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ABSTRACT

The role of the magnetic field in the formation of the filamentary structures observed in the interstellar medium (ISM) is a debated topic owing to
the paucity of relevant observations needed to test existing models. The Planck all-sky maps of linearly polarized emission from dust at 353 GHz
provide the required combination of imaging and statistics to study the correlation between the structures of the Galactic magnetic field and of
interstellar matter over the whole sky, both in the diffuse ISM and in molecular clouds. The data reveal that structures, or ridges, in the intensity
map have counterparts in the Stokes Q and/or U maps. We focus our study on structures at intermediate and high Galactic latitudes, which cover
two orders of magnitude in column density, from 10% to 10*2 cm™2. We measure the magnetic field orientation on the plane of the sky from
the polarization data, and present an algorithm to estimate the orientation of the ridges from the dust intensity map. We use analytical models to
account for projection effects. Comparing polarization angles on and off the structures, we estimate the mean ratio between the strengths of the
turbulent and mean components of the magnetic field to be between 0.6 and 1.0, with a preferred value of 0.8. We find that the ridges are usually
aligned with the magnetic field measured on the structures. This statistical trend becomes more striking for increasing polarization fraction and
decreasing column density. There is no alignment for the highest column density ridges. We interpret the increase in alignment with polarization
fraction as a consequence of projection effects. We present maps to show that the decrease in alignment for high column density is not due to a
loss of correlation between the distribution of matter and the geometry of the magnetic field. In molecular complexes, we also observe structures
perpendicular to the magnetic field, which, statistically, cannot be accounted for by projection effects. This first statistical study of the relative
orientation between the matter structures and the magnetic field in the ISM points out that, at the angular scales probed by Planck, the field
geometry projected on the plane of the sky is correlated with the distribution of matter. In the diffuse ISM, the structures of matter are usually
aligned with the magnetic field, while perpendicular structures appear in molecular clouds. We discuss our results in the context of models and
MHD simulations, which attempt to describe the respective roles of turbulence, magnetic field, and self-gravity in the formation of structures in
the magnetized ISM.

Key words. ISM: clouds — ISM: magnetic fields — ISM: structure — magnetohydrodynamics (MHD) — polarization — turbulence

1. Introduction

* Corresponding author: A. Bracco

- i The filamentary appearance of the interstellar medium (ISM)
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has been revealed over the last decades by observations of dust
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emission, stellar reddening, and gas line emission, mainly CO
and HI (see Hennebelle & Falgarone 2012, for a recent ISM
review). Most recently, Herschel maps of dust emission at far-
infrared wavelengths have identified gravitationally bound fila-
ments as the loci where stars form (André et al. 2010). Filaments
are ubiquitous in interstellar space and are essential to star
formation, but our understanding of how they form is still
fragmentary.

Filaments are striking features in numerical simulations of
the diffuse ISM and molecular clouds (e.g. Heitsch et al. 2005;
Nakamura & Li 2008; Gong & Ostriker 2011; Hennebelle
2013). They are present in both hydrodynamic and magneto-
hydrodynamic (MHD) simulations, but they are more conspicu-
ous in the latter. These studies relate the filamentary appearance
of the ISM to compression and shear driven by turbulence, and
the anisotropic infall of gravitationally unstable structures. Soler
et al. (2013) find that, statistically, the orientation changes from
parallel to perpendicular for gravitationally bound structures in
simulations where the magnetic field is dynamically important.

The role of the magnetic field in the ISM dynamics depends
on the field strength with respect to gravitational and turbulent
energies. In the diffuse ISM, the magnetic energy is observed
to be comparable with the turbulent kinetic energy of the gas
(Heiles & Troland 2005; Basu & Roy 2013) and to dominate its
self-gravity (Crutcher et al. 2010), while stars form where and
when gravity prevails. On what spatial and time scales does this
transition in the ratio between magnetic and gravitational ener-
gies occur? This question has been addressed by theorists in sev-
eral ways. Ambipolar diffusion (Ciolek & Mouschovias 1993),
including turbulence (Zweibel 2002) or magnetic reconnection
(Lazarian & Vishniac 1999), can decouple matter from the mag-
netic field. Furthermore, gas motions along field lines contribute
to condensing the matter without increasing the magnetic flux.
This has been suggested for the formation of molecular clouds
(Blitz & Shu 1980; Hartmann et al. 2001; Hennebelle et al. 2008;
Heitsch et al. 2009; Inoue & Inutsuka 2009) and of gravita-
tionally bound filaments within gas sheets (Nagai et al. 1998).
Because of magnetic tension (Hennebelle & Pérault 2000; Heyer
& Brunt 2012), the gas is expected to flow mainly along field
lines where turbulence is sub-Alfvénic.

The challenge faced by observers is to gather the data nec-
essary to characterize the interplay between gravity, turbulence,
and magnetic fields from the diffuse ISM to star-forming molec-
ular clouds. A wealth of data is already available to quantify the
gas self-gravity and turbulence (Hennebelle & Falgarone 2012),
but we have comparatively little information on the magnetic
field strength and its structure within interstellar clouds. The
dearth of data on the magnetic field follows from the difficulty of
performing the relevant observations. Measurements of the mag-
netic field components along the line of sight and on the plane
of the sky using the Zeeman effect and dust and synchrotron lin-
ear polarizations, respectively, are notoriously difficult (Crutcher
2012; Haverkorn 2015).

Synchrotron emission and Faraday rotation have been used
to estimate the strength of the magnetic field and the ratio be-
tween its random and regular components in the Milky Way and
external galaxies (Haverkorn et al. 2004; Beck 2007; Schnitzeler
et al. 2007; Houde et al. 2013). A spatial correlation between the
magnetic field structure and that of interstellar matter has been
observed at kpc-scales in external galaxies from synchrotron ra-
dio polarization (Beck et al. 2005; Patrikeev et al. 2006; Fletcher
et al. 2011). This correlation has been observed to depend on the
gas density and star formation rate (Chyzy 2008). However, the
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interplay between the structure of the field and that of matter on
smaller scales in the solar neighbourhood is still highly debated.

A number of studies, using the polarization of background
starlight caused by dichroic absorption, have targeted filaments
in dark clouds (e.g. Goodman et al. 1990, 1995; Pereyra &
Magalhaes 2004; Alves et al. 2008; Chapman et al. 2011;
Cashman & Clemens 2014), and in the diffuse ISM at lower col-
umn densities (McClure-Griffiths et al. 2006; Clark et al. 2014).
Studying the relative orientation between the main axis of elon-
gated molecular clouds and the orientation of the magnetic field
inferred from starlight polarimetry, Li et al. (2013) present ev-
idence for a bimodal distribution of relative orientations being
either parallel or perpendicular. Most of these studies rely on
polarization observations for discrete lines of sight selected by
the availability of background stars, and often the magnetic field
orientation is not measured at the position of the matter struc-
tures but on nearby lines of sight.

The Planck' satellite has recently completed the first all-sky
map of dust polarization in emission. This is an immense step
forward in brightness sensitivity and statistics from earlier polar-
ization observations at sub-mm wavelengths (e.g. Benoit et al.
2004; Ward-Thompson et al. 2009; Koch et al. 2010; Poidevin
et al. 2014; Matthews et al. 2014). While only ground-based ob-
servations provide the angular resolution required to measure the
polarization of pre-stellar cores (Matthews et al. 2009; Tang et al.
2009) and to image dust polarization in distant molecular clouds
(Li et al. 2006; Tassis et al. 2009), the Planck data are unique in
their ability to map the dust polarization of filamentary structures
in the solar neighbourhood. For the first time, we have the data
needed to characterize statistically the structure of the Galactic
magnetic field and its coupling to interstellar matter and turbu-
lence at physical scales relevant to the formation of interstellar
filaments.

The data are revealing a new view of the sky that we have
started to explore. A first description of the Planck polarization
maps at 353 GHz is presented in Planck Collaboration Int. XIX
(2015) and Planck Collaboration Int. XX (2015). These first two
papers describe the statistics of the polarization angle y (perpen-
dicular to the magnetic field orientation projected on the plane
of the sky) and polarization fraction p. Planck Collaboration
Int. XX (2015) show that the statistics of the data on ¢ and p
compare well with those measured on a MHD simulation of a
molecular cloud formed at the interface of two colliding flows. A
major finding of this paper is that the statistics of ¢ and p depend
on the direction of the mean magnetic field. Here, we pursue our
analysis of the Planck dust polarization sky, focusing on the po-
larization properties of the localized filamentary structures in the
solar neighbourhood, alternatively called ridges, identified in the
Stokes I map. We use the Planck data to determine and compare
the orientation of the filamentary structures and that of the mag-
netic field projected on the plane of the sky.

The paper is organized as follows. The Planck data we use
are introduced in Sect. 2. Section 3 presents sky images that em-
phasize the correlation between structures in polarization and
corresponding features in intensity. The selection and charac-
teristics of the regions where we compare the orientations of the
magnetic field and that of the structures of matter are described

' Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a
scientific consortium led and funded by Denmark.
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in Sect. 4. Section 5 presents the magnetic field properties of
the selected structures. Sections 6 and 7 focus on quantifying
the relative orientation of the magnetic field and the ridges in
the diffuse ISM and molecular clouds. We discuss our results
in the context of our present understanding of the formation
of structures in the magnetized ISM in Sect. 8. The main re-
sults are summarized in Sect. 9. The paper has two appendices.
Appendix A details how we measure the local orientation of the
structures in the dust emission map and quantify uncertainties. In
Appendix B, we present the model that we use to quantify pro-
jection effects and interpret the statistics of the angle between
the magnetic field and the brightness ridges on the sky.

