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ABSTRACT

Polarized emission observed by Planck HFI at 353 GHz towarstample of nearby fields is presented, focusing on thetstatef polarization
fractions p and angleg. The polarization fractions and column densities in thesaloy fields are representative of the range of values @atain
over the whole sky. We find that: (i) the largest polarizafi@ctions are reached in the mosfdse fields; (ii) the maximum polarization fraction
Pmax decreases with column density; I the more opaque fields withN> 1071 cm™2; and (iii) the polarization fraction along a given line ofst

is correlated with the local spatial coherence of the prédion angle. These observations are compared to polaietsion maps computed in
simulations of anisotropic magnetohydrodynamical tuehak in which we assume a uniform intrinsic polarizatioctitm of the dust grains. We
find that an estimate of this parameter may be recovered tnermaximum polarization fraction.g in diff use regions where the magnetic field
is ordered on large scales and perpendicular to the linggbf.sThis emphasizes the impact of anisotropies of the magiield on the emerging
polarization signal. The decrease of the maximum poladadtaction with column density in nearby molecular clousisvell reproduced in the
simulations, indicating that it is essentially due to théotillent structure of the magnetic field: an accumulationasfously polarized structures
along the line of sight leads to such an anti-correlatiorthinsimulations, polarization fractions are also foundrit-eorrelate with the angle
dispersion functiors. However, the dispersion of the polarization angle for @&gipolarization fraction is found to be larger in the simioias
than in the observations, suggesting a shortcoming in tlysigdl content of these numerical models. In summary, we tfiad the turbulent
structure of the magnetic field is able to reproduce the ntairsical properties of the dust polarization as obsemexvariety of nearby clouds,
dense cores excluded, and that the large-scale field ditamtaith respect to the line of sight plays a major role in thentitative analysis of
these statistical properties.

Key words. ISM: general — dust, extinction — ISM: magnetic fields — ISMuds — infrared: ISM — submillimeter: ISM

1. Introduction anisotropies of the cosmic microwave background (CMB) hwit

Planck (Tauber et al. 20L0Planck Collaboration | 2071 IS unprecedented sensitivity and large spectral covefaige

; : . Cmicai ; : annels from 30GHz to 857 GHz) it has provided exquisite
's the third generation space-mission aimed at mapping maps of that relic radiatiorP{anck Collaboration | 2004 With

Appendices are available in electronic form at its polarimetric capabilities up to 353 GHz, Planck will@fsro-
htt p: //ww aanda. or g vide clues on the physics of the early Universe, by measuring
Corresponding author: F. Levrier, the CMB polarization. However, dominant foreground enaissi

e-mail:francoi s. | evrier@ns. fr is also partially polarized, masking the primordial signalthe

! Planck fttp://ww esa.int/P anck) is a project of the
European Space Agency (ESA) with instruments provided loydei-
entific consortia funded by ESA member states (in partictilarlead telescope reflectors provided by a collaboration betweehdtfd a sci-
countries France and Italy), with contributions from NASASA) and  entific consortium led and funded by Denmark.

Article published by EDP Sciences A105, page 1 o7



A&A 576, A105 (2015)

range of the High Frequency Instrument (HEBmarre et al. thermal dust emission at 353 GHz built from a three-dimeamaio
2010, from 100 GHz to 857 GHz, the main contribution to théMHD simulation of the formation of a molecular cloud within
observed radiation, besides point sources, is thermals@mnis colliding flows (Hennebelle et al. 2008
from dust grains. In these simulated observations, we work under the assump-
The angular momenta of aspherical and spinning grains tetimh that the optical properties and the intrinsic polaiafrac-
to align with the local magnetic field, although the detafle@v tion of dust grains are constant. At this stage we do not aim at
this alignment proceeds are still the subject of study: see testing models of grain alignment. In this picture, it is egged
instanceAndersson(2012 for a review on observational con-that the polarization fraction should be maximal when thgma
straints regarding grain alignment with respect to curdardgt netic field is in the plane of the sky and should, in this camddy
models. Submillimetre thermal dust emission is therefolap valuable information on the intrinsic polarization fragti That
ized and represents a powerful tool to study interstellag-mas why we first focus on the decrease of the maximum value of
netic fields and dust properties. Ideally, we would like t@kn p, rather than its mean or median values, with increasingol
where in interstellar clouds, and with whdf eiency the dust density. We then consider the correlation between poléoiza
emission and extinction is polarized. This would allow usise fractions and local measures of the dispersion in polaomat
polarization data to infer the spatial structure of the n&ign angles, as it is expected that larger angular dispersionsicgh
field. There is an extensive literature on this topic basedtmn lower the observed polarization fraction.
servations of starlight polarization, which have beenrpeted The paper is organized as follows. Sect@uescribes the
from two diferent viewpoints, i.e., grain alignement and mad?lanck data used and the statistics drawn from them in the
netic field structure, without achieving a clear undersitagof selected regions. Sectidhpresents simulated polarized emis-
the respective roles of these processes in accounting f@-vasion observations based on an MHD simulation of interstella
tions of polarization across the sky. A number of papers.(e.turbulence and compares their statistical properties thitise
Pereyra & Magalhdes 200Alves et al. 2008 Marchwinski found towards similar fields in the Planck data. Conclusimes
et al. 2012 use the data to infer the magnetic field strengthiven in Sect.4. AppendixA presents supplementary figures,
using the Chandreskar-Fermi meth@h@ndrasekhar & Fermi and AppendixB details the derivation of the equations yielding
1953. Other papers focus on the observed decrease of polarittee Stokes parameters for dust emission.
tion fraction p with N; to interpret the data as a decrease of the
dust alignment  ciency in dense cloudt.§zarian et al. 1997
Whittet et al. 2008Chapman etal. 2031 , 2. Planck observations of polarized dust emission
Magnetohydrodynamical (MHD) simulations provide a the-
oretical framework to consider both aspects in the interpre 1. pjanck all-sky data post-processing
tation of polarization dataset®striker et al. (2001 were
among the first to present simulated polarization maps frofe data processing of Planck HFI is presentedPlanck
MHD simulations, for comparison with data and to study th€ollaboration VI (2014, Planck Collaboration VII(2019),
field structure beyond the simple Chandrasekhar-FermiodethPlanck Collaboration VIII(2014), Planck Collaboration IX
Falceta-Gongalves et 2008 used a similar technique to study(2014), and Planck Collaboration X2014. The specifics of
the gfect of the Alfvénic Mach number, whilBelkonen et al. the data processing in terms of polarization are giveRlanck
(2009 added to this approach the modelling of the alignmeollaboration Int. XIX(2014. We use the same Planck data
process by radiative torquedgang & Lazarian 2008 set as that presented Rlanck Collaboration Int. XI1X2014),
Planck has mapped the polarized dust emission with greéat, full 5-survey HFI mission data for Stokes |, Q, and U at
sensitivity and resolutiorRlanck Collaboration Int. XIX 2014 353 GHz (which is the Planck channégfering the best signal-
allowing us to characterize spatial variations of dust ppéa to-noise ratio for dust polarization) from the “DR3” interdata
tion and compare data with MHD simulations with unpreceelease. Bandpass mismatch between individual elemeras of
dented statistics. This paper is the second in a series of fgair of polarization sensitive bolometers (PSBs) is cdaetis-
dealing with a first presentation of the Planck polarizedrtie@ ing in-flight measurements for the dust emission but notter t
emission from Galactic dust. The other three are the followi negligible CO J = 3—2 emission Planck Collaboration IX
Planck Collaboration Int. XIX(2014 describes the polarized2014. From the total intensity map we subtract thgset
dust emission at 353 GHz as seen by Planck over the whilgse:= 0.0887 MJy stlto set the Galactic zero level at 353 GHz
sky and shows in particular that the maximum polarizatiacfr (Planck Collaboration XI 204Note that this value includes the
tion pmax at a given total gas column density; Nlecreases as cosmic infrared background (CIB) monopole and is slighify d
Ny increases, and that there is an anti-correlation between perent from the one given iRlanck Collaboration X(2014),
larization fractions p and angle dispersion functi®)en gfect as the maps are not the same (full mission vs. nominal migsion
which has also been seen with starlight polarization ddégno We do not correct for zodiacal light emission, nor for thedeal
et al. 2013. Planck Collaboration Int. XX{2014 compares po- dipole identified byPlanck Collaboration X(2014) at 353 GHz.
larized thermal emission from dust at 353 GHz to polarizatidCMB and CIB fluctuations are ignored, since the regions se-
in extinction in the visible towards a sample of stars. Hinal lected in this study are outside the CMB-CIB mask described i
Planck Collaboration Int. XX1(2014) discusses the variation of Planck Collaboration Int. XIX2014), so the polarized emission
polarized thermal emission from dust with frequency, fradi@ there is dominated by the dust.
353 GHz. BothPlanck Collaboration Int. XX{2014) andPlanck The Planck polarization and intensity data that we use in
Collaboration Int. XXII(2014 aim at providing constraints for this analysis have been generated in exactly the same manner
models of interstellar dust. as the data publicly released in March 2013 and described in
In this paper, we use Planck polarization data at 353 GHz Réanck Collaboration (2014 and associated papers. Note, how-
present statistics of polarization fractions and anglesearby ever, that the publicly available data include only tempeea
interstellar clouds seen outside the Galactic plane. Wedhen- maps based on the first two survelpéanck Collaboration XVI
pare the Planck results with simulated observations ofrjzeld (2014 shows the very good consistency of cosmological models
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derived from intensity only with polarization data at smalR.2. Overview of the statistics of polarized emission
scales (high CMB multipoles). However, as detailedPlanck in various fields

