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ABSTRACT

Planck has mapped the polarized dust emission over the whole sikgnga possible to trace the Galactic magnetic field streethat pervades
the interstellar medium (ISM). We combine polarizationedabmPlanck with rotation measure (RM) observations towards a massweferming
region, the Rosette Nebula in the Monoceros molecular clmustudy its magnetic field structure and the impact of araeging Hu region on
the morphology of the field. We derive an analytical solutionthe magnetic field, assumed to evolve from an initiallyfemm configuration
following the expansion of ionized gas and the formation shall of swept-up ISM. From the RM data we estimate a mearevaiuhe line-
of-sight component of the magnetic field of abouyi@ (towards the observer) in the Rosette Nebula, for a unifelestron density of about

orientation of the magnetic field in the Rosette’s parentenalar cloud to be mostly aligned with the large-scale figdthg the Galactic plane.
ThePlanck data are compared with the analytical model, which predietsnean polarization properties of a spherical and uniftust shell for

in the Rosette complex, for an assumed intrinsic dust atadn fraction of 4 %. This field direction can reproduce R values detected in the

arxiv:1501.00922v2 [astro-

reproduce the RM distribution across the ionized nebulaedlsas the mean dust polarization properties of the swpphell, and can be directly
applied to other similar objects.

Key words. Polarization — ISM: magnetic fields — radiation mechanisgesieral — radio continuum: ISM — submillimeter: ISM

12 cnt3. The dust shell that surrounds the Rosettergion is clearly observed in tli&tanck intensity map at 353 GHz, with a polarization signal
significantly diferent from that of the local background when considered afi@ewn ThePlanck observations constrain the plane-of-the-sky

a given orientation of the field. This comparison leads togpeu limit of about 45 on the angle between the line of sight and the magnetic field

ionized region if the magnetic field strength in the Monosemwlecular cloud is in the range 6.5¢8. The present analytical model is able to

1. Introduction ing the magnetic fields (e.d-erriere 2001 Bubbles are seen
. . ._._as agents of triggered star formation, as the swept-up rakter
Stellar bubbles are formed from the combined action of 'ﬂm'zmay become unstable and fragment. It is therefore impottant

tion power and stellar winds from OB stars. They are a majgf, jorstand the influence of star formation and feedback @n th

source of turb_ulent energy injectio_n into the interstefiadium .fstructure of the magnetic field, and how the ionized bubhiles a
(ISM), sweeping up the surrounding gas and dust and modify-

* Corresponding author: M. |. R. Alvesarta.alves@irap.omp.
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shaped by the field. The all-sky polarization data frBranck®
open up new opportunities for studying the magnetic fieldicstr
ture of such objects and their connection with the largeesca
Galactic field.

The interplay between the expansion of an ionized neb- . 90 081
ula and the action of the magnetic fields has been the subject
of several studies, both observational (ePgvel & Clemens
2012 Santos et al. 2015antos et al. 20)4nd numerical (e.g. &
Bernstein & Kulsrud 1965Giuliani 1982 Ferriére et al. 1991 %
Krumholz et al. 2007 Peters et al. 201Arthur et al. 201). =
These observational studies rely partly on interstellat drains
as tracers of the magnetic field. Non-spherical grains spinrad
their axes of maximal inertia, which are precessing arotied t
magnetic field lines. The grains emit preferentially alohgit
long axes, thus giving rise to an electric vector perperdido
the magnetic field. At the same time, dust grains polarize the
light from background stars and since extinction is higheng
their longest axes, the transmitted electric vector is |feri :
the magnetic field in the plane of the sky (see Blgrtin 2007. 215 20 egreet 200
Observations of dust emission or absorption allow us taenegr
the plane-of-the-sky orientation of the magnetic field thet- Fig. 1. The Rosette Nebula, its molecular cloud Mon OB2, and
vades interstellar matter. Results from high-resoluttadies of their surrounding medium as seen Bhanck at 353 GHz. The
Hu regions have revealed regions of well-ordered magnetit fielotted lines give the approximate outer radii of the Rosette
along the edges of the nebulae and magnetic field strengthsHaf region and the Mon Loop supernova remnant (described in
tens to hundreds qiG. Santos et al(2014 studied the star- Sect.2). The northern Monoceros cloud Mon OB1 is above the
forming region Sh2-29 in optical and near-infrared polaim Galactic plane; part of the dust ring #0ri is visible at the bot-
try and derived a field strength of around 4@®. The authors tom right corner of the map; the northern end of Orion B is seen
used the Chandrasekhar-Fermi methobgndrasekhar & Fermi at (, b) = (204, —-12°) (Dame et al. 2001L
1953, which relates the dispersion in magnetic field orienta-
tion with turbulent motions of the gas, under the assumpion
equipartition between magnetic and turbujéregrmal pressures.
Such high values of the field strength reflect the ordereastr
ture of the magnetic field at sub-parsec scales, compregsbd b