2. Data sets

Planck observed the sky polarization in seven frequency bands
from 30 to 353 GHz (Planck Collaboration I 2014). In this pa-
per, we only use the data from the High Frequency Instrument
(HFI, Lamarre et al. 2010) at the highest frequency, 353 GHz,
where the dust emission is the brightest. This is the best-suited
Planck map for studying the structure of the dust polarization
sky (Planck Collaboration Int. XIX 2015; Planck Collaboration
Int. XX 2015).

We use the Stokes O and U maps and the associated noise
maps made with the five independent consecutive sky sur-
veys of the Planck cryogenic mission, which correspond to
the DR3 (delta-DX9) internal data release. We refer to previ-
ous Planck publications for the data processing, map-making,
photometric calibration, and photometric uncertainties (Planck
Collaboration II 2014; Planck Collaboration VI 2014; Planck
Collaboration V 2014; Planck Collaboration VIII 2014). The Q
and U maps are corrected for spectral leakage as described in
Planck Collaboration Int. XIX (2015). As in this first Planck po-
larization paper, we use the IAU convention for the polarization
angle, measured from the local direction to the north Galactic
pole with positive values towards the east.

For the dust total intensity at 353 GHz we use the model
map, Dss3, and the associated noise map, derived from a fit
with a modified blackbody of the Planck data at v > 353 GHz,
and IRAS at 4 = 100 um (Planck Collaboration XI 2014).
This map has a lower noise than the corresponding 353 GHz
Stokes I Planck map. Furthermore, Dss3 is the dust specific
intensity corrected for zodiacal emission, cosmic microwave
background (CMB) anisotropies, and the cosmic infrared back-
ground (CMB) monopole.

The Q and U maps are initially at 48 resolution, and Djs3
at 5’. The three maps are in HEALPix format® with a pixeliza-
tion Ngge = 2048. To increase the signal-to-noise ratio of ex-
tended emission, we smooth the three maps to 15 resolution us-
ing the Gaussian approximation to the Planck beam. We reduce
the HEALPix resolution to Ngg. = 512 (71 pixels) after smooth-
ing. To finely sample the beam, we also use the smoothed D353
map with Ngge = 1024 in Appendix A. For the polarization
maps, we apply the “ismoothing” routine of HEALPix that
decomposes the Q and U maps into E and B maps, applies
the Gaussian smoothing in harmonic space, and transforms the
smoothed E and B back into Q and U maps at Ngjge = 512 reso-
lution. Most of our analysis is based on the Q, U, and D353 maps,
but we also use the maps of the de-biased polarization fraction p
and angle ¢ produced by Planck Collaboration Int. XIX (2015).
The contribution of the CMB polarization to the Q and U maps
at 353 GHz is negligible for this study.

2 Goérski et al. (2005), http://healpix.sf.net

3. Structures in the polarization maps

We introduce dust polarization (Sect. 3.1) and present all-sky
images highlighting localized structures in the dust Stokes Q
and U maps correlated with corresponding features in intensity
(Sect. 3.2).

3.1. Dust polarization over the sky

The integral equations of the Stokes parameters for linear dust
polarization are defined in Planck Collaboration Int. XX (2015;
their Egs. (5) to (7)). For constant magnetic field orientation and
polarization fraction along the line of sight, the Q and U param-
eters can be related to the total intensity, /, through

0 = po coszycos Qv)l,
U = py cos®ysin(Qy) 1, (D

where 7 is the angle between the magnetic field and the plane of
the sky and ¢ the polarization angle. The intrinsic polarization
fraction of dust emission, py, is given by

Cpol
Cavg

po = R, 2)
where Cp, and C,,, are the polarization and the average
cross-sections of dust, as defined in Appendix B of Planck
Collaboration Int. XX (2015), and R is the Rayleigh reduction
factor, which characterizes the degree of dust grain alignment
with the local magnetic field (Lee & Draine 1985; Hildebrand
1988). The observed polarization fraction is

p = pocos’y. 3)

From Eq. (1), the localized structures in maps of dust polar-
ization can come either from local variations of the magnetic
field orientation, the intrinsic polarization fraction py, or the to-
tal emission I map. The structure of the polarization sky also de-
pends on the depolarization associated with the magnetic field
structure in the volume sampled by the beam (Lee & Draine
1985; Planck Collaboration Int. XX 2015), which is ignored
in Eq. (1). The filamentary structures revealed by the maps
of the local dispersion of the polarization angle, presented in
Planck Collaboration Int. XIX (2015) and Planck Collaboration
Int. XX (2015), are structures associated with changes in the
orientation of the magnetic field because they do not correlate
with structures in the dust I map. As pointed out by Planck
Collaboration Int. XIX (2015), these structures morphologically
resemble those found in maps of normalized gradients of polar-
ized synchrotron emission at radio frequencies (Burkhart et al.
2012; TIacobelli et al. 2014).

On the other hand, this paper presents a complementary anal-
ysis of the Planck polarization sky, focusing on structures that
have a counterpart in the / map.

3.2. Visualization of the structures

Henceforth, we use Eq. (1) with the D353 map for the total in-
tensity /, and the Q and U maps at 353 GHz, which we write
as Oss3 and Usss. We consider localized structures, which appear
in the D353 map as contrasted ridges with respect to the local and
more diffuse emission, hereafter referred to as the background.
Previous works at radio frequencies already faced the problem of
separating the signal of localized structures in the Galaxy from
the background emission. Sofue & Reich (1979) introduced the
unsharp-mask method to investigate the structure of the North
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Fig. 1. Top: all-sky Mollweide display of the dust emission intensity at 353 GHz after background subtraction, D?Sig (see Sect. 3.2). Bottom:

corresponding difference map for the polarized emission, PDif

Polar Spur from radio continuum observations at 1420 MHz ob-
tained with the 100-m telescope. To present the contrasted struc-
tures we follow a similar, but simpler, approach.

We produce a low resolution background map, DG, from
Dss3. For each sky pixel, we compute a histogram of D3s3 within
a circular aperture of radius 2°5 (this is not a critical value of the
data analysis, repeating the background estimate with an aper-
ture of 5° does not significantly change our results). The back-
ground value at this position is estimated from the mean of the
20% lowest values. We also show that our choice of the 20%
fraction is not a critical aspect of the data analysis in Sects. 5
and 6.1. The top panel in Fig. 1 shows the difference

DR = Dss3 — D), )

which highlights localized features in the sky from low to high
Galactic latitudes.

A135, page 4 of 24

553 in Eq. (6). The regions of low polarization signal at high Galactic latitude are
masked. These images include a grid of Galactic coordinates in degrees.

We also make the background maps, 055 and USS, com-

puting the mean values of the Q353 and Uss3 maps over the same
pixels used to compute DS, as well as the difference maps for

353’
the Stokes parameters
Dif BG
Q3513 = Q353 - Q353
if
U = Usss — Uy, (5)

The QDX and UD! maps are presented in Fig. 2. The re-
sults of the background subtraction on the polarization data are
illustrated by the map defined by

PR = OBy + W ©)
shown in the bottom panel of Fig. 1. We present the maps after
applying the same all-sky mask defined in Planck Collaboration

Int. XIX (2015). They show pixels where the systematic uncer-
tainties are small, and where the dust signal dominates the total


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425044&pdf_id=1

Planck Collaboration: Coherent structures in polarization maps of the diffuse ISM

e 0.050 [MJy sr7!]

Fig. 2. All-sky Mollweide display of the Stokes maps QP (top) and UPi

353

—— 0.050 [MJy sr7']

(bottom) at 353 GHz after background subtraction. The regions of low

polarization signal at high Galactic latitude are masked. These images include a grid of Galactic coordinates in degrees. The map shown in the
bottom panel represents the Stokes U parameter in HEALPix convention, which corresponds to —U in IAU convention, as described in Eq. (1).

emission (see Sect. 2.4 of Planck Collaboration Int. XIX 2015).
We note that P3D5‘§ is only used for visualization purposes, and we
stress that it is not used for data analysis. In the data analysis we
make use of the polarization fraction map described by Planck
Collaboration Int. XIX (2015) (see Sect. 2), which is corrected
for the positive bias due to noise.

The polarization maps show localized structures that are spa-
tially coincident with comparable features in DSii. However,
there is not a one-to-one correspondence between the polariza-
tion and intensity maps. The localized features in D?Sig appear
with different contrast and sign in the polarization maps. These
differences trace changes in the polarization fraction and angle,
which are observed to vary.

4. Ridges in the dust emission map

In this section we describe how we identify and select the ridges
in the D353 map, where we will later compare the orientation of

the magnetic field and that of the matter structures (Sects. 4.1
and 4.2). The selected structures are characterized in Sect. 4.3.

4.1. Detection of the ridges

Deciding where to compare the orientations of the magnetic field
and structures of matter is an important step of our data analysis.
We need an algorithm that selects pixels on localized structures,
providing the orientation at each position on the sky. Thus, un-
like what was done in analysing Herschel maps of molecular
clouds in the Gould Belt (Arzoumanian et al. 2011), we do not
seek to identify filaments as coherent structures, and we do not
need to restrict the analysis to the crest of the filaments.

Anisotropic wavelet techniques, like those applied by
Patrikeev et al. (2006) to investigate the spiral arms of M 51, can
be used to measure the relative orientation between the magnetic
field and the matter structure, although they are not optimal for
tracing complicated and intricate patterns.

A135, page 5 of 24
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0.0 [MJy sr! deg’zJ

Fig. 3. Top: all-sky map of the negative curvature, A_, of D3s3. Bottom: same as in the top panel where only the selected pixels are shown (see

Sect. 4.2).