Collaboration VI(2014 see their Fig. 27), the 2013 polarizatio . L
et e known (o bejected by ysiemaiects atow mul- 1€ 134E Seecen 1h regone, cach 422 1 sz e
tipoles which were not yet fully corrected, and thus thesand gnig 9. 9

were not used for cosmology\We have been careful to check hese are the same as some of the individual regions medtione
that the Galactic science results in this paper are robubtrei " Planck Collaboration Int. XIX2014. All of these fields are
spect to these systemafics outside the Galactic plane and probe nearby interstellde-ma

S o ; ial, but they exhibit very dierent physical conditions, from
We focus in this paper on the polarization fractions p and tfj&~ 1 Y y giere X L
polarization anglesp%le?ived fromF:he Stokes I, Q, and B mapi e dffuse, turbulent ISM with little to no star-forming activity

obtained by Planck at 353 GHz and at an angular resolution f(:)?glss?gﬂrfee)r’iaote?rerg-sg(;?\g(t)?;rri]gédsfr:{g;irg:?gsg%(girsg?e)z.-
15. In the absence of noise, p apare defined by gions have high polarization fractions (e.g., Pavo), whiene

Um have low polarization fractions (e.g., Polaris Flare).sTari-
p= —————, (1) ety of conditions in terms of polarization fraction and gas€
' tent is emphasized in Fi@, which shows the distribution of p
and and Ny in these regions, compared with the large-scale distri-
bution shown inPlanck Collaboration Int. XIX{2014). The lat-
w= }atan(U Q) ) ter is represented by its upper and lower envelopes, compute

from the 0.01% and 99.99% percentiles of the p distribution

. ) . - . _ . within each bin in column density. All the envelopes of two-
Note thaty is here defined in theEALPI x” convention Gorski  dimensional distribution functions shown in this papereoe-
et al. 2003, which means that angles are counted positivefyted in this fashion. Note that to facilitate the compariadth
clockwise from the north-south direction. Working in thane  pjanck Collaboration Int. XIX2014), Fig. 2 uses maps at Tes-

Collaboration Int. XXI 2014, has however no impact on the reg|ytion maps.

sults presented here. Additionally, since we work on ratibs
Stokes parameters, no colour correction is necessary.

When (possibly correlated) nois§ects the Stokes param-
eters, the polarization fraction computed directly usirtg &)
is biased. We call this one the “naive” estimator of p, bui-va ; ot D P
ous methods have been devised to correct for the Masiier Flare field shows low polarization, while high polarizatioac

et al. 2014} and their respectiv iancies are compared intions are reached at similar column densities in the Chaanael
: P effec P ."Musca complex, which, being closer to the Galactic plane, is

Cthreaded by the large-scale Galactic magnetic field. Amatbe
table feature of Fig2 is the fact that in regions with the largest
olumn densities (Taurus, Orion, and Ophiuchus) the maximu

ar- . . . s .
L . . . . . olarization fraction decreases with increasing Bind that the
ization fraction and angle is the Bayesian estimator diesdrin b ng

Montier et al.(20143 andPlanck Collaboration Int. XIX2014), slopes are compf’;\rable to the Iarge-sca.lle-trend.

which has the advantage of taking into account the full neise " the following, we perform statistical analyses of the
variance matrix in I, Q and U, and also taking into account tHPlarization data in these nearby fields by simply selecting
uncertainty on the zero-leveffset for I. In the rest of this pa- =ALP x pixels whose centres fall within the region of inter-
per, except where noted, the maps of polarization fractiangy €St directly from the large-scale maps. Only pixels for ahhi
polarization angley at 353 GHz refer to these Bayesian estima/ Op > 3 are retained. This threshold is a reasonable value

tors. The Bayesian method also provides maps of the potarigR0ve which the polarization signal-to-noise ratio is mbp
tion fraction and angle uncertainties, ando,,. estimated ontier et al. 2014h Note that some of the fields

For the total hydrogen column density map,Nve use a 1N Table1 are quite dfuse (e.g., Pavo), so that the dynamic
conversion from the optical depth at 353 GHigs, derived from a@nge in column densities is too small to exhibit a significan
Planck Collaboration X(2014): for Ny @ 2 x 10?1cni?, the relatlo_nshlp bet_weenn;ax and Ny. T_hese dfuse fields are there-
dust opacity is approximately constant, withss = Tas9/Ny 11 OT€ discarded in the later analysis. o . .
1.2x 10726cm?. We are aware that this conversion is crude, with  We also build local maps of polarized emission using gnomic
possible variations in dust opacity of the order of 20% to 25%rojections of the-EALPi x maps. These are shown in the mid-
but our findings do not critically depend on that calibration ~ dle row panels of Fig3 for the Ophiuchus and Chamaeleon-

