 (illu-
minated by the multiple system � Ori) and IC 435 (illuminated
by HD 38087).

In this work we make use of the VESPA data because
it provides a better spectral resolution while still retaining a
good sensitivity, similar to the FTS sensitivity when smoothing
the data to the same spectral resolution1. Most of the analysis
focusses on the C18O (J = 1�0) data cube, which is our best
available molecular tracer for the medium at high visual extinc-
tions typical of filamentary structures. As Pety et al. (2017) have
shown, the 12CO but also the 13CO (J = 1�0) lines are saturated
at high visual extinctions, while the C17O (J = 1�0) line is only
detected around dense cores. In situations in which we com-
pare the filaments with the more diffuse surrounding medium,
we complement the C18O (J = 1�0) data with 13CO (J = 1�0).

Figure 1 shows a RGB representation of the complex veloc-
ity structure of the denser parts of Orion B, deduced from the
C18O (J = 1�0) PPV cube. A map of its peak temperature can
also be seen in Fig. B.1 (panel 1).

2.2. Modelling the data cube as a sum of Gaussian profiles

The maximum value of the peak signal-to-noise ratio (S/N) over
the entire field of view in C18O (J = 1�0) is 63, while its median
value is 2.8. It means that many lines of sight over the stud-
ied field of view are measured at a relatively low S/N. The first
step of our analysis is thus to transform the noisy observational
data into a model cube. For that purpose, we performed a multi-
Gaussian fit of the spectra for each individual line of sight. This
provides a model data cube at a final spatial resolution of about
60 mpc (see Appendix A). The resulting model cube allows us
to have a clean and easily exploitable representation of the noisy
signal without the problematic windowing effects that may occur
when S/N masks are applied to the data.

2.3. Independent column density and temperature estimate
from the Herschel Gould Belt Survey

By fitting a composite spectral energy distribution built from
HGBS (André et al. 2010; Schneider et al. 2013) and Planck

satellite (Planck Collaboration XIX 2011) continuum observa-
tions, Lombardi et al. (2014) derived a dust temperature map
Tdust and a dust opacity map at 850 µm, ⌧850. These maps have
a resolution of 3600, where HGBS coverage is available, and 50
otherwise.

We converted the opacity map to a map of total hydrogen
column density NH using the following conversion factors:
NH/AV = 1.8 ⇥ 1021 cm�2 mag�1,

AV/⌧850 = 2.7 ⇥ 104.
(1)

1 The data products associated with this paper are available at
http://www.iram.fr/~pety/ORION-B

Fig. 1. Composite image representing the velocity structure present in
the C18O (J = 1�0) cube. Each velocity channel is directly encoded as
a hue, and the final image is obtained by additive colour synthesis. The
brightest points correspond to 4 K in main beam temperature. The labels
indicate, (1) the Horsehead Nebula, (2) NGC 2023, (3) NGC 2024 (the
Flame Nebula), (4) the Flame filament, and (5) the Hummingbird fila-
ment. The spatial and kinematic complexity of the cloud appear clearly
in particular in regions such as the north-eastern part of the cloud or
around NGC 2023.

These factors are based on Bohlin et al. (1978) and Liszt
(2014), and on Rieke & Lebofsky (1985) and Cardelli et al.
(1989), respectively (see Pety et al. 2017, for detailed explana-
tions).

The C18O (J = 1�0) line traces relatively dense (nH ⇠
103�104 cm�3) material with low far-ultraviolet (FUV) illumi-
nation (Pety et al. 2017; Gratier et al. 2017; Bron et al. 2018).
Although the dust-to-gas coupling is completely established only
above 105 cm�3 (Goldsmith 2001), the dust temperature should
still be a better proxy for the gas temperature of this relatively
cold medium than the excitation temperature of 12CO (J = 1�0),
which traces the warmer, more diffuse envelope of the cloud
(Bron et al. 2018). The dust temperature map is shown in Fig. 2
(right).