These distinct requirements led us to make use of a different
algorithm than that applied in these earlier studies. To identify
the structures, we use a Hessian analysis of Dss3. The Hessian
matrix was also used to analyse Herschel images of the L1641
cloud in Orion (Polychroni et al. 2013), and is related to anal-
yses of the cosmic-web in cosmological large-scale structures
(Pogosyan et al. 2009). This algorithm detects elongated ridges
using a local determination of the curvature of the dust emission
intensity. We compute the Hessian matrix of the unfiltered Dss3
map (the estimate of the local curvature is independent of the
background subtraction). For each pixel of this map, we estimate
the first and second derivatives with respect to the local Galactic
coordinates (/, b) in order to build the corresponding Hessian
matrix,

— Hxx ny
H(x,) ( oo ) (M)

where x and y refer to the Galactic coordinates (I, b) as
x=>b and y = [ cosb, so that the x-axis is pointing towards
the north Galactic pole. The second-order partial derivatives
are Hy, = 0°D353/0x, Hyy, = 8*D3s53/0x0y, H,x = 8> D3s3/0ydx,

A135, page 6 of 24

H, = 0*D3s53/0y*. The Hessian matrix would be nearly the same
if we used DI instead of Dss3. Indeed, the difference between
the two maps, D?S%, does not have significant structure at the
scales over which the derivatives are computed.

By solving the characteristic equation of the Hessian matrix,
we find the two eigenvalues,

(Hyx + Hyy) £ \/(Ho — Hy)? + AHHy,

A =
N 2

®)

The two eigenvalues define the local curvature of the intensity.
The map of the minimum eigenvalue, A_, shown in the upper
panel of Fig. 3, highlights filamentary structures in Dss3. The
Hessian matrix encodes the information about the local orienta-
tion of the ridges. The angle between the north direction and the
eigenvector corresponding to A_ is perpendicular to the orienta-
tion angle € of the crest of the ridge with respect to the north
Galactic pole. This angle 8 can be derived as

1 71ny +ny.

6 = —tan 9
Hy — Hyy

T2
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Fig. 4. Left: expanded view of the Chamaeleon complex in Dss;. The centre of the map is at (I, b) = (300°, —=35°). Right: same as for the left panel

with the masked pixels in grey. The Magellanic Clouds are masked.

The computation of the orientation angle 8 and its uncertainty,
over the whole sky, is detailed in Appendix A. The Appendix
also presents an independent algorithm, based on a method used
by Hennebelle (2013) to analyse results from numerical simula-
tions, where the orientation of structures is computed from the
inertia matrix of the dust D353 map. The two independent esti-
mates of the orientation angle are in good agreement.

4.2. Selection procedure

The A_ curvature map highlights a complex bundle of filamen-
tary structures, where the most significant ridges in Dss3 inter-
sect underlying features owing to noise and background emis-
sion. To select interstellar matter structures, we build a mask
based on three local criteria: intensity contrast with respect to
the background map D3BSG3, curvature and signal-to-noise of the
polarization fraction. The Magellanic Clouds and the Galactic
plane within +5° in latitude are masked to focus on structures
located in the solar neighbourhood. Hereafter, the masked pix-
els are the ones that we do not consider in the analysis. We also
mask single-pixel regions produced by the selection criteria. Our
final sample of ridges amounts to 4% of the sky.

The details of the masking procedure are discussed in
Appendix A. Here, we give a description of the main points. The
first criterion defines a structure as a contrasted ridge in Dsss3
with respect to the local background. We introduce a threshold,
{, on the brightness contrast: Dg’sig/D];g > (. Weset{ =1 and
checked that changing the value of £ to 0.5 or 2 does not change

our statistical results.

The second criterion eliminates the contribution of back-
ground emission to the curvature. We use a toy model of the
sky to define a threshold, Ct, which depends on the brightness
of the background (see Eq. (A.2)), on the negative curvature:
A_ < —=Cr. This criterion has its main impact at high Galactic
latitudes.

The third selection criterion ensures a sufficient accuracy in
the polarization angle. The uncertainty in the polarization an-
gle directly depends on the uncertainty in polarized intensity P
(see Eq. (B.5) in Planck Collaboration Int. XIX 2015); however,
pl/o, = Plop (where p and o, are the polarization fraction
and the corresponding error described in Planck Collaboration
Int. XIX 2015), when Dss3/0p,,, > P/op, which is true for all
the pixels that meet our first two criteria. Thus, we select pixels
with p/o, > 3, so that the uncertainties in the polarization angle
are smaller than 10°, with a median value of 3°.

Two figures illustrate the selection procedure. The bottom
panel in Fig. 3 presents the all-sky curvature map, where only
the selected pixels are shown. As can be seen, our procedure
does not bias the selection of the structures towards specific re-
gions in the sky, but covers a wide range of Galactic latitudes.
Figure 4 illustrates an expanded view of the Chamaeleon com-
plex, highlighting the selected ridges in D3s3.

Figure 5 shows the distribution function (DF) of the orienta-
tion angle 6 from Eq. (9) for the selected structures as a function
of Galactic latitude. The normalization of the DF is done by di-
viding the number of ridges in each bin of 6 by the total number
of selected ridges within each latitude bin. This total number is
the same for all latitude bins. The DF does not present any pre-
ferred orientation of the structures in the northern hemisphere,
but there is a slight dip at 6 = 0° in the southern hemisphere,
most noticeable for the highest latitudes.

4.3. Characterization of ridges

For each selected pixel, we compute the excess column density
defined as

Dif Dif
ANH = NH 33 =8.7xX% 1025 T353 333 Cl’Il_z, (10)
353 353

where the opacity at 353 GHz, 7353, is taken from Planck
Collaboration XI (2014). The conversion factor to the hydrogen
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Fig. 5. Left: distribution functions of the orientation angle 6 from Eq. (9) for the northern Galactic hemisphere and for 3 mean values of the Galactic
latitude: b = 7° (black curve), 15° (orange curve) and 33° (red curve). Right: same as for the left panel but for the southern hemisphere. The mean
values of b are —8° (black curve), —20° (orange curve) and —39° (red curve).
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Fig. 6. Distribution function of the excess column density, ANy in
Eq. (10), computed for the selected pixels.

column density, Ny, is the value measured from the comparison
with HT data at high Galactic latitudes (Planck Collaboration
Int. XVII 2014; Planck Collaboration XI 2014). Going from
high to intermediate Galactic latitudes we ignore the decrease
in the ratio between Ny and 7353 by a factor of ~2 for increasing
column densities, reported in Planck Collaboration XI (2014).
Figure 6 presents the DF of ANy. The distribution covers two or-
ders of magnitude, from 10%° to 10?> cm~2, with a median value
of 1.2 x 10*! cm™2,

In Fig. 7 we compare the DFs of the extinction Ay derived
from 7353 for the ridges and all the pixels in the Chamaeleon
complex. We use the relation Ay = Ry E(B - V) = 149 x
10* Ry 7353 from Planck Collaboration XTI (2014) and Ry = 3.1
(Jones et al. 2011; Schlafly & Finkbeiner 2011; Mortsell 2013).
The figure shows that the selected pixels cover most of the range
of Ay measured over the entire Chamaeleon complex, except the
lowest values.

Here, we explain how we estimate the mean gas density of
the ridges using the curvature map. On the crest of a ridge, the
first derivatives of the sky brightness with respect to Galactic
coordinates are zero. The second derivative in the direction per-
pendicular to the ridge is A-. Along this direction, the local vari-
ation of the brightness over an angular distance € may be ap-
proximated by a second-order Taylor expansion as
6D3s3 ~ 0.5|11_€>. (11)
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Fig. 7. Distribution functions of the extinction within the Chamaeleon
complex. Here, (Ay) is the mean value of extinction over the whole
Chamaeleon field. The figure shows the comparison between the DF of
the total field (black line) and that relative to the selected pixels (red
line). In both cases the Magellanic clouds are discarded.

The Hessian algorithm tends to select ridges with a thickness
close to the 20" angular distance over which the derivatives of
Dss3 are computed (Appendix A). Since this angular distance is
barely larger than the angular resolution of the map (15"), the
width of some of the structures that we analyse is not resolved in
the smoothed Dss3 map. For all the selected structures we com-
pute dDss3 for € = 20’. The physical thickness in parsecs corre-
sponding to € is 0 ~ €d, where d is the distance to the ridges. We
estimate the distance from the scale height of the H1 emission of
the cold neutral medium (CNM) in the solar neighbourhood, A,
as d = h/|sinb|. For h = 100 pc (see Fig. 14 in Kalberla et al.
2007), we find a mean distance over the latitudes of the selected
pixels of d = 430 pc, and a mean thickness of § = 2.5 pc.

To estimate the mean gas density we first convert the bright-
ness variation 6Dj3s3 into column density variation

(12)

Provided that the extent of the ridges along the line of sight is, on
average, comparable to their thickness in the sky (6), the mean
density may be expressed as

o)

5 (13)

) = {
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where the mean, (... ), is computed over the selected pixels. We
find {(ny) = 300 cm™3, a value within the range of CNM gas
densities. This conclusion is true even if the extent of the ridges
along the line of sight is larger than their thickness in the sky.
We stress that the value of (ny) only provides a rough estimate
of the mean volume density, which we use to show that we are
selecting CNM structures.

We have visually compared our map of ridges with the south-
ern sky of the GASS survey (Kalberla et al. 2010) and we no-
tice that many of the selected structures are also seen in HI
but their column densities, and our density estimate, are high
enough that a significant fraction of the gas must be molecular
(Planck Collaboration XIX 2011; Planck Collaboration XXIV
2011; Wolfire et al. 2010), even if many of the selected ridges
do not have a counterpart in CO maps (Dame et al. 2001; Planck
Collaboration XIII 2014).