All of the maps used in this study havéBALPi x resolution Musca fields. Similar figures for all other fields are given in
Nsige = 1024, AppendixA. On all these maps, which share the same scale,

we show the polarization fractions p at 353 GHz (colour Scale
overlaid with contours of the total gas column density arrd ba
constant length giving the orientation of the apparentqariipn

ual systematics as estimated by repeating the analysigfenetit sub- of the magnetic field on the. pla}ne of the Slfy' These are built by
sets of the data. We have also checked our data analysis datéise rotating the 353GHZ. pqlarlzat_lon b?‘rs by Db as to recover
version of the maps available to the consortium to checkitieatesults the average magnetic field orientation in the plane of the sky

It appears that for column densities between a few times
1079 cmi 2 and a few times 18 cm 2, the selected fields probe
most of the range of polarization fractions observed over th
whole sky in this range of column densities. Thguse Polaris

(MAS) estimétor intréduced biylaszczynski et a(2014), which
is computed from the naive estimator and the noise covagia
matrix pertaining to Q and U. Another estimator of the pol

2 The full mission maps for intensity as well as for polarigatvill be
made publicly available in the end of 2014.
3 The error-bars we quote include uncertainties associaticresid-

we find are consistent within the error-bars quoted in thjzepa In the rest of the paper, we will refer to the rotated polaiora
4 nttp://heal pi x.j pl . nasa. gov. See in particular the latest ver-bars as the magnetic orientation bars. Note that althoieyhdte
sion of the HEALPi x primer, available athttp://heal pi x.jpl. Pplotted once every few pixels only, to improve visibilitgah of
nasa. gov/ pdf /i ntro. pdf these bars represents the orientation at the given pixethier
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log(Tss3) -3

Fig. 1.Locations of the selected nearby fields. The background e@esents optical depthss at 353 GHz on a logarithmic scale, atrBsolution
(Planck Collaboration XI 2004 The map uses a Mollweide projection in Galactic coordisatith (1 b) = (0", 0°) at the centre.

Table 1. Locations and properties of the selected fields.

| b Distancé Mas$ Agep 1\ N Max (NH) oo fo1
Field [ [’ [pc] M ] [Myr] [10% cm™?] [10°* cm™?] [%] [%0]
PolarisFlare ...... 120 27 130-140 — - 1.1 5.0 0 58
Taurus........... 173 -15 140 2x 10 20 4.1 26 4.2 0.8
Orion ........... 211  -16 414 3x* 10° >12 4.0 40 5.4 7.3
Chamaeleon-Musca . 300 -13 160-180 5 10° >2 2.0 21 0.5 7.5
Ophiuchus . .. ... .. 354 15 120-140 x30t >2-5 3.1 62 2.2 3.8
Microscopium . . . .. 15 -40 - - - 0.4 1.1 0 99
Pisces ........... 133 -37 - - - 0.4 1.9 0 99
Perseus .......... 143 -25 - - - 0.4 1.5 0 99
Ara............. 336 -14 - - - 0.8 2.1 0 75
Pavo ............ 336 -28 - - - 0.4 1.4 0 99

Notes. The table includes: Galactic longitudes | and ld&tub of the centre of the 12 12 fields; estimates of distances, masses and ages, where
available; average and maximum column densities ateldplution; fraction 4 of the pixels with N, > 10?2 cm?; and fraction £, of the pixels

with Ny < 10 cm™. These fields are the same as several of those listed in Taiflé@thnck Collaboration Int. XIX2014. @ Estimates of
distances are frorlias (1978 for Taurus,Zagury et al (1999 for Polaris Flarede Zeeuw et al(1999 for OphiuchusWhittet et al.(1997) for
Chamaeleon-Musca, arfizraine (2011) for Orion. ® Estimates of masses are frdsmgerechts & Thaddeud.987 for Taurus,Loren (1989 for
Ophiuchus|.uhman(2008 for Chamaeleon-Musca, aiitaine(2011) for Orion.© Estimates of ages are froRalla & Stahle(2002 for Taurus,
Wilking et al. (2008 for Ophiuchus.uhman(2008 for Chamaeleon-Musca, aihlly (2008 for Orion.

words, beyond the 15moothing performed on the Stokes map#iigher polarization fractions. This feature, which is ablg seen
no further averaging is done to plot the orientation barsignd at 1' resolution inPlanck Collaboration Int. XIX2014), is dis-
and similar plots. cussed later on in Se@.5.

The large-scale structure of the Galactic magnetic field ap- A final qualitative aspect of these maps is that regions
pears clearly (see e.g., the top part of the Chamaeleona/usdth higher column densities tend to be less polarized than
field, Fig.3). There is also a strong correlation between the ctheir surroundings. An example of thigfect can be seen in
herence of the polarization orientation and the level ofapol the Chamaeleon-Musca field (Fi§, center right panel) near
ization fraction, in the sense that more ordered region® hay¥,b) = (301, - 9°), where p[J 10%, while it is surrounded
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T RS FlAte L in Table?2, are derived from the various sources of uncertainty
""""""""""" + Taufls T involved.
+ Chamaeleon-Musca First, the noise properties on the Stokes parameters |, Q,
57 +  Microscopium H and U in each pixel are described in the data by the noise co-
+ Pisces variance matrices, which are input in the Bayesian method of

Montier et al.(20143 andPlanck Collaboration Int. XIX2014),
and lead to a map of the uncertairmty on the polarization frac-
tion. This includes the 0068 MJy sf! uncertainty on the zero-
. level of set. We then compute theffirences ., p between the
maximum polarization fractions found in the maps of@, and
p+0op.
P ‘ Second, there is a part of the uncertainty related to the
Ny [em™2] method used to debias the dakdontier et al. 2014 We have
computed the standard deviation, 4 of the maximum polar-
—— ization fractions obtained in each field when using the Va&i
Ophinchus Q2+ U1, modified asymptotic (MAS Plaszczynski et al.
Za"" 2014 and Bayesian estimators of p.
ra . .
— Third, we have computed the standard deviatigy),, s of
Orion the maximum polarization fractions obtained in each fiel@gwh
considering subsets of the data, namely half-ring mapsttatie

— of each stable pointing period) and detector set maps (olfie ha
of the detectors).

The final uncertainty quoted in Tabfis then given by the
quadratic sum
2

pmax

S 0.00

4+ 4

— ~2 2 2
Y - Gpmax,p + O-Pmax,d + O-PmaxyS/ 2. (3)

|
1022

Ny [em™] It should be noted that the last contribution is usually thed

nant one in the selected fields, and that the uncertaintieckta

Fig. 2. Two-dimensional distribution functions of polarizatiora¢- the debiasing method is much smaller than the other two.
tion p and column density Nin the fields highlighted in Figl.