expanding Hi region. The aforementioned dust polarization otﬁussﬁd in S?Cf?' h c H fth
servations of ionized nebulae, both in emission and extinct The goal of this work is to study the structure of the mag-

have covered small regions around the objects, generaly tgetic field in_and around an ionized bubble created by young
of arcminutesPlanck data allow us to study the magnetic field§tar§' For this purpose we Chof’e thef Rqset‘[le nebula, had!aclen
probed by polarized dust emission towards largeregions em- 10 the Monoceros (Mon) OB2 cloud, for its close to spherica

bedded in their parent molecular clouds, and thude medium Shape and for its relatively large size on the sk, Telative to
surrounding the?n. thePlanck 353 GHz beam of @. This paper is organized as fol-

Measurements of the magnetic fields towardsreigions can lows. We start in Sec® by describing the Rosette nebula and

also be performed through Faraday rotation of linearly pol its main features relevant for our study. In Setwe introduce

; : 2 &he Planck and ancillary data used in this study, which are then
geghbuaiggsg)u?ﬁg’%ﬁ';ﬁ?ét?r?t:]h(;xgargegliz%técr%?gtgsalﬁ?:;]T(asneanalysed and discussed in SettThe interpretation of the ra-

S . dio and submillimetre polarization observations is préseiin
of polarization of the background radio wave by an angle thgtect.S, in light of a 2D analytical model of the magnetic field

is proportional to the square of the observing wavelengite Tin a spherical bubble-shell structure. The main resultsans-

quantity denved.from Faraday rotation ot_)servatlpns,matlon marized in Sect6. The detailed derivation of our magnetic field
measure (RM), is directly related to the line-of-sight cament model is aiven in Appendi
of the magnetic field; weighted by the electron density of the 9 PP '
ionized gasHarvey-Smith et al(2011) studied the line-of-sight
magnetic field towards five large diameter Galactic i¢gions, 2. The Rosette Nebula and the Mon OB2 molecular
tens of parsecs wide, using RM combined with Hata to esti- cloud
mate the electron density. They fouBglvalues of 2—.G, con-
sistent with those measured in théfdse ISM through Zeeman The Rosette bubble is located near the anti-centre of thecBal
splitting observationsHeiles & Crutcher 2005Crutcher et al. disk, centred onl(b) = (206’3, -2°1), and is part of a larger re-
201Q Crutcher 2012 This indicates that the RM enhancemergion called the northern Monoceros region. It is aé¢0.1) kpc
observed towards Hregions may be the consequence of a Idrom the Sun and its age is estimated to be about (3 Myr
(Roman-Zlniga & Lada 20Q8Figurel shows the position of

L Planck (http://www.esa.int/Planck) is a project of the the Rosette Nebula relative to its parent m_oIecuIar clouah Mo
European S(pacg Agency (ESA) with insterents pFr)ov]ided toy stoi- OB2, as well as other known and nearby objects, marked on the
entific consortia funded by ESA member states (in partictidarlead  P1anck 353 GHz map (Sec8.1). The Rosette has been the ob-
countries France and Italy), with contributions from NASASA) and  J€Ct Of extensive studies, as it has been considered antppehe
telescope reflectors provided by a collaboration betweehd®l a sci- Of a triggered star formation sité\flliams et al. 1994 Balog
entific consortium led and funded by Denmark. et al. 2007Roman-Zlfiga & Lada 200&chneider et al. 2030

MJy sr*

cal increase of the electron density. A similar study penfed
pn the Rosette nebula I8avage et a(2013 attributed the high
values of RM to an increase in the field strength, as will be dis
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However, based on the small age spread among the young stehsidering the high RMs of about 500 radmeasured in the

lar objects in the Rosett&/barra et al.(2013 and Cambrésy nebula (Sec#.2.2 Savage et al. 20)3or foreground emission.

et al. (2013 suggest that thefiect of the Hi region expansion

on stimulating star formation is secondary relative to thigio

nal collapse of the cloud. The prominent OB association, NG& Data

2244, responsible for the ionized nebula and the evacuatiits

central paprt, contains more than 100 stars, of which seve@ar 3.1. Planck data

and 24 are B star€Jgura & Ishida 1981Marschall et al. 1982 Planck (Tauber et al. 20L(Planck Collaboration | 2012014

Park & Sung 2002Roman-Zifiga & Lada 2008Cox et al. has mapped the polarization of the sky emission in seven fre-
(1990 quote a luminosity of 2& 10° L, for the brightest four O quency channels, from 30 to 353 GHz. In this paper we use the
stars and 13 B stars of the central cluster. data from the High Frequency Instrument (HEgmarre et al.