5. The dispersion of magnetic field orientations

The orientation of the magnetic field in interstellar clouds has
often been inferred from the polarization of starlight occurring
in the environment around the clouds, e.g. Li et al. (2013) for
molecular clouds and Clark et al. (2014) for the diffuse ISM.
The Planck maps allow us to compare the polarization angles on
the filamentary ridges with those measured on the nearby back-
ground. We present the DF of the difference of polarization an-
gles in Sect. 5.1, and its modelling in Sect. 5.2 to estimate the
ratio between the random and mean components of the magnetic
field.

5.1. Difference between local and background polarization
angles

We compute the polarization angles, for the ridges and the back-

ground, making use of Q%1% UP and 053, USS, respectively.

Inverting Eq. (1), we obtain

i o i i
‘ﬁ?sg = Etan I(U?sg’lejsg)’
1
yhs = Stan”'(US], O55). (14)

2

The difference between the two polarization angles in Eq. (14),

accounting for the 180° degeneracy that characterizes both, can

be expressed as

_1 (sin2a cos 23 — cos 2a sin 28
cos2a cos 2 + sin2asin 23/’

sy = %tan (15)

where @ = yDi, B = YB3, The values of 6y are computed
from —180° to 180° matching both the sine and the cosine
values.

The DF of 6y is presented in Fig. 8. On the plane of the
sky, the magnetic field orientation is perpendicular to the polar-
ization angle. Thus, the DF of 6y characterizes the difference
between the magnetic field orientations determined at two dif-
ferent scales: that of the ridges, at 15’ (2 pc at the mean distance
of 430 pc), and that of the local background, at 5° (40 pc). The
DF of 6y has a mean value of 0° and a standard deviation of 40°,
much larger than what we expect from data noise (Sect. 4.2).
Thus, we conclude that the magnetic field on the ridges is statis-
tically aligned with the background field, but with a significant
scatter.

We check that the DF of ¢y does not depend on the method
we used to compute the background maps. For our selection of
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0.01

TN E ANl FE AR RN R F R R RN}

0.00

-50

Fig. 8. Distribution function of dy, the difference between the polariza-
tion angle with background subtraction W?§§ and that of the background

]335(;, in black. The data are compared with Gaussian models computed
for fu € [0.6, 1.0] in the light-blue band. The blue solid line represents
the Gaussian model for fi; = 0.8. The model parameter fyy measures
the ratio between the strengths of the turbulent and mean components

of the magnetic field.

pixels, the polarization angle, y2u | is close to ¢3s3, the polar-
ization angle at 353 GHz without background subtraction, com-
puted with Qss3 and Usss in Eq. (14). The DF of the difference
between these two polarization angles, oy, computed with
Eq. (15) where a = zp%g and B = Y353, is shown in Fig. 9. This
distribution has a standard deviation of 15°, which is smaller
than that measured for 6y. This result follows from the fact that,
on the selected ridges, the local structures have statistically a
dominant contribution to the values of the Stokes Q353 and Usss
parameters. We also compute the same DF varying the percent-
age of pixels used to estimate the background maps (Sect. 3.2)
from 20% to 10% and 40%. The three DFs of dy/ are compared
in Fig. 9. They are identical and much narrower than the DF of
oy in Fig. 8.

5.2. Modelling of the distribution function

We present a model, detailed in Appendix B, which takes into
account the projection onto the plane of the sky and relates the
width of the DF of 6y to the ratio between the random and mean
components of the magnetic field.

The model is built from 3D vectors Vy (hereafter, the sub-
script M refers to the model) with a Gaussian distribution of ori-
entations about a mean reference vector, V9. Each component
of Vi is an independent realization of a Gaussian field on the
sphere, with an angular power spectrum equal to a power law
of index ay = —1.5, to which we add the corresponding com-
ponent of Vyjo. By construction, the mean of Vy; is V. The
spectral index of the power spectrum allows us to introduce fluc-
tuations about the mean direction correlated across the sky. This
stochastic description of the field follows the early models pro-
posed by Jokipii & Parker (1969). The degree of alignment be-
tween Vyr and Vi is parametrized by fy, the standard deviation
of the modulus of the random component of Vy; normalized by
[Vmol. The DF of the angles between Vi and Vg in 3D, per unit
solid angle, is close to Gaussian with a standard deviation, o,
which increases with fi;. The models quantify statistically the
projection of the 3D direction of the magnetic field onto the 2D
celestial sphere. They do not include any averaging due to the
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Fig. 9. Distribution function of é,, the difference between the polar-
ization angles with and without background subtraction, wg’;g and ¥3s3
respectively, computed over the selected pixels. The three curves show
the DFs when we compute the local background among the 10 (red), 20
(black), and 40% (orange) lowest values of Dss3 (see Sect. 3.2).

superposition of uncorrelated structures along the line of sight,
as done by Jones (1989) and Myers & Goodman (1991) for the
modelling of polarization data towards the Galactic plane and
molecular clouds.

For each model, we compute the projections of V and Vg
on the sky and the angle maps ¥ and o with respect to the
local direction of the north Galactic pole. We use Eq. (15) with
a = Yy and B = Yo to compute the difference, 6y, between
these two angle maps. In Fig. 8, we show the DFs of oy for
fm € [0.6,1.0] as well as the model with fiy = 0.8 that best
matches the data. This value agrees with that inferred from the
modelling of near-IR stellar polarization in the Galactic plane
and molecular clouds by Jones (1989), Jones et al. (1992), and
from synchrotron observations (Beck 2007; Houde et al. 2013;
Haverkorn 2015). The comparison between the models and the
data provides an estimate of the ratio between the amplitudes of
the random (turbulent) and mean components of the magnetic

field. The analogy with the data is such that Y21t corresponds to

the turbulent component of the field at 20" scale, and Y55, to the
mean component at a few degrees scale, on the sky.

This method is similar to the one proposed by Hildebrand
et al. (2009) to measure the local difference of polarization an-
gles in molecular clouds in order to separate the mean and tur-
bulent components of the magnetic field. However, there are two
main differences with what is described by this earlier work.
First, we do not compute, nor fit, the dependence of the variance
of the angle difference on the angular distance. Second, by mea-
suring the dispersion of polarization angles over the whole sky,
and by comparing the data with the Gaussian models, we obtain
a 3D estimate of the ratio between the turbulent and mean com-
ponents of the field, corrected for the projection of the magnetic
field on the plane of the sky.

Equipartition between kinetic energy from turbulence and
magnetic energy is found in the diffuse ISM from Zeeman
HT observations, which implies that turbulence in the CNM is
trans-Alfvénic (Myers et al. 1995; Heiles & Troland 2005).

Thus, our result fits with the Chandrasekhar and Fermi de-
scription of turbulence in the diffuse and magnetized ISM in
terms of Alfvén waves (Chandrasekhar & Fermi 1953; Ostriker
et al. 2001; Hildebrand et al. 2009). This framework assumes
energy equipartition between the kinetic energy of the gas and

A135, page 10 of 24

0.015
— T

Distribution function
0.010

0.005
T

0.000

-50 0 50
© [deg]

Fig. 10. Distribution function of @, the difference between the in-
ferred orientation angle of the magnetic field and that of the ridges,
for the selected pixels. The orange line and the black line represent
the Planck data with (y2it) and without (353) background subtraction,
respectively. The red line refers to the polarization angle of the sub-
tracted background (l//?%). The structures of matter appear as statisti-
cally aligned with the orientation of the magnetic field projected on the
plane of the sky.

the energy of the random component of the magnetic field. Our

analysis suggests that this non-trivial assumption applies in the
diffuse ISM.

6. Alignment of the magnetic field and the matter
structures in the diffuse ISM

We quantify the relative orientation between the magnetic field
and ridges in the dust emission map. We present and discuss the
statistical results from our data analysis in light of the Gaussian
model in Appendix B, which takes into account projection ef-
fects. The global statistics presented in this section refer to the
diffuse ISM because only a small fraction of the selected struc-
tures are within molecular clouds.

6.1. The alignment between the magnetic field
and the matter structures

In order to calculate the relative orientation between the mag-
netic field and the ridges, we make a pixel-by-pixel comparison
of the polarization angle ¢ and the orientation angle 6 of the
ridges. We compute the difference, ©, between the orientation of
the ridge and that of the magnetic field inferred from the polar-
ization angle, using Eq. (15) with @ = ¢ —90° and 8 = 6. In
Fig. 10, we show the DFs of © for the selected pixels, computed
with y = Y22 353, and Y58

A preferred alignment is observed for the two DFs com-
puted with l//3D5“; and /353, while that computed with 1//?5(; is much
broader. The comparison of the DFs in Fig. 10 leads to two main
conclusions. First, the similarity between the DFs computed with
and without background subtraction tells us that the background
subtraction is not a critical aspect of our data analysis. This fol-
lows from the fact that, for the selected pixels, the polarized sig-
nal is dominated by the contribution of the ridges. Second, the
fact that the DF obtained when comparing 6 with ¢35 is almost
flat indicates that the matter structures are preferentially aligned
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Fig. 11. Distribution function of ® computed with ¥2i as a function
of the polarization fraction p of the selected structures. The black line
represents all the selected pixels. The orange line refers to the pixels
with the 30% highest values of p and the red line to the 30% lowest.
The distribution of relative orientations is the sharpest for the highest
values of p.

with the local magnetic field, rather than with the background
field.

6.2. Correlation between alignment and polarization fraction

In spite of the predominant alignment of the interstellar mat-
ter structures with the magnetic field, all DFs in Fig. 10 show a
broad dispersion, with a significant probability up to 90° from
the central peak. The widths of the DFs are much larger than
those computed for the uncertainty in the polarization angle, and
in the direction of the ridges in Appendix A.