Top: Polaris Flare (magenta), Taurus (red), Chamaeleose®(black), o ) )
Microscopium (blue), and Pisces (green). Bottom: Ophisctma- 2.4. Polarization fraction vs. column density

genta), Pavo (red), Ara (black), Perseus (blue), and Odeeef1). On \ne show the distributions of p anduNfor the Ophiuchus
both panels, the solid red lines show the upper and lowerl@mee o4 chamaeleon-Musca fields in Figand for all other fields

see text) of the large-scale distribution of p and, Nlipped below . . . . .
f\lH ~ 5 x) 109 cmr2 %vhile the dashed red IinF:es cgrres%%nd e N AppendixA. The decrease in maximum polarization frac-

and the maximum value = 0.198 (i.e., 19.8%) quoted iflanck tion Pmax at higher columr_1 densities is apparent for _aII fields,
Collaboration Int. XIX(2014). above a given threshold inNthat depends on the field and

is of the order of 18 to 3 x 10?*cm 2, corresponding to vi-
sual extinctions A [J 0.6 to 17, for the fields that are not too
S diffuse (Polaris Flare, Taurus, Orion, Chamaeleon-Musca, and
by more difuse material with p1 15%. A future paperRlanck Qphijuchus). Below this threshold, the polarization fractimay
Collaboration Int. XIII 2014 will discuss in more detail the pe related to the background more than to the clouds theeselv
structure of the polarized thermal emission with respedh& T quantify the decrease in maximum polarization fractigg.p

—-—

morphology of the clouds themselves. with increasing N, we consider the upper envelope of the dis-
tribution of p and N, computed as described in SezR, and fit
2.3. Maximum polarization fraction this curve with a function gax = mlog Nu/cm 2 +c, restricted

o . o ) to a range of column densities that depends on the field consid

We give in Table2 the maximum polarization fractionsmp ered (see Tablg). Note that we perform this fit for the above
in all the selected fields. Note that for the mosfuse fields fiye fields only, for which there is a large enough dynamic eang
Microscopium, Pisces, Perseus, Ara, and Pavo, the quoted y&column density.
ues should be taken with caution, since most pixels in these Results of these fits are shown as solid black lines on each
regions have N 11 10*cm™, which corresponds roughly to panel of Fig.4, and values of the slopes m and intercepts c are
l3s3 [ 0.5MJysr?, and therefore thefiect of the (uncer- jisted in Table2. Uncertainties on these parameters are derived
tain) zero-level g'set on the polarization fraction p may not bgn the same way as for the maximum polarization fractionsp
negligible. in the previous section. The slopes m range betwe®068 for

In the less dfuse fields, the values ofwa. are noticeably Orion and—-0.140 for Taurus, and regions exhibiting stronger
larger than those found in the same fields atrésolution in  column density peaks (e.g., Orion) tend to have shallovegres!
Planck Collaboration Int. XIX2014°, which shows the strong than more dfuse molecular clouds (e.g., Polaris Flare).
effect of spatial resolution on polarization measuremente Th As mentioned before, the pixels selected for plotting Big.
uncertainties, ., on the maximum polarization fractions, listedand performing the fits are those for which the polarization
signal-to-noise ratio is /w, > 3. We have checked that mod-
5 See their Table 1, which also lists extrema, mean and mediaes ifying this threshold does not change our results, as can be
for p, as well as median values for seen in Fig.5, which shows the same as the top panel of
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Table 2. Polarization statistics in the selected fields.

H] 1
Field Prax Pmax = Mlog Ny/cmi? +¢ Ny range lodS) = mlog(p)+c
m c [1C* cmr?) m c
Polaris Flare ... ... 034+ 0.015 -0.114+ 0.014 25+ 0.3 1-4 -0.56+ 0.08 025+ 0.17
Taurus. .......... Q49+ 0.011 —0.140% 0.004 32+ 0.1 5-25 -0.87+ 0.09 -0.31+£0.11
Orion ........... 29+ 0.014 -0.068+ 0.003 16+ 0.1 3-40 -0.87+0.11 -0.25+ 0.13
Chamaeleon-Musca . 110+ 0.008 -0.134% 0.003 30+ 0.1 3-20 -0.94+ 0.03 -0.39+ 0.02
Ophiuchus . .. ... .. 066+ 0.006 -0.129+ 0.004 29+ 01 3-40 -0.92+ 0.05 -0.30+ 0.04
Microscopium . . . .. @4 +0.05 - - - -0.41+ 0.07 038+ 0.07
Pisces ........... .80 £0.11 - - - -0.67+0.13 021+ 0.12
Perseus .......... .83 +£0.09 - - - -0.46+ 0.09 037+ 0.06
Ara............. @7 +0.03 - - - -0.48+ 0.07 015+ 0.06
Pavo ............ a8 +£0.18 - - - -0.27+ 0.05 057+ 0.03

Notes. The taple includes: absolute maximum polarizatiantion at 15 resolution; linear fit parameters m and c to the decrease,gfwith
log Nu/cmi? , with fitting range indicated; and linear fit parameters & libg(S) vs. log(p) correlation. See text for the derivation of trstdd
uncertainties. The figures given here are for a signal-teenitireshold fo, > 3.

T L T T T T T L B T T T LI B T T T T T T

S Doy =—0.129 log(Ny/cm™2) +2.9 - o Do =—0.129 log(Nyg/cn™2) +2.9 dr35
s N o 1 1.20
1.2
] e =0.106 | T e —0.166 -
S 105 o ] 0.90
=1 -~
8 o 083 & o 075 2
S . ke . . k)
© 0.653 o 0'60:6?
- - 0.45
o . 0.4 oL B
) © 0.30
° 02 - 0.15
EET TG EEC S o
Ny [em™2] Ny [em™?]
R EERE e ey Fig.5.Same as the top panel of Figy.but using only pixels for which
S Puna =—0.134 log(Ng/cm™2) +3.0 1.6 p/o, > 10.
Sl T PR L N
the original lower envelope, but leaves the upper envelape u
5* - e changed. Consequently, both the absolute maximum polariza
108 tion fraction phax and the slope of the decrease gf;pat the
& o 1 § high end of column densities are quite robust.
o — .SEQD
0.6
a | 2.5. Polarization angle coherence vs. polarization fraction
S 0.4
- We show in the bottom row panels of Fi® the maps
g v ' of the angle dispersion functionS for the Ophiuchus and
° S 00 Chamaeleon-Musca fields. Similar maps for all other fields ar
Ny [em™?] shown in AppendixA. We recall that this function, defined in
Planck Collaboration Int. XIX2014), is
Fig. 4. Two-dimensional distribution function of polarizatiorafition p g
and column density N Top: Ophiuchus field. Bottom: Chamaeleon- L 3
Musca field. The distribution functions are presented imatagmic S(r,5= = win) -w(r+§) 7, (4)
colour scale and include only points for whichay > 3. The dashed N i=1

red lines correspond to the absolute maximum polarizatiactibns
pmax @and the solid red curves show the upper and lower envelopafiere the sum extends over pixels whose distances fromthe ce
of p as functions of N. The solid black line is a linear fit;px =  tral pixel r are betweed/ 2 and 3/ 2. Here they are computed
mlog Nu/cn2 + c to the decrease of the maximum polarization fracat a lagd = 16, comparable to the size of the beam’s FWHM.
tion with column density at the high end of;Nsee Table2 for the One can readily see filamentary structures that corresmored t
fitting ranges and fit parameters). gions where the polarization angle is less ordered or where i
changes abruptly. These filaments are already noted ratsb-
Fig. 4 but with a signal-to-noise ratio thresholdqy, > 10. lution in Planck Collaboration Int. XIX{2014) over several de-
The gfect of that stricter selection is to remove points belogrees. These regions of large angular dispersions comedpo
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~——— Fig. 7. Two-dimensional distribution function o8 and polarization
o 'ﬁ,“ e s TR - "\ — R 8 fraction p for the Ophiuchus field. The angle dispersion fiamcS is
'L‘E' 4 1 computed at a lag = 16. Only pixels for which po, > 3 are re-
- — 0 tained. The dashed grey line is the large-scale fit (with FWHNM"
. fi“] andd = 1:07) log(S) = —0.75log(p) - 0.06, the solid black line shows
the mears for each bin in p (the bin size log(p) = 0.008) and the