2.4. C18O-derived column density

Using the integrated intensities from the modelled C18O (J =
1�0) cube, an estimate of the column density of C18O was com-
puted assuming local thermodynamic equilibrium (LTE) and an
optically thin medium in this line, and using the dust temperature
from Lombardi et al. (2014). We followed the standard equations
described in Mangum & Shirley (2015), using spectroscopic data
from the Cologne Database for Molecular Spectroscopy (CDMS;
Müller et al. 2005). The C18O column density was converted to
NH via NH = 2 · NC18O/5.6 ⇥ 10�7. This assumes that all the
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S1. The second procedure aimed at introducing several refine-
ments: the data were rescaled with an arcsinh function prior to
the computation of the Hessian matrix, then the eigenvalues were
used to compute the local aspect ratio of the structures in the
column density map, and the gradient was also used to refine the
ridge detection. The whole analysis was performed in a multi-
scale fashion, and yielded the skeleton S2. The details of both
approaches are described in Appendix B.

3.2.2. Skeletons, bones, nodes, and filamentary network

To avoid confusion between the different filamentary objects that
are discussed in this paper, we define them as follows. The fila-
ment identification process yields a set of 1-pixel wide curves,
which constitute a graph called the “skeleton” (or “filamen-
tary skeleton”). These lines have endpoints and intersections,
which are called “nodes”; the branches of the graph between
two nodes are “bones” (as in Panopoulou et al. 2014). The
bones can be fleshed out by attributing some of the surround-
ing gas to each 1-pixel wide curve, thus yielding “individual
filaments”. Taken together, these individual filaments form a “fil-
amentary network” (i.e. a fleshed-out skeleton). Some objects
visible in the field and spontaneously referred to as filaments can
be made of several individual filaments (e.g. the Flame filament);
to avoid confusion these are therefore referred to as “filamentary
structures”. Finally, the term “filamentary regions” refers to the
regions identified as bright and structured during the filament
identification process, regardless of any attribution of the gas to
a specific individual filament (binary masks shown in panel 5 of
Figs. B.1 and B.2).

3.2.3. Skeleton analysis

The two methods show disparities. Some structures can be iden-
tified by one method and not the other, or vice versa. To assess
the similarities and differences quantitatively, we superimpose
both skeletons (Fig. 5). The different filtering approaches can
lead to differences of the order of one or two pixels in the posi-
tion of the identified structures. But as this does not have much
impact on the further analysis of the filaments, such neighbour-
ing points are considered as matching points, up to a distance of
two pixels. While there are some structures that are exclusive to
one skeleton or the other, this criterion shows that a large por-
tion (about 68% of S1, 83% of S2) of the skeletons is common
to both methods.

Rather than choosing between the two possible skeletons,
our approach is to keep both and study them and their statistical
properties to assess the variability in the physical properties that
can result from a variability in filament identification method.
Therefore, four skeletons in total are compared throughout this
work: the skeleton S1 obtained by simple thresholding; the skele-
ton S2 obtained by the adaptive method with ridge-detection; the
“robust skeleton”, which is made of the common or neighbour-
ing points of S1 and S2 ,and thus corresponds to the intersection
S1\S2; and the “composite skeleton”, which is made of all the
points of S1 and S2, and thus corresponds to the union S1[S2.
Since the robust skeleton has, by construction, a thickness of
two or three pixels because neighbouring points are taken into
account, it needs to be thinned again (see Appendix B.1) to a
single-pixel width. The first three skeletons are used for statis-
tical comparisons, while the last is useful for displaying simple
maps of the physical quantities.

Once the skeletons are extracted from the observational
data, we still need to identify the bones. This sorting of the

Fig. 5. Comparison of the skeletons obtained with the two dif-
ferent methods. The S1 skeleton denotes the skeleton obtained by
simple thresholding, and S2 is obtained by the adaptive method
with ridge detection. The structures only identified by one method
appear in red or blue, the structures common to both methods
appear in green if they perfectly match, and in yellow in the cases
where the morphological thinning led to small position offsets (see
Appendix B).

skeleton into bones and nodes allows us to analyse the local
properties of the filamentary skeleton. It also enables us to
“clean” (Appendix B.2) the skeleton by removing isolated nodes
and short bones (under 0.22 pc long), and those that do not
match the definition of what a filament should be: curvature
(Appendix B.2.2) and contrast (Appendix B.2.3) can show that
some structures are not over-dense, narrow, or elongated enough
to be regarded as filaments. With the exception of the Appendix,
the figures and statistics presented in this paper are therefore
obtained using the cleaned skeletons.