The DFs of ® combine the intrinsic scatter in the relative ori-
entations between the matter structures and the magnetic field
in 3D with the projection onto the plane of the sky. Thus, we
expect the shape of the DF to depend on the orientation of the
magnetic field with respect to the line of sight. Where the mag-
netic field orientation is close to the line of sight, the polarization
angle on the plane of the sky does not strongly constrain the ori-
entation of the field and, thereby, its relative orientation with the
ridges in the dust map.

The analysis of the polarization maps, built from the
3D MHD simulation in Planck Collaboration Int. XX (2015),
shows that the polarization fraction p in Eq. (3) traces cos’y
averaged over the line of sight (see their Fig. 21). Although p
also depends on changes of the magnetic field orientation along
the line of sight (Planck Collaboration Int. XIX 2015; Planck
Collaboration Int. XX 2015), depolarization along the line of
sight and within the beam does not preclude the use of p to sta-
tistically test the impact of projection effects on the DF of ®. We
do find that the relative orientation between the matter structures
and the magnetic field depends on p. In Fig. 11, we compare the
DFs computed with zﬁ%g for all the selected ridges, for those with
the 30% highest values of p and for the lowest 30%. The higher
the polarization fraction, the sharper the peak at 0° of the DF
of @.

To quantify the projection effects on the relative orientation,
we make use of the model presented in Sect. 5 and Appendix B.
Here, we make the assumption that the magnetic field can be de-
composed into a component aligned with the orientation of the
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Fig. 12. Distribution functions of relative orientations between V) and
Vmo for the Gaussian model described in the text and Appendix B for
om = 33°. For the model, the polarization fraction is the projection
factor cos® yy. We use for the models the same mask as for the data.
The black line represents all the selected pixels. The orange (red) line
refers to the structures with the 30% highest (lowest) values of cos? yy.
This figure shows that projection effects may reproduce the same trends
found for the data.
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ridges and a random component with zero mean. In the model,
the orientation of the ridges is fixed to the constant vector V.
The degree of alignment between the field and the ridges is
parametrized by o the standard deviation of the DF per unit
solid angle of the angle between Vy; and V. As an example,
Fig. 12 shows the DFs of the angle differences between the pro-
jection onto the plane of the sky of Vi (¥m) and Vo (¥mo) for
oM = 33°. The plot compares the relative orientations for all the
selected pixels and for those with the 30% highest and lowest
values of cos®yy, hereafter the projection factor, where yy is
the angle between V) and the plane of the sky. These three DFs
compare well with those of ® in Fig. 11. The Gaussian model,
which takes into account projection effects, reproduces the main
characteristics of the DFs computed on the data, including the
dependence on the polarization fraction. The data and the model
are further compared in the next section.

6.3. The ¢ parameter: the degree of alignment

To quantify the variation of the DF of ®, H(®), with the polar-
ization fraction, we introduce a normalized version of the param-
eter used by Soler et al. (2013) to study the relative orientation
between magnetic fields and density structures in MHD simula-
tions. We compute an estimator of the probability of having ®
near 0° as

20°

H(®)do,
-20°

A = (16)

where the subscript ‘in’ stands for inner range, and near +90° as

—70° 90°
H(©)d® +
-90° 70°

Aout = H(®)do, (17)

where the subscript ‘out’ stands for outer range. We define the
degree of alignment ¢ as

_ Ain - Aout .
Ain + Aout

& (18)
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The ¢ parameter spans values between —1 and 1, depending on
whether the DF peaks in the outer or inner range of angles,
respectively.

In Fig. 13, we study the dependence of £ on p by binning the
latter and keeping a constant number of pixels in each bin. For
each bin of p, we compute H(®) and £ and we find that, on the
sky, € increases with p. We check that this dependence is not af-
fected by noise. Using the error map from Planck Collaboration
Int. XIX (2015), we compute a Gaussian realization of the noise
in the polarization angle that we add to the data to increase the

noise level by a factor of V2. We find that the dependence of &
on p, obtained for the noisier angle map, is the same as that in
Fig. 13.

In Fig. 13, the data are compared with model results that
show how ¢ varies with cos?yy for increasing values of oy
We find that & correlates with the projection factor. The model
that best matches the data has oy = 33°. This value of o
corresponds to a preferred alignment, where the angle between
matter structures and the magnetic field in 3D is within 45° for
about 80% of the selected ridges.

For the data, unlike for the Gaussian model where p =
cos® yum, the polarization fraction depends on the line-of-sight
depolarization. Depolarization results from the dispersion of the
magnetic field orientation along the line of sight, and within the
beam (Fiege & Pudritz 2000). Planck Collaboration Int. XIX
(2015) used maps of the dispersion of the polarization angle,
S, to quantify local variations of the magnetic field orientation.
They defined S as

1 N
S(x,0) = v Z[tﬁ(x) —¢(x + 61, 19)
i=1

where |§;] = 6. Planck Collaboration Int. XIX (2015) report a
general trend where the regions in the sky with high (low) values
of S have low (high) polarization fraction; the fractional varia-
tion of S is equal to that of p. S is an indicator of the depolar-
ization along the line of sight associated with the tangling of the
field within the beam. This interpretation is supported by Planck
Collaboration Int. XX (2015), who point out that S, computed
from their 3D MHD simulation, does not vary with the mean
projection factor for S > 5° (see their Fig. 24). In Fig. 14, we
plot & as a function of S computed on the data using the same
binning procedure applied for p. We find a slight decrease in &
versus S much smaller than the increase in &€ versus p. This result
supports our interpretation of the dependence of & on p, which
results primarily from the orientation of the field with respect to
the plane of the sky.

7. Relative orientation between the magnetic field
and the matter structures in molecular clouds

We extend our statistical analysis to molecular clouds character-
izing how the degree of alignment between the matter structures
and the magnetic field varies with column density. In Sect. 7.1,
we show that the degree of alignment decreases for increasing
column density. Maps of the relative orientation are presented
for the Chamaeleon and Taurus molecular clouds in Sect. 7.2.

7.1. £ versus ANy over the whole sky

We quantify the dependence of the degree of alignment & on the
excess column density of the selected ridges ANy (see Sect. 4).
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Fig. 13. Correlation between the degree of alignment, &, and the polar-
ization fraction, p, for the selected pixels, both for data (black squares)
and for the Gaussian models. The models are characterized by the fol-
lowing values of oy: 15° in green, 29° in red, 33° in magenta and 38°
in purple. The data values of p are normalized to the maximum value,
Pmax» Within the sample. For the models, p = cos? yy. This figure shows
that projection effects, probed by the Gaussian models, are likely to be
the main cause of the correlation between & and p.
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Fig. 14. Dependence of the degree of alignment, &, on S, the local dis-
persion of the polarization angle, an empirical tracer of depolarization
along the line of sight and within the beam. This plot shows that ¢ does
not significantly depend on S.

We bin ANy, applying the same binning procedure as for p. We
find that £ is anti-correlated with ANy, as shown in Fig. 15.

The Planck polarization data show an overall anti-correlation
between polarization fraction and column density (Planck
Collaboration Int. XIX 2015; Planck Collaboration Int. XX
2015). We test that the decrease in & with ANy does not re-
sult from this variation of p with column density. In Fig. 16,
we present a map that characterizes the variations of & both as a
function of p and ANy. We bin the selected pixels first in ANy
and then in p, ensuring that we have the same number of ele-
ments for each bin of both variables. Given a 2D bin, we com-
pute the corresponding H(®) and £. We then interpolate the &
map over a regular grid of values for p and ANy. The map of &
confirms the decrease in alignment from low to high excess col-
umn densities and from high to low polarization fractions. The
degree of alignment clearly depends on both p and ANy.
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Fig. 15. Variation of the degree of alignment, £, as a function of the ex-
cess column density, ANy, for the selected pixels. The degree of align-
ment decreases for increasing values of the column density.
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Fig. 16. Map and contours of the degree of alignment, &, as a function of
p and ANy. Only the selected pixels are taken into account for comput-
ing &. This figure shows that & depends on both quantities, p and ANy.

7.2. A glimpse into molecular clouds

The anti-correlation found between & and ANy suggests that at
high column densities, within molecular clouds, the degree of
alignment between the magnetic fields and matter structures de-
creases. To discuss this result we present maps of the Taurus and
the Chamaeleon molecular clouds, as representative examples
of molecular complexes in the solar neighbourhood. For com-
parison, Fig. 18 illustrates two fields at intermediate Galactic
latitudes, which sample the diffuse ISM.

The four panels in Fig. 17 show the extinction maps de-
rived from the dust sub-mm opacity in Planck Collaboration XI
(2014) next to the corresponding maps of alignment quantified
by cos 20. The cosine function spans values between —1 and 1,
identifying structures that are perpendicular and parallel to the
magnetic field, respectively. We stress that the cosine represen-
tation, chosen for visualization, stretches the contrast of the ®
distribution towards the extrema. On the extinction maps, we

plot the vectors tracing the magnetic field orientation inferred
from Q?Sig and U%ig.

The maps of relative orientation in the Taurus and
Chamaeleon clouds (Fig. 17) reveal some coherent structures
where the magnetic field tends to be perpendicular to the inter-
stellar ridges, in particular to those with the highest extinction,
while in the diffuse ISM (Fig. 18), in agreement with the DFs of
® presented in Sect. 6.1, there is a predominance of structures
parallel to the magnetic field. Hence, the flattening of H(®) as a
function of ANy might be associated with the presence of matter
structures that are perpendicular to, rather than aligned with, the
magnetic field, and not related to a loss of correlation between
the field and the structure of matter.