Fig. 6.Map of S for the Ophiuchus field computed&t 34 . Contours dashed black line is a linear fit of that curve in log-log spaestricted
are the same as in the magdat 16 (bottom left panel of ﬁigS) to bins in p which contain at least 1% of the total number off{so
' about 150 points per bin).

regions of low polarization fraction, as can be seen forainse

by comparing the middle and bottom row panels of Big. BN T ]

When increasing the value of the l&g we obtain maps 20 D VIR I - ] 16
of S such as that presented in Fig.for the Ophiuchus field i i 14
at & = 34 (approximately twice the FWHM). It appears that '
the overall value ofS increases with lag, as already noted ino—é; E 12
Hildebrand et al.(2009 and Planck Collaboration Int. XIX — | ] .-
(2014. However, sinces has an upper limit of 90 this means £ [ ] 3
that the anti-correlation with p (see below) will flatten @it ! - BR T 0-8%;,3
large Iags. Note however that a completely random sampligsyie & < T I 06"
S=1 120152 (Planck Collaboration Int. XIX 2014 Values B ]
larger than this are few, but they do exist, as can be seeneonth | ] 04
maps ofS in Figs.3 and6. They may be linked to sharp bound- L . , 0.2
aries between two well-ordered regions: for instance, tigea. | 5/ ) =~09tos()=0:39 o oo

dispersion function at the interface betwgen two half-gtanith 2 107 107

orthogonal magnetic orientationsSs= W 8 [164". b

To confirm the visual impression that the spatial cohereng@y. 8.Same as Figz, but for the Chamaeleon-Musca field.
of the polarization angle is anti-correlated with the piziation
fraction, we show the distribution function of these two qtira
ties for the Ophiuchus and Chamaeleon-Musca fields in Figs.
and8, respectively, and for all other fields in Appendix

The large-scale anti-correlation seerPlanck Collaboration fits log(S) = mlog p+ ¢ for the individual fields are listed in
Int. XIX (2014 at I’ resolution and = 30"is also present when Table 2. The uncertainties on the parametersand ¢’ are the
using a lag close to the beam size. With= 1°.07, we find it quadratic sums of uncertainties obtained in three wayd\(i)
to be log(S) = —-0.75log p— 0.06, whereS is measured in de- performing the linear regression using the three estirsaibp,
grees. Since in this case the rali¢-WHM is the same as for our i.e., the “naive”, MAS and Bayesian ones; (ii) by using half
higher resolution maps (FWHM 15 andd = 16), we compare ring maps and detector set maps; (i) via a Monte-Carlo &amu
the anti-correlations found in the selected fields to this Mote tion using the maps of polarization fraction uncertaiotyand
that the slope-0.75 is similar to the value-0.834 quoted in angle dispersion function uncertairdy, (Planck Collaboration
Planck Collaboration Int. XIX{2014), but the intercept is larger Int. XIX 2014).
(—0.06 vs.—0.504). This points to a global increase®#ét larger
o FWHM values, which we interpret as a decorrelation of polar-
ization angles at larger lags.

The distributions of p an& in the various fields considered
show an anti-correlation very similar to the large-scaéndt, 3 1. simulations of MHD turbulence
with slopes and intercepts of the fits through the data pdfivatis
are very close to the large-scale fit values. When incredhimg We aim to compare the observed polarization statistics én th
lag at the same resolution, howev8rincreases and the anti-selected fields to predictions built on the results of a niraér
correlation with p flattens out, as can be seen in@ighe linear simulation of MHD turbulence. This simulation is described

3. Simulations of polarized emission
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solid red line shows the mean valtig; 1= 17 cnm® and the solid blue

line the median valuefjfd= 2 cnr=.

Fig.9.Same as Figz, but for a lagd = 34.

detail in Hennebelle et al(2008°. It follows the formation of
clumps of dense and cold gas (cold neutral medium, CNM) out
of magnetized warm neutral atomic gas (warm neutral mediu . . : i
WNM) in an open box of 50 pc on each side, without reachable 3. Physical properties of the subset of the simulation
ing the stage when cold cores of column density larger than

2x 10%2cm 2 form. =

. . L . _ o [FL  Min(F) Max(F) o(F)

The simulation cube initially contains a uniform distribu
tion of WNM with density ;y = 1cmi® and temperature Ny [102tcnr?] . . . . 10 0.05 134 1.0
T = 8000K, and two converging flows of that same gas arg [cm™] ........ 164 05 41x 10 92
injected from opposing faces along the x axis with a velocit [LUG] . . ... ... .. 38 -325 258 3.2
AV, 1 40km s relative to each other. Spatial modulations oBy [MG] . ......... _Odé —ggé ggg gg

the velocity are imposed on the incoming flows, with amplésid B [pG]..........

relative to the mean flow of about unity and a periodicity afaib

10 pc. Periodic boundary conditions are applied on the nemaNotes. These values correspondits 0 (see text and Figl3).

ing four faces. The total mass contained in the cube continu-

ously increases with time. The magnetic field’s initial diten is

along that of the incoming flows, and its intensity is abouh ) o o

consistent with observational values at these densi@iast¢her @nd11, respectively. The standard deviations are very similar fo

et al. 2010. There is therefore a large-scale anisotropic compgl three magnetic field components, but only the x component

nent of the magnetic field throughout the simulation, as well has a significant mean value, which shows that the mean mag-

a turbulent component linked to the velocity perturbations netic field within the cube is approximatively aligned withet
These flows collide near the midplane, where the combined We would like to stress here that the MHD simulations we

efects of cooling and self-gravity eventually lead to the farm Use for comparison with the Planck polarization data do not

tion of dense (g > 100 cm®) clumps of cold gas (T of the orderfauthfp_lly reproduce the whole range of densmes_ and caolum

of 10-50 K;Hennebelle & Audit 200, To follow that condensa- densities spanned by the cloud sample of Tablee., from

tion, the grid is adaptively refined, with affective (maximum) diff use molecular clouds (Polaris Flare) to massive star-fogmi

resolution of 0.05 pc. clouds (Orion). However, as shown in Taldleonly a few per-

In this paper, we select a cubic subset (1&d8 pcx 18 pc) cent of the pixels (at most 5.4% in Orion) have column deesiti

of the density and magnetic field in the simulation snapshi@fger than 1& cm™ in these fields, the regions of star formation

timed at t= 10.9 Myr, which corresponds to an evolved state dflling only a small fraction of the area in each field. The MHD
the simulation, given the crossing timeit 2.4 Myr. The struc- Simulations with their broad range of densities (Rig) and col-
tures present in the simulation are due to the collision efita UMn densities reachirigy = 1.6 x 10?2cn ? are therefore rep-
coming flows and not to a pure gravitational collapse, sihee trésentative of the dynamics of the bulk of the gas. Togetliér w
initial free-fall time is § 144 Myr. However, some of the dens-their anisotropy, due to the large-scale magnetic field quing
est structures (n> 10% cm3) may have had time to collapse. the cube, these simulations are particularly well suitehelyse
The chosen subset is located near the midplane, so that Y Polarization properties of nearby molecular clouds érsed
influence of boundary conditions is minimal. It contains agh their low density and large-scale environment.
proximately 3200 M of gas; its physical properties are listed 10 compute simulated polarization fractions p, the local ga
in Table3, and the distribution functions of total gas density ndensity m and magnetic field components, B8y, B, are ex-
and magnetic field components,B,, B, are shown in Figsl0 tracted from the simulation and interpolated on a regulat gr
at the next-to-highest spatial resolution available, sd fixel
6 |t was performed with th&RAMBES code {Teyssier 2002Fromang Sizes are approximatelyx = 0.1 pc. These cubes are used in the
et al. 2009, whose adaptive mesh refinement capabilities allow for a Ifollowing section to build simulated polarized emissionpsa
cally high spatial sampling. Itis freely available via tiBARFORMAT  However, they are first rotated around thaxis, as sketched out
project, http://starfornat. obspmfr/. To be precise, it is the
Fiducial run under the tab Colliding flow simulation.