3.3. Transverse profile fitting

The Hessian identification of filaments provides us with their
position angles. We can thus study the cross-sections (or trans-
verse profiles) of the individual filaments, by plotting the vari-
ations of a physical quantity of interest perpendicular to the
bone’s local major axis – in particular using the hydrogen column
density map.

For the sake of simplicity and robustness (see Arzoumanian
et al. 2011 and Panopoulou et al. 2014 for a discussion), the col-
umn density profiles of the individual filaments were considered
to be Gaussian peaks superimposed on a linear baseline. Such
a profile is therefore constrained by five parameters: the posi-
tion x0 of the Gaussian with respect to the reference pixel in the
skeleton, the amplitude and width of the Gaussian, A and w, and
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MOTIVATION FOR SOFIA OBSERVATIONS

Unprecedented characterization of the 
physical structure, chemistry, and dynamics of 
a typical star-forming GMC with a favorable 
geometry.

Lack of knowledge of the magnetic field on 
scales comparable to the characteristic size of 
dense ridges (~0.1 pc, 50″).

Our goal is to correlate changes in the 
magnetic field geometry with corresponding 
changes in the kinematic properties of the gas.

C18O + Planck polarization vectors             Orkisz et al. 2019

NGC2024
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SOFIA OBSERVATIONS

Challenging observations, ~20×20′ region, but excellent data quality.

NGC2024

HAWC+ 155µm

Polarimetry in NGC 2024 with SOFIA/HAWC+ J. Pety & D. Lis, 2022

HAWC+ 216µm

Polarimetry in NGC 2024 with SOFIA/HAWC+ J. Pety & D. Lis, 2022

155 µm 214 µm
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MAIN NGC2024 FILAMENT

Large change in the polarization fraction in the north part of the filament.

High Polarization Fraction (HPF) region.

NGC2024 HAWC+ 155 µmPACS 
160 µm
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COMPARE 155 AND 214-MICRON HAWC+ DATA

Same pattern seen at 155 and 214 µm – independent observations.
But the very high polarization fraction does not seem reasonable!

155 µm 214 µm
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FILTERING OF EXTENDED DUST EMISSION

Good agreement between 
PACS and HAWC+ fluxes near 
the peak of the emission.

Significant filtering in the 
HAWC+ images at low flux 
levels.

Can we correct for this effect 
by using total PACS flux and 
polarized HAWC+ flux to re-
compute the polarization 
fraction?
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CORRECTED POLARIZATION FRACTION

Orkisz et al. 2019

Zeroth order correction: use 
HAWC+ polarized flux and 
PACS total flux (should be 
done earlier in the pipeline).

A peak in the polarization 
fraction at the same 
location.

Maximum polarization 
fraction ~6% only.

Much more consistent with 
observations of other star-
forming regions.

HAWC+ 155 µm
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COMPARISON WITH MOLECULAR SPECTRA
12CO                                           13CO                                           C18O

Changes in the molecular line shapes—three velocity components 
can be identified in the spectra in the vicinity of the HPF region

Gaussian
Decomposition
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13CO VELOCITY FIELD
Multiple velocity components with distinctly different morphologies.
The 5 kms-1 component spatially coincident with the HPF region.

10.25 kms-1 9.5 kms-1 5.0 kms-1

Gaudel et al. 2022

Gaussian
Decomposition
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SUMMARY Evidence for a correlation between 
changes in the polarization fraction 
and the kinematic properties of the 
gas in one particular region.

Developing techniques for the 
analysis of the full map.

PACS/SPIRE images should be used 
by the HAWC+ pipeline as an input 
model to help correct for the 
extended emission filtered out by 
HAWC+.

Molecular line observations provide 
kinematic information for 
separating spatially overlapping 
cloud components along the line 
of sight.

13CO (1.5-8 kms-1)      Polarization Fraction
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