In Appendix B, we show maps of cos2@® in Taurus and
Chamaeleon computed with a Gaussian model where we set Vg
to zero in order to quantify the effect of projection onto the plane
of the sky when the orientations of the magnetic field and the
matter structures are uncorrelated. The spectral index used in
the Gaussian realizations, ay; = —1.5, introduces a correlation
in the orientation of Vy; over the sky, which is independent of
the structure of matter. The maps of cos 20 computed with this
model, shown in Fig. B.4, present small black or white structures
that appear perpendicular or parallel with respect to the mag-
netic field orientation. However, prominent elongated features,
with the magnetic field oriented preferentially orthogonal to the
matter structures, seen in the sky images in Fig. 17, such as the
Musca filament, are absent in the model images in Fig. B.4. This
difference suggests that in molecular clouds there is a significant
number of matter structures, which tend to be perpendicular to
the magnetic field, explaining the decrease in & with ANy.

Dust polarization in molecular clouds allows us to trace the
field orientation in high column-density structures, as detailed
in Planck Collaboration Int. XXXIII (2016), where three exam-
ples are analysed. Thus, we consider it unlikely that the decrease
in & with ANy is due to a loss of polarization from either en-
hanced turbulence or reduced dust grain alignment efficiency
for increasing column density (Falceta-Gongalves et al. 2008;
Whittet et al. 2008; Jones et al. 2015). Furthermore, this alter-
native interpretation is not supported by the fact that & decreases
for increasing ANy, independently of its dependence on p (see
Fig. 16).

The Planck images should not be interpreted, however, as
evidence for two distinct orientations with respect to that of the
magnetic field, with depletion at intermediate angles. Such a
bimodality was suggested by previous studies based on extinc-
tion data for dark clouds (Li et al. 2013) and MHD simulations
(Soler et al. 2013), but questioned by other observational studies
(Goodman et al. 1990; Houde et al. 2004). Our all-sky analysis
does not show a significant turn-over in the statistics of relative
orientation between the matter structures and the magnetic field,
from the diffuse ISM to molecular clouds.

Because of projection effects, it is difficult to identify a bi-
modal distribution between magnetic fields and matter structures
in a statistical way. To quantify this statement, we introduce
a bimodal configuration of relative orientations in 3D between
VM and Vg in the Gaussian models (Appendix B) using a new
model parameter 1, which represents the fraction of sky pixels
where V) is distributed about a second reference direction per-
pendicular to V. Essentially, if n is the probability of having
the mean of V) perpendicular to Vyy, then 1 — 1 represents the
probability of having the mean of V) parallel to V). So far,
throughout the paper, the models have been used with = 0.
The dispersion of the distribution of angles, oy, is the same for
both directions. In Fig. 19, we show the impact of the value of
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Fig. 17. Left: maps of the visual extinction Ay derived from the sub-mm dust opacity from Planck Collaboration XI (2014) at the 15 resolution
of our analysis for the Taurus molecular cloud (fop), and the Chamaeleon molecular complex including the Musca filament (bottom). The vectors

tracing the magnetic field orientation, computed from QS and U,

are plotted with a fixed length. Right: corresponding maps of the relative

orientation between matter structures and magnetic field quantified by cos 2@ for the selected structures (Sect. 4). This figure shows coherent
structures where the cosine is either positive or negative, corresponding to a magnetic field aligned with, or perpendicular to the structures.

n on the DF of oy, for oy = 33°. Up to n = 0.7, the DF
is nearly flat and does not indicate any turn-over in the relative
orientations.

8. Discussion

This paper presents the first analysis across the whole sky com-
paring column density structures in the ISM with the orientation
of the Galactic magnetic field. Previous studies focused on dark
clouds (e.g. Goodman et al. 1995; Pereyra & Magalhdes 2004;
Alves et al. 2008; Chapman et al. 2011) where the magnetic
field was found mainly, but not systematically, perpendicular to
the long axis of the clouds. Our sample of ridges, built from the
Planck dust map, is dominated by structures in the CNM of the
diffuse ISM. For these structures we find a preferred alignment
with the magnetic field projected on the plane of the sky. This
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trend disappears for the highest column densities in molecular
clouds,where the data show coherent structures, which tend to
be perpendicular to the magnetic field orientation.

In the next paragraphs, we discuss these observational re-
sults in light of models and MHD simulations, which attempt to
describe the respective roles of the magnetic field, turbulence
and the gas self-gravity in the formation of structures in the
magnetized ISM.

The alignment between the magnetic field and matter struc-
tures in the diffuse ISM reported in Sect. 6 could be a sig-
nature of the formation of CNM filaments through turbulence.
Their formation could be initiated by a local compression that
would trigger the condensation of cold gas out of the warm neu-
tral phase (Audit & Hennebelle 2005; Inoue & Inutsuka 2009;
Heitsch et al. 2009; Saury et al. 2014). The shear of the turbulent
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Fig. 18. Same as in Fig. 17 but for two fields at intermediate Galactic latitudes sampling the diffuse ISM. The central pixel for the top panels
corresponds to ([, b) = (6°,37°). The central pixel for the bottom panels corresponds to (I, b) = (295°, —40°). The Magellanic Clouds in the bottom
extinction map (/eft) are masked. Most of the structures in the relative orientation maps appear as parallel to the magnetic field.

flow would then stretch the gas condensations into structures,
such as sheets and filaments, which would appear elongated in
column density maps. These structures will tend to be aligned
with the magnetic field if the gas velocity is dynamically aligned
with the field (Brandenburg & Lazarian 2013). Furthermore,
where the velocity shear stretches matter into filaments, the field
is stretched in the same direction, creating alignment because the
field is frozen into matter’. This interpretation was proposed by
Hennebelle (2013) who found a strong correlation between the
orientation of the density structures and that of the maximum
shear of the velocity field in his MHD simulations. Although

3 The formation of filaments by shear is illustrated in Fig. 3 of
Hennebelle (2013).

beyond the scope of this paper, from an observational point of
view, the correlation between density structures and shear can be
tested by looking for line-of-sight velocity gradients along fila-
ments in HI and CO surveys. Where the filaments are inclined
with respect to the plane of the sky, we can measure both the
polarization angle and the radial component of the gas velocity.

For supersonic turbulence, gas sheets and filaments can also
be formed by gas compression in shocks. For sub-Alfvénic tur-
bulence (strong magnetic field with respect to turbulence), com-
pression preferentially occurs where gas flows along the mag-
netic field lines, creating, thereby, structures perpendicular to the
field. This cannot be the dominant process because we observe
preferred alignment between matter structures and the magnetic
field. For super-Alfvénic turbulence (weak magnetic field), gas
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Fig. 19. Distribution functions of relative orientations for the Gaussian
model with oy = 33°. The distributions show the effects of projection
onto the plane of the sky of the 3D relative orientations between V) and
Vmo. The curves refer to four different configurations depending on 7,
the fraction of 3D perpendicular orientations between the two vectors.
For the blue curve, n = 0. For the pink, red, and green curves, n is 0.5,
0.7 and 0.9, respectively.

compression also occurs for all directions of the shock velocity
enhancing the component of the magnetic field perpendicular to
the shock velocity, because of magnetic flux conservation and
freezing into matter®. In this case, shocks tend to form structures
aligned with the field.

For the highest column density ridges in molecular clouds,
the interpretation must also involve self-gravity, which is known
to amplify anisotropic structure (Lin et al. 1965). A gravitation-
ally unstable cloud first collapses along the shortest dimension,
forming a sheet, which subsequently breaks into elongated fila-
mentary structures. The presence of a large-scale magnetic field
can influence this effect, as the collapse can preferentially be
along the mean field direction. Here, it is necessary to distinguish
between sub-critical and super-critical structures (Mouschovias
& Spitzer 1976). When a gravitationally bound structure forms,
gravitational and turbulent energies are comparable and turbu-
lence is sub-Alfvénic (super-Alfvénic) for sub-critical (super-
critical) structures. For sub-critical structures, the magnetic field
is dynamically important and gravity pulls matter preferentially
along field lines. As a consequence, in sub-critical clouds gravi-
tationally bound sheets and filaments are expected to be perpen-
dicular to the magnetic field. The presence of striations orthog-
onal to the high column density filaments in Herschel maps of
nearby molecular clouds, such as Taurus, supports this scenario
(Palmeirim et al. 2013).

A bimodal distribution of orientations of structures with re-
spect to the magnetic field is observed in numerical simula-
tions. In their MHD simulations of molecular clouds, Soler et al.
(2013) find a change in the relative orientation between matter
structures and the magnetic field, from parallel to perpendicular,
for gravitationally bound structures. This change is most signifi-
cant for their simulation with the highest magnetization. We will
need to combine our polarization data with velocity and column
density measurements in order to test whether the perpendicular-
ity between the magnetic field and the matter structures is a sign
of filaments formed by self-gravity in magnetically dominated
interstellar clouds.

4 See Fig. 4 in Hartmann et al. (2001) for an illustration.
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9. Summary and perspectives

The Planck 353 GHz all-sky polarization maps provide unprece-
dented information, on the structure of the Galactic magnetic
field and its correlation with interstellar matter.

Most of the structures (i.e. ridges) observed in the dust in-
tensity map outside the Galactic plane are also seen as coherent
structures in the dust Stokes Q and U maps. We performed a
statistical analysis of the Planck data on these structures of mat-
ter, measuring their orientation from a Hessian analysis of the
dust intensity map, and that of the magnetic field from the dust
polarization. Our data analysis characterizes the variation of the
magnetic field orientation between the structures and their local
background, and the relative orientation between the structures
and the magnetic field, with unprecedented statistics. Our sam-
ple of structures covers roughly 4% of the sky and spans two
orders of magnitude in column density from 10% to 10?> cm~2.
In the following, we summarize the main results of our analysis.