7 This value is computed over the whole range of viewing angles
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Fig. 12.Distribution functions of the total gas column density iN the
selected subset of the simulation, using viewing angles 0" (red)
anda = 90 (blue). These distribution functions are computed after
convolution with the 15beam. Fig. 14.Definition of angles. Here the line of sight is along thexis
(see Fig13), y is the angle the magnetic field B makes with the plane
of the sky,@ is the local polarization angle, andis the position angle

- . of the plane of the sky projection Bboth in theHEALF x convention,
in Fig. 13, to explore the full range of possible angles betwe% counted positively clockwise from the north-south diet while

the mean magnetic field and the line of sight, and therefore{Q. | AU convention is anti-clockwiseP{anck Collaboration Int. XIX
test the gects of the large-scale magnetic field's anisotropy. The)14,

viewing anglex introduced in Fig13is such that the mean mag-
netic field is approximately in the plane of the sky for= 0",
and along the line of sight fax = 90'.

Plane of the sky

Here p is a polarization fraction parameter related to the intrin-
sic polarization fraction (see EqB)(and AppendixB), y is the
3.2. Simulated Planck observations angle that the local magnetic field makes with the plane of the
sky, andg is the local polarization angle in thdEALPi x con-
We build simulated Stokes |, Q, and U maps by integrating@glonention. This angle giers by 90 from the angle of the plane
the line of sight (zin Fig. 13) through the rotated simulation of the sky projection of the magnetic field, as defined in E#y.
cube, following the method ifwVardle & Konigl (1990, Fiege and should not be confused with the actual polarizationeapg!
& Pudritz (2000, Pelkonen et al(2009, and Padovani et al. These angles are equal€ y) only for a uniform magnetic field
(2012). Because of a number of inconsistencies in the literatuedong the line of sight.
we give the correct derivation in Append drawing on the  Note that the corrective term in Ed)(is incorrectly written
works of Lee & Draine (1985 and Wardle & Konigl (1990. in Fiege & Pudritz(2000, Gongalves et al(2005, Pelkonen

This results in: et al.(2009, andPadovani et al2012), with po/ 2 instead of p.
0 0 0 2: The hypotheses made here, besides the absence of back-
- FTyoq _< . ground radiation, are thatyp= 0.2 is uniform, that the source
I 7SVe 1-po cosy 3 dry; ) function S, = By(Ty) is that of a blackbody with an as-
- - sumed uniform dust temperaturg ¥ 18 K, and that since we
Q= poSye ™ cos(2g)cosydry; (6) are working at 353 GHz the optical depth is simply given by
0 dry = O3s53nydZz) We use the valuesss = 1.2 x 10 %6cn?
U= poSye™sin(2¢)codydr,. (7) (see Sect2.1), and n is the total gas density in the simula-

tion. Given the maximum gas column density in the simulation
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subset computed over all possible viewing angle®Ny max =

1.6 x 107?cm™?, the maximum optical depth at 353 GHz using
this conversion factor i$max = 1.9 x 1074, so we may safely
neglect optical depthfeects and take™®@ = 1inthe |, Q, and

U integrals. We are awaré®lanck Collaboration XI 201¢that

the opacity actually varies with{\ but the variation is at most
a factor of 3 from the value assumed here, so the optical def=
is in any case much lower than unity. Moreover, the choice ¢
the conversion factor has no impact on the simulated maps
polarization fractions and angles, provided that a constalne

is assumed along each line of sight.

We note that the dense cores that exist in our simulate 8-
cube are only weakly shielded from the ambient UV radiatiol 0 o 20 3 40 50 60 70 8 90
field. Indeed, the mean column density through the cube istabc
10?* cm 2 (corresponding to A [ 0.6), which is comparable to Fig. 16. Statistics of polarization fractions in the simulated Rlanb-
the values in the simulation d¢felkonen et al(2009, but over servations as a function of viewing anglésee Fig13). The solid blue
a much larger volume (18 pc box compared to less than 1 pii)g shows Ry the solid black line shows the mean p, and the solid
the bulk of the gas is therefore more fragmented and radiatigreen line shows the value of p for the mogtute lines of sight in the
penetrates more easilydvrier et al. 2012 That is why we take Map. The dashed black line marks the polarization fractiameter p
a uniform parametergp and the dashed green line gives the theoretical polarizétaztion in

The maps of Stokes parameters are placed at a distancgﬁgrarizr’ele;tgi;;r\];i':?’] ?ﬁg ;T:r?g%tf'ig':ng?,r?sg‘;n?gg‘;a?gghgey
D =100 pc and CO.“VO'Ved with a C'rCl.Jlar 15WHM GaUSSI_an region shows the:10 spread around the mean p.
beam (corresponding to a physical sizé4)c). The resulting
field of view is a little less than T0Oacross, which is compa-
rable to the selected Planck fields, and small enough that sep
arate smoothing of Stokes |, Q, and U is not an issue (sektained when the medium is homogeneous and the magnetic
Appendix A of Planck Collaboration Int. XIX 2014 Maps of field is uniform and parallel to the plane of the sky £ 0°).
polarization fractions and angles are then built from theme Figure 16 emphasizes the importance of the magnetic field ge-
volved Stokes parameter maps using Ed3, (2) for consis- ometry on the measureghg, as that value varies by about 40%
tency with the Planck data. Let us stress tipais defined in over the range of viewing angles.
the HEALPI x convention, which means that it is counted posi-
tively clockwise from the north-south direction, and notthe
IAU convention (anti-clockwise).

Figure15 (middle row) shows the maps of polarization fracwe show in Fig.17 the joint distribution function of polariza-
tion p and magnetic orientation in these simulated obsienat tion fractions p and total gas column densitigs iN the simu-
when integrating along the mean magnetic field< 90°), and |ated observations when integrating along both directisesl in
perpendicular to itd = 0°). The large-scale component of theFig. 15, and in the intermediate cage= 45 . The most striking
magnetic field is clearly visible in several regions, fortamee feature of the plots in Figl7 is the djferent behaviour at low
in the lower right corner of thet = 0" case: it leads to long- column densities N < 10°°cmi 2. Along these lines of sight,
range coherence in the polarization angle, which correlatth  the density is essentially uniform, withyrof about 2 cri?®, so
the highest polarization fractions and lowest column d&ssi the computed polarization is entirely due to magnetic fiede g
Conversely, when integrating along the direction of thgdar ometry; when we integrate wiih = 0" the mean magnetic field
scale field ¢ = 90', right column), p is on average much loweris almost in the plane of the sky,[1 0", and polarized emission
and no such long-range orderingfs visible, although some is at its highest, while when we integrate with= 90, then the
local correlations are present. Theggeets are expected fromordered field is almost along the line of sight,ys0/ 90° and no
the vectorial nature of the polarization: with the magnégtd polarized emission appears. In fact, for each valua,gfolar-
more or less aligned with the line of sight, only its transeer ization fractions observed towards the mogudie lines of sight
fluctuations lead to a signal in polarization, and these dlact are well reproduced by the formula for a homogeneous medium,
tions are isotropic in the plane of the sky, so they cancelrouteasily derived from Eqs5§—(7),
the integration (along the line of sight and also throughiea
lution). This correlation between p and spatial cohereri¢cbe p=
polarization angle is discussed later on (S8cf).

Statistics of simulated maps of the polarization fraction
(maximum, mean and standard deviation) are shown as a
function of the viewing angle in Fig. 16. We find the maxi- as can be seen in Fig.6. We may therefore only derive the
mum polarization fraction to bea, [ 0.14-021 (depending polarization fraction parameteg from the maximum observed
on the viewing anglex). On some lines of sight, in the mostvalue pnax if the angle between the magnetic field and the plane
tenuous parts of the map integrated perpendicularly toettyel  Of the sky is known, which is a strong assumption.

0.20

0.15

0.10

05

0.

3.3. Polarization fraction vs. column density

cofa
Poy T )
1- po coga- 3

scale B (e.g., in the lower right corner of the map in the O° The second striking feature of Fid.7 is the decrease of
case), pax almost reaches the theoretical maximum value poe maximum polarization fraction with increasing coluneme
sible, which is the intrinsic polarization fraction, sity, as observed in the data. The same linear fit yields slope
Po Apmay/ Alog Ny/cm2 that span values from0.025 (fora =
pi = Do (8) 80) to-0.15 (fora = -15), the latter being comparable to
1- 3 those found in the data for the selected fields.
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0 SRR e 0.90 (solid black lines). Note that the latter are restricted to>NL0? cni2.
= 0752 Dashed lines are linear fits of the formy = mlog Ny/cm™? + ¢
g on the distributions’ upper envelopes, restricted to a comnange of
3 0608 column densities & 10?7 cm™? < Ny < 2x 10?2 cnv 2.
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Ny [em™2] shown as the dashed black line. The dashed grey line is the-tmale

fit presented in Sec®.5.

Fig. 17. Two-dimensional distribution functions of polarizatioraé-

tions and logarithmic column densities in the simulatednBkeobser-

vations. Top: viewing angle = 0. Middle: viewing anglea = 45'.

Bottom: viewing anglex = 90'. The dashed red horizontal lines and thgattern in the density plot at lowNis due to the sampling in

solid red and black lines are the same as in &ig he fits to the upper vjewing anglesn, and is a signature of the decrease of p with

1 ~Any2 L ’ . . .

envelopes are performed fo N 107 cn?. viewing angle for the most giuse lines of sight, as already noted

in Fig. 16.

For a global comparison between simulations and observa-
tions, we show in Fig18 the distribution of p and Nfor all  3.4. polarization angle coherence vs. polarization fraction
the simulated fields, with their upper and lower envelopes, t
gether with the envelope for the selected sky fields. Linaar fiThe angle dispersion functio® is computed from the simu-
to the distributions’ upper envelopes are performed,iceti to latedy maps, using a lag = 16, as we did for the data. We
a common range of column densitiesx2l0?* cm™2 < Ny < first note that the mean angle dispersion function is lardesrw
2 x 1072 cmi'2. They yield similar values in terms of both slopeshe large-scale magnetic field is oriented along the linaghfts
(m = -0.109 for simulations, compared to m-0.113 for the with (S]] 12 fora = 0" and(S(1[J 20" for a = 90, a result
selected fields) and intercepts £ 2.52 for simulations, com- that is consistent with the findings &&lceta-Goncgalves et al.
pared to c= 2.59 for the selected fields). Note that the “ripple{2008. Maps ofS (for thea = 0° anda = 90" cases) can be
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Fig. 20. Slopes m (top) and intercepts obottom) of the linear fits 0.05 0.10 0.15 0.20 025 000

log(S) = mlog(p) + ¢ to the distribution of log(p) and Id§) in the
simulated observations, as a function of viewing argléhe lag is £jg 21 pistribution functions of polarization fraction p and dips
® = 16. The dashed blue lines indicate the values for the Iargh&scgveighted mean of cdy (v is the angle of the magnetic field with re-

fit presented in SecR.5, the dashed red lines represent the avera@ect to the plane of the sky, see Flg) along the line of sight zin

slope and intercept over the rangenpfand the grey areas indicatdo e simulation cube. Top: viewing ange= 0. Bottom: viewing angle
around the mean, with the standard deviationomputed statistically , = g The solid black lines show the mean values per bin of p.

over all angles.

seen in the lower row panels of Fi@i5, exhibiting filamentary comes from the lack of power in the low frequency modes of

patterns similar to those found in observations. These @ram the simulated turbulence, as illustrated by the fact theptiwer

of high'S also correspond to regions where the polarization afPectra of the velocity and magnetic field components flatten

gle rotates on small scales, and are correlated with regidos &t small wavenumber k. In reality, molecular clouds are orga

polarization fraction p (compare with the middle row parafls Nized in a self-similar structure over a broad range of scafel

Fig.15). This anti-correlation is clearly seen in distributioméu  that is therefore not properly reproduced in the simulatioe

tions of log(p) and logS), as shown in Figl9 for thea = O used. In short, the Iar.ge-.scale fluctuatlons of the magfietot

case. A linear fit logS) = m’log(p)+ ¢ to the mean lo¢S) are closer to random in simulations than in reality.

per bin of log(p) is performed, restricted to bins which @ont

at least 1% of the total number of points and limited & o 3 5 syatistics on the magnetic field fluctuations

to avoid the most diuse lines of sight. The slope and intercept  j, the simulations

of the anti-correlation observed in the data are fairly wegiro-

duced (m= -1.0£ 0.3 and c'= 0.02+ 0.34 over the range af, We investigate here the possible causes of the variatiotiein

compared to m= —0.75 and ¢ = —-0.06 in observations) with polarization fraction p and the dispersion of the polai@aan-

steeper slopes for viewing anglas ] 0" and shallower slopes gle S in the simulations, i.e., what are the respective roles of

for viewing anglesa [1 90 (see Fig.20). However, since the the field tangling and the orientation of the large-scalelfial

slopes in simulations are generally steeper than what erebd, the variations of p and. To quantify these roles, we com-

but with very similar intercepts at p 1, the angle dispersion pute the average and dispersion along the line of sight df bot

functionS in simulations is globally higher than in observationsos y and sirny (see Fig.14 for the definition of angles). These

for a given polarization fraction. guantities are computed for ftBrent viewing angles. In the
This result suggests that, in the simulations, the angfeedis following, we write the magnetic field as B Bo + AB, where

sion function is too large for a given polarization fractioe., Bo is the large-scale ordered field aA8 is the fluctuating part

that the magnetic field is too tangled. Since the physical prof B.