We separated the polarized emission of the structures from
that of the surrounding Galactic background within a few de-
grees on the sky. Comparing polarization angles, we estimate
the ratio between the typical strengths of the turbulent and mean
components of the field to be between 0.6 and 1.0, with a pre-
ferred value of 0.8. This result is in agreement with Zeeman
HT observations indicating an approximate equipartition be-
tween turbulent and magnetic energies in the diffuse ISM.

We find that the interstellar matter structures are preferen-
tially aligned with the magnetic field inferred from the polar-
ization angle measured at the position of the structures. We in-
troduced a parameter ¢ that quantifies the degree of alignment
between the orientation of the magnetic field and matter struc-
tures. We find that £ increases with the polarization fraction p.
We interpret this correlation in light of Gaussian models, which
take into account the projection onto the plane of the sky of
the 3D configuration between the magnetic field and the struc-
tures. Where the polarization fraction is low, the field tends to
be close to the line of sight. In this configuration, the orienta-
tion of the magnetic field is not well constrained by the observa-
tions because its projection onto the plane of the sky is a minor
component of the field. This geometric interpretation of the cor-
relation between £ and p is supported by the weakness of the de-
pendence of & on the local dispersion of the polarization angle.
The Gaussian models best match the data for a standard devia-
tion between the orientation of the magnetic field and that of the
structures of matter of 33° in 3D.

We find that ¢ decreases for increasing column density, and
that there is no alignment for the highest column density. This re-
sult does not reflect an absence of correlation between the struc-
tures of matter and the magnetic field, at high Ny. Structures that
tend to be perpendicular to the magnetic field appear in molec-
ular clouds, where they contribute to the statistics of relative
orientations. We show maps of the Taurus and the Chamaeleon
molecular complexes that support this interpretation.

We have presented the first analysis on the relative orienta-
tion between the filamentary density structures of the ISM and
the Galactic magnetic field across the whole sky. The main out-
come of this study is that, at the angular scales probed by Planck,
the field geometry, projected on the plane of the sky, is correlated
with the distribution of matter in the solar neighbourhood. In the
diffuse ISM, the structures of matter are preferentially aligned
with the magnetic field, while perpendicular structures appear in
molecular clouds.

Our results support a scenario of formation of structures
in the ISM where turbulence organizes matter parallel to the
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magnetic field in the diffuse medium, and the gas self-gravity
produces perpendicular structures in the densest and magneti-
cally dominated regions. This tentative interpretation on the role
of turbulence in structuring interstellar matter may be tested by
comparing the relative orientation of structures and the magnetic
field with line-of-sight velocity gradients. It will also be interest-
ing to apply our statistical analysis to MHD simulations of the
diffuse ISM. Statistical analysis also needs to be complemented
by detailed studies of specific structures in the diffuse ISM and
in molecular clouds.
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Fig. A.1. Two independent estimates of the uncertainties in the deter-
mination of angles from the Hessian analysis, computed within bins of
values of the D?SC; map. The red squares represent the noise obtained
by propagation of the errors on the coefficients of the Hessian matrix.
The noise computed with the toy model (Sect. A.2) is plotted with black

squares.

Appendix A: Hessian analysis of the sky

In this Appendix, we detail the implementation of the Hessian
analysis on the Planck map of specific dust intensity at 353 GHz
Dss3. We explain how we compute the derivatives of the sky
brightness in Sect. A.1. The analysis is applied to a toy model of
the dust emission to quantify the impact of the data noise and to
define the threshold on the curvature we use to identify and se-
lect ridges (Sect. A.2). In Sect. A.3, we compare the orientations
derived from the Hessian analysis with those obtained from an
alternative method, the inertia matrix used by Hennebelle (2013)
for MHD simulations.

A.1. Implementation of the Hessian analysis

A general description of the Hessian analysis is presented in
Sect. 4. Here, we detail how we compute the Hessian matrix
for the dust map Dss3 on its HEALPix grid. We compute the first
derivatives of the D353 map by performing a bilinear interpola-
tion. We locally fit the dust emission with a linear combination
of x = b and y = [ cos(b) plus a constant, where / and b are the
Galactic longitude and latitude. In order to well sample the com-
putation of the derivatives, bilinear interpolation is performed
on a region within a disc of 10’ radius about each pixel of the
HEALPix map. We select roughly 30 pixels at Ngge = 1024,
around each pixel at Ngge = 512. The fit, performed with no
weights, is equivalent to a first-order Taylor expansion of Djs3.
We repeat this procedure on the maps of the first derivatives to
obtain maps of the four elements of the Hessian matrix in Eq. (7).
The orientation angle 6 of the brightness structures is computed
using Eq. (9).

The bilinear interpolation provides error maps for the four
coefficients of the matrix, computed under the assumption that
the linear model is exact, i.e. assuming that the y? of the fit per
degree of freedom is 1. The errors on the elements of the Hessian
matrix are propagated to 6. Since Eq. (9) is non-linear, we com-
pute the error map on 6 from Gaussian realizations of the errors
on the coefficients of the matrix. The uncertainty in 6, computed
within bins of values of the Dss3 map, is 12.6°, independent of
the intensity at 353 GHz (Fig. A.1).
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Fig. A.2. Distribution functions of orientation angles for the selected
ridges derived from the Hessian analysis on 73s3. They are computed
within three bins of Galactic latitudes with equal numbers of data
points. The mean absolute latitudes are 7°, 17°, and 33° for the DFs
plotted in black, orange and red, respectively. The image shows that the
method does not introduce any bias as a function of Galactic latitude in
estimating 6.

A.2. Test on a toy model of the sky

We have tested the Hessian algorithm on a toy model of the full
sky T3s3 built from a realization of a Gaussian map, Gy,p, With
an angular power spectrum, equal to a power law of index —2.8,
computed with the procedure SYNFAST of HEALPix . The spec-
tral index used is within the range of values found for power
spectra of dust maps (Miville-Deschénes et al. 2007). The mean
value of G,y is 0. We form,

T353 = A(Gmap + D)/(sin|b| + B|I]) + C, (A.1)

where A, B, C, and D are four factors chosen to fit the latitude
profile, and the longitude profile at Galactic latitude b = 0°,
measured on the Dss3 map. The values of these factors, in-
cluding their sign, depend on the realization of Gpap. The toy
model matches the large-scale structure of the Galactic dust
emission, but it does not have its filamentary structure because
it is computed from an isotropic Gaussian map. It assumes that
the amplitude of the brightness fluctuations at a given scale is
proportional to the brightness. This is in agreement with what
has been reported for the emission at 100 um of the diffuse
ISM (Miville-Deschénes et al. 2007). We use the toy model to
quantify the impact of the structure of the diffuse Galactic emis-
sion and data noise on the Hessian analysis.

We run the Hessian analysis on the 7353 map with and with-
out data noise computed as a Gaussian realization of the noise
map on Dss3. The DFs of orientation angles, computed for the
model with added noise, are flat at all Galactic latitudes, as
shown in Fig. A.2. We find no bias on the angle introduced by
the large-scale gradient of the emission with Galactic latitude.
We use the difference between the two angle maps computed
on the T3s53 map, with and without noise, to estimate the contri-
bution of the data noise to the uncertainty in the Hessian angle
(black dots in Fig. A.1). This uncertainty decreases for increas-
ing values of T3s3 (i.e. increasing signal-to-noise ratio). The fact
that it is higher than the uncertainty estimated from the errors on
the coefficients of the Hessian matrix, for most values of the sky
brightness, is likely to be due to the non-Gaussian distribution of
the uncertainties in 6.

The toy model is also used to determine the threshold on
the curvature we adopt to select ridges in the sky. The map of
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Fig. A.3. Results of a Hessian analysis of the toy model of the sky Ts3
with instrumental noise. The black (red) squares represent the 30 level
of the distribution of —A_(T3s3) (—~A-(D3s3)) within bins of D55 com-
puted with the mask used in our data analysis. The dashed lines repre-
sent the analytical fits in Eq. (A.2) (black dashed line) and Eq. (A.3)
(red dashed line).

negative curvature A_(73s3) computed on 7353 shows filament-
like ridges on small angular scales. We consider that the ampli-
tude of these ridges provide an estimate of the noise on A_ from
the structure of the background emission. To quantify this noise
we compute the histogram of the A_(7T3s3) map for 100 bins of
T5s3 values, with equal numbers of data points. In Fig. A.3, we
plot the 30 of the distribution of —A_ versus T3s3, and the ana-
lytical fit to these values,

145

T
B N (70 T -
MJy sr~! deg—2 4 MJy sr!

To select brightness ridges, we use Cr as a threshold on the neg-
ative curvature (see Sect. 4). The difference between the maxi-
mum and minimum eigenvalues of the Hessian matrix, 4, and A_
respectively, is greater than Ct for 94% of the selected ridges.
This shows that we select elongated ridges rather than rotation-
ally symmetric structures, for which 1, would be comparable
with A_. Figure A.3 also shows the median value of —A_, com-
puted on the Dss3 map within the mask defined by the contrast
parameter { = 1 in Sect. 4.2, and the power law fit

Cm
[MJy sr~! deg2]

(A.2)

0.9
= (D55 /[0.07MIy 7)) (A.3)
The comparison of Ct and Cy; shows that our selection of ridges
relies mainly on the brightness contrast. The threshold Ct on the
curvature introduces a significant selection of sky pixels only for
structures at high Galactic latitudes.