cesses one can think of to reduce the field’s tangling (euget The role of the average values of the anglesdy along the

field intensity with respect to turbulence or partial iorutral line of sight is illustrated in FigR1and22. First, the role of the

decoupling) would alsofect p, we propose that thisftBrence large-scale field Bis clear: the largest values of p are obtained
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Fig. 22. Distribution functions of polarization fraction p and déys Fig. 23. Distribution functions of polarization fraction p and dips
weighted mean of sig (x is the position angle of the projection of theweighted standard deviation of Gosalong the line of sight zin the
magnetic field in the plane of the sky, see Fig) along the line of simulation cube. Top: viewing angle = 0°. Bottom: viewing angle
sight z'in the simulation cube. Top: viewing angte = O°. Bottom: o = 90'. The solid black lines show the mean values per bin of p.
viewing anglea = 90'. The solid black lines show the mean values per

bin of p.

the line of sight is the largest and the resulting values ofep a

low.

when B is viewed in the plane of the sky((1/0°). The largest  Figure23 also illustrates thefeect of the field tangling: the
p values are obtained when the average of gagong the line |arger the dispersion of cdg along the line of sight (and the
of sight stays close to unity. In that case, the field pertiiba |arger the scatter of this dispersion), the smaller p is.iGusly,
are such that they keep the field close to the plane of the sighen the line of sight is dominated by the large-scale fidid, t
on average, hence the large p. The safpeceis visible in the gcatter is the lowest.
top panel of Fig22 where the largest polarization fractions are  Figure24 shows the joint distribution of the average of &ps
obtained for average values ptlose to 90. and S, where one recognizes the role of the large-scale field

However, even in this configuration (= 0°), small values whena = 0°: the lowest values o6 are obtained when stays
of p are obtained. The fraction of low p values is clearly &rg close to 0, meaning that the field is more or less in the plane of
when the large-scale field is viewed along the line of sigi#( the sky. Clearly, the largest values $fare obtained when the
90'). The remarkable feature visible in F&l (bottom panel) is influence of the large-scale field is minimizexl £ 90, bottom
the proportionality of pax With the average of c8y: the smaller panel).
this average, the closgiis to 90, therefore the closer the field is
aligned with the line of sight, and the smallerthe resultintye

of Pmax. ONe also sees in Fi@l that cogy reaches much 4- Conclusions

smaller values when s along the line of sight (bottom panel),To summarize, the maximum polarization fractiop.ap ob-
producing lower values of p than in the case whegéstn the served towards the sample of nearby fields selected in thdy st
plane of the sky (top panel). is reached in the most flise fields. The large-scale decrease
We note, interestingly, that the samfeet is not visible in of pmax With increasing N is seen in the individual fields
Fig. 22, which displays the line of sight average of gimersus considered here, as soon ag N 10%tcm™2. This trend is
p: there is no such upper value of p that would scale with tiiairly well reproduced by numerical simulations of anisgiic
average of six because this fluctuation of the field direction isMHD turbulence, even assuming uniform dust temperaturds an
measured in the plane of the sky and does fiecathe maximal grain alignment g ciencies in the gas weakly shielded from
polarization fraction that can be obtained. Instead, whensB the UV radiation. The polarization of thermal dust emissibr
along the line of sight for instance, the scattersihyJalong served by Planck towards these regions is essentiallyeckttat
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Appendix A: Additional figures

0.30
o

In the main body of the paper, we showed maps and plots for the .
Chamaeleon-Musca and Ophiuchus fields. In this appendix we
show similar figures for the remaining eight fields, in the sam

0.15

order as in Table& and2. We first show maps similar to Fig. 0.00
(Figs.A.1to A.8), then distribution functions of p and{N\simi- -
lar to Fig.4 (Figs.A.9to A.16), and finally distribution functions 1-015 &
of S(d=16) and p similar to Fig7 (Figs.A.17to A.24). — =
- 7—0.30%
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Fig. A.1. Same as Fig3, but for the Polaris Flare field. Top: total in-
tensity at 353 GHz. Middle: polarization fraction p, colurdensity
Ny (contours in units of 18 cm?), and magnetic orientation (bars).
Bottom: angle dispersion functiod with lagd = 16 (see Sect2.5
with contours and bars identical to the middle row. Note ttwattours
levels are dferent from those of FigB.
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Fig. A.2.Same as Fig3, but for the Taurus field.

Fig. A.3.Same as Fig3, but for the Orion field.
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Appendix B: Derivation of the Stokes parameters Computation of the sums andff@irences of ¢ and G,
for emission for both grain geometries leads to the same expressionkéor t
o ) Stokes parameters
'tl)'he deg\llanon of thIe(Sé%IaeE equ(zjmons E&3-(7), as pr(esge8nated 0 0 0 o
y Wardle & Koénigl (1 ased uporiee & Draine(1 , 2

considers the extinction cross sectionsa®d C, for light that | =  NaBv(Ta)Cavg 1= Po cos'y - 3 ds (B.8)

is polarized parallel or perpendicular to the grain symgnaxis, U

and distinguishes oblate and prolate grains. Say thathtgast Q= nyB, (Tq) CavgPo COS(29) cosyds (B.9)

M on the line of sight we define a reference fra(hxoyozo) 0
such that gpoints to the observer, and the local magnetic field B _
is in the (Myoz) plane. Withp the angle between B and the
angular momentum J of a rotating grain at M, anthe angle ) .
between B and the plane of the sky, as defined in FigLee & where we have introduced the average cross-section
Draine(1985 give, for oblate grains

NaBy (Tq) CavgPo Sin(2¢) cos yds (B.10)

Cavg = } QCL + C:i, (B.ll)

C.-Cy . 3
Cy, =Ci-— sir’ B (B.1) o _

c 2 c o and the polarization cross section
Cy,=C.- ——— siPB+cofy 3coéBf-1 (B.2) C, -

2 pol = - (for oblate grains) (B.12)

and for prolate grains c-C

c-c, bt 0 Cpol = — 7 = (for prolate grains). (B.13)
Cy, =C,+——= 1+cosP (B.3)

c e o . T These expressions match thoséartin (1972, Martin (1974,
_ r— G _ _ Martin (1979, andDraine & Fraissg2009; those adopted by
Co=Cot 4 1+cosB-cos’y 3cosp-1 . (B.4) Lee & Draine(1985 are a factor 2 larger. The parameterip
then given by

For spherical grains, all these cross-sections are of eagsal,

Cx = Cy, = C. = C.. The expressions for the Stokes parameters Cpol 3 : 1: Cpol
in terms of the cross-sections are Po = Z [coSPBl-= = R (B.14)
Cavg 2 3  Cayg
B Cy + Gyl . . ) .
= ngBy(Ty) —————ds (B.5) with R a Rayleigh reduction factor accounting for the chosen

0 2 form of imperfect alignmentliee & Draine 198%. Writing the
Q= ngBy(Ty) Cx —Cyo Dcos(Zcp)ds (B.6) equations for I, Q and U using the optical depth(which is

0 2 small in the submillimetre) in place of the physical posit®on
'Cyx, — Cyol . the line of sight, one is led to EqQH)&(7).
U= ngBy(Ty) TSIH(ZCP)dS (B.7) The intrinsic polarization fraction is easily computed for
both grain geometries:
where the average..llis performed on the possible anglgs
The equivalent expressions givenWardle & Konigl(199Q are  p, = C.-GCo (for oblate grains) (B.15)
incorrect in omitting the factor/2 (it is easily checked that our C.+Co
expressions match the expected form of | in the case of sgaleri C-C, )
grains, and of Pt in the case of fully polarizing grains: 100%Pi = 36 ¢ (for prolate grains). (B.16)

polarization when ¢ = 0.
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