A.3. Comparison with an alternative method

To test the robustness of our methodology in finding the orienta-
tion @ of the ridges, we use an independent algorithm to compute
the orientation of structures in the dust map. Hennebelle (2013)
used the inertia matrix of the gas density to analyse structures in
his MHD simulations. We adapted this method, computing the
inertia matrix of the dust D353 map. The off-diagonal coefficients
of the inertia matrix are defined as

Ly = ) Ax() Ay(i) K(i) D3s3(i), (A4)
A

where the sum is performed over sky pixels within an area A
centred on the pixels of a HEALPix grid, and Ax(¢) and Ay(i) are
the offsets of the coordinates x = b and y = [ cos(b) of the pixel i
with respect to the barycentre of the dust emission x. and y..
The equations for the diagonal terms of the inertia matrix are
obtained by substitution of the Ax(7) Ay(i) product by the squares
of Ax(i) and Ay(i) in Eq. (A.4). The coordinates of the barycentre
are computed with the equations

X = ;xm K(i) D3s3(i);  ye = ; () K() Dass(D). (AS)

In Egs. (A.4) and (A.5), Dss3(i) is the dust emission at pixel i
and K(i) is a kernel, which depends on the distance to the central
pixel of the area A, defining the angular resolution of the com-
putation of the inertia matrix. We use a Gaussian kernel with
a full width at half maximum of 15’, which matches the angu-
lar resolution of the D353 map used for the computation of the
Hessian matrix, and a circular area A with a diameter of 30’. A
good sampling of the brightness structure within the area A is
needed to compute the sum in Eq. (A.4) with the required ac-
curacy. The orientation angle 6; of the brightness structures is
computed using Eq. (9), where the terms of the Hessian matrix
are substituted by those of the inertia matrix. When the inertia
matrix is computed on a small number of pixels, the map of 6;
shows systematic patterns associated with the HEALPix pixeliza-
tion. To circumvent this problem, we use here for Djs3 the full
resolution map of Planck Collaboration XI (2014) at 5’ resolu-
tion on a HEALPix grid with Ngjq. = 2048.

We computed the standard deviations of —6; for our selected
ridges, within bins of sky brightness with equal numbers of sky
pixels. We found a fixed value of about 20°, independent of the
sky brightness (see the bottom panel in Fig. A.4). The proba-
bility distribution of 8 — 6; computed over our data selection is
plotted in the top panel of Fig. A.4. It is much narrower than
the distributions computed when comparing the Hessian and po-
larization angles in Sect. 6. Finally, we also checked that the
results of our data analysis are robust against removing from the
analysis the pixels in the wings of the distribution of 6 — 6;.
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Fig. A.4. Left: distribution function of the difference between the angles of brightness structures in the dust emission map derived from the Hessian
(6) and inertia (6;) analysis. This comparison between the two independent algorithms provides the uncertainty of the Hessian angles that is smaller
than the dispersion between the Hessian and polarization angles (Sect. 6). Right: the standard deviation of the difference between the Hessian and

inertia angles (6 — ;) computed within bins of D‘;g.
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Fig. B.1. Distribution functions for the Gaussian models for four val-
ues of the dispersion of the V) direction about V). The dispersion of
angles in the models is parametrized by the value of fy (om). It is the
strongest in the purple case, fyi = 1.5 (oy = 38°). The other curves
correspond to fiyy = 1.2 (oom = 33°) in magenta, fiy = 1.0 (om = 29°)
in red, and the weakest, fyi = 0.5 (om = 15°), in green. Each DF is
computed over the same set of pixels used for the data analysis. The
plot shows the results for the index of the power spectrum —1.5.

Appendix B: Gaussian models

In this Appendix, we present the Gaussian models that are com-
pared with the data in Sects. 5—7. These models provide a frame-
work to quantify projection effects and interpret the DFs of the
angle between the magnetic field and the brightness ridges on the
sky. We describe the models in Sect. B.1 and their application in
Sect. B.2.

B.1. Description of the models

Each model is built from 3D vectors Vy; with a Gaussian dis-
tribution of orientations about a mean direction Vyo. The three
components of Vy; are independent realizations of a Gaussian
field on a full-sky HEALPix grid, at a 15’ resolution, with an an-
gular power spectrum having a power law of index ay, to which
we add the components of Vamo>. The mean of Vi is V. We

5 These realizations are computed with the procedure SYNFAST of
HEALPix at Nside =512.
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computed several sets of models for a range of ratios fij; between
the standard deviation of |Vy| and |Vyyl, and for different values
of the spectral index ay;. The ratio fy determines the amplitude
of the scatter of V) with respect to Vo, while the spectral index
a controls the correlation across the sky of the direction of V.
The DF of angles between Vi and Vi per unit solid angle is
close to Gaussian with a standard deviation, o, that increases
from 927 to 29°5 and 38° for fiy = 0.3, 1.0 and 1.5.

For each model, we compute maps of the projections of Vy
and V) onto the sky with respect to the local direction of
the north Galactic pole, ¥\ and ¥y, respectively. We use the
trigonometric formula in Eq. (15) to compute the difference be-
tween these angle maps with @ = Y and 8 = Y. Over the
HEALPix grid, we sample uniformly the relative angle between
the line of sight and the mean vector V.

DFs of the difference of angles between the projections of
Vum and Vi onto the plane of the sky, computed with the same
mask as that used in the data analysis, are presented, for a few
models, in Fig. B.1. We show models with increasing values
of fu for a spectral index ey = —1.5. Our choice of this spec-
tral index is arbitrary because it is not tuned to reproduce power
spectra computed from observations. When we use a steeper
power spectrum the results are similar, although less regular
and slightly asymmetric about the origin. This asymmetry arises
from sample variance because, for decreasing values of @y, the
distribution of the V) direction is less sampled as a result of the
correlation of Vy on the sky. In Fig. B.2 we illustrate the effect
of sample variance comparing the DFs of relative orientations
of the data (see Fig. 8) with those of multiple Gaussian realiza-
tions for both ayy = —1.5 and ay = —2.0, with a fixed value
of fx = 0.8. Because of sample variance, the models for the
steeper power spectrum show a larger asymmetry and skewness
than those for the shallower power spectrum, and than what is
observed for the data. Therefore, in the analysis, we make use of
the Gaussian models with an angular power spectrum of power
law index ay; = —1.5. In Fig. B.3, the DF of the angle between
the projections of V) and Vyyg is shown to be broader than that
computed in 3D. The DFs in Fig. B.1 show a pedestal that ex-
tends to —90° and 90°, corresponding to positions in the sky
where Vi1 or Vyy are close to the line-of-sight orientation. In
this case Vi or V) are along the line of sight and the angle
between the projections of the two vectors onto the plane of the
sky can have any value independently of the 3D angle. The im-
pact of projection on the DF of polarization angles has also been
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Planck Collaboration: Coherent structures in polarization maps of the diffuse ISM
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Fig. B.2. Comparison of the distribution functions of relative orientations for the data, in black (see Fig. 8), and the Gaussian models with fiy = 0.8,
in grey, only considering the selected pixels. The two plots show five realizations of the Gaussian models with an angular power spectrum of power
law index ay = —1.5 (left) and ay = —2.0 (right). Because of sample variance, the steeper power spectrum produces asymmetries and skewness

in the distributions.
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Fig. B.3. The distribution of angles between Vy; and Vg per unit solid
angle for fiy = 1.2 and am = —1.5, in black, is compared to the distri-
bution of angles between the projections of the two vectors on the plane
of the sky, in red. Because of projection effects the dispersion in 2D is
larger than in 3D.

quantified with numerical simulations (Falceta-Gongalves et al.
2008).

B.2. Use of the models

The Gaussian models are used in different contexts, where the
vectors V) and Vi have different physical interpretations.
In Sect. 5, we use the Gaussian models to interpret the DF of

relative orientations between the local and mean magnetic field
directions. In this case, Vy is the direction of the local field and
Vmo that of the background field assumed to be fixed over the
sky. Here, fy is the ratio between the random, referred to as tur-
bulent, and mean components of the magnetic field. In Sect. 6,
we use the Gaussian models to interpret the DF of relative ori-
entations between the magnetic field and ridges. In this case,
Vu is the orientation of the field and Vyy that of the ridge.
Here, the parameter of the models is o, which measures the
degree of alignment between the field and the ridges. In both
cases, the statistics over the sky provide a homogeneous sam-
pling of the relative orientation of the line of sight and the refer-
ence (the background magnetic field or the filaments) even when
we do not introduce any variation of V) on the sky.

To study the orientations of the filaments with respect to the
magnetic field, we run models with three different configurations
for V. In the first case, we fix the direction of V. In the sec-
ond case, we use two directions of V) perpendicular to each
other, as explained in Sect. 7.2. In the third case, we run a model
in which we set Vi to 0 to quantify the impact of the projec-
tion when the magnetic field and the matter structures orienta-
tions are uncorrelated. This third configuration allows us to test
whether or not, in the highest column density regions, the cor-
relation between the magnetic field and the distribution of inter-
stellar matter is lost. In Fig. B.4, we present the maps of relative
orientations between i\ and 6, in the Taurus and Chamaeleon
fields shown in Fig. 17, for one realization of this model after
applying the mask described in Sect. 4.2. Although these maps
show black and white patterns, which resemble the data, we do
not find any elongated and coherent structures such as those in
Fig. 17, like the Musca filament.
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Fig. B.4. Maps of relative orientations between the orientation angle, 6, of the selected structures and the projection of V) onto the plane of the sky,
for the Gaussian model in which V) is set to 0. The mask described in Sect. 4.2 is applied. We show the two fields of view presented in Fig. 17:
Taurus (left) and Chamaeleon (right) molecular complexes. The white (black) structures correspond to alignment (anti-alignment) between the
projection of V) onto the plane of the sky and 6. This figure shows that projection effects cannot account for the elongated and coherent structures
in the relative orientation maps of Fig. 17 (right).
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