Rosette was done bylinkowski (1949. The author also noted 2014 at 353 GHz, where the dust polarized emission is bright-
the existence of “elephant trunks” and dark globules, frbmn t €st. Afirst description of the dust polarization sky is preed in
analysis of photographic data, in the north-western edghef @ series of papers, naméNanck Collaboration Int. XIX2014),
central Cavity (—lerb|g 1974 Schneps et al. 1980:ar|qv|st et al. Planck Collaboration Int. X)(ZOJ.A», Planck Collaboration Int.
1998 2002. Globules are also seen in the south-eastern réXl (2014, Planck Collaboration Int. XXX(2014, Planck
gion in the Herschel images of the RosetteS¢hneider et al. Collaboration Int. XXXII(2014), andPlanck Collaboration Int.
2010, where the ionized nebula is interacting with the moleeXXIll (2014.
ular cloud. The Rosette i region is an ionization bounded
Stromgren sphereéMenon 1962 and expands at a velocity of
< 15kms?! (Smith 1973 Fountain et al. 1979leaburn 1968
The mean electron temperature in the nebula, derive@iiseza We use the full-mission temperature and polarization sky
et al.(2006), is 8500 K. maps at 353GHz from the 2015 release Riénck (Planck
The Rosette ht region has a projected optical extent 0p.ollaboratmn I 291}5 The_map-mgklng_, calibration and correc-
about 14. Celnik (1985 estimated the size of the nebula by fit{ion Of systematic #ects is described iflanck Collaboration
ting several shell models to observations at 1.4 and 4.7 Ghiz. Vil (2019. we sr_nq(_)th the maps and.thelr correspopd_mg co-
mean radial profile of the radio emission was reproduced by’arance from the initial angular resolution df4o 6. This is a
model of a spherical shell with inner and outer radii of 7 angPMPromise between increasing the signal-to-noise rétibeo
19 pc, respectively, and constant electron density of 185c¢ po]qnzaﬂon data and preserving high resolution, as vesthen-
(these values have been scaled from the distance of 1.42 KpZing beam depolarizatiorfects. o
used byCelnik to the adopted distance of 1.6 kpEelnik also The 353 GHz intensity data are corrected for the cosmic mi-
found that the ionized shell shows a radial density gracheint Crowave background (CMB) anisotropies using Cogmander
to an outer radius of 28 pc, with a mean electron density ofiabdn@p, presented ifPlanck Collaboration 1X(2013, although

5.7 cnt3. This model leads to a total mass of ionized matter §f€ contribution to the total signal in the region under gtisd
1.2 x 10* Mo, similar to the value of B x 10* M., obtained for small, at most 2 %. We also subtract the Galactic zero leffel o

the spherical shell of constant density. The total molgautass S€t: 00885+ 0.0067 MJy sr*, from the intensity map and add

derived from*2CO emission is B x 10° M, (Heyer et al. 2005 the corres_ponding uncertainty to the intensity variariRlar{ck
of which 54 % lies inside the RosetteiHegion. Collaboration VIl 2015. We do not attempt to correct for the

arized signal of the CMB anisotropies, as this is a néglig

o |
The magnetic field in the Rosette nebula has been recerﬁ& contribution< 1% at 353 GHz in the region under study
studied bySavage et al2013 using RM observations of baCk'tgPlanck Collaboration Int. XXX 2014

ground galaxies. They fit the RM data with a simple stellar-bub ¢ |inear polarization of dust emission is measured from

ble model Whiting et al. 2009 that consists of an inner low- the Stokes : ;

, \ . paramete@ U, andl, delivered in thePlanck data
densn_y cavity of shocke(_j stellar wind and a shell of shociedi release. They are the result of a line-of-sight integragiod are
photoionized ISM material. The authors assume that themnb'related as

magnetic fieldBy outside the bubble has a strendgh = 4uG

3.1.1. Intensity and polarization

and that the field component in the shock plane is amplified by a Q = I pcos(@),
factor of 4, appropriate for strong adiabatic shocks. Thefitb U = | psi
ting the RM data to their model, they find that the angle betwee = Ipsin(2)).
Bo and the line of sight igy =72°. The results ofSavage et al. P J@2+U2
(2013 will be further discussed in Se&.2 p= TS
Part of the northern Monoceros region has also been studied ¥ = 0.5arctanyl, Q), (1)

in polarization at radio frequencies byao & Zhu (2012. These

authors focused on the supernova remnant (SNR) Monocevdserep is the dust polarization fraction agds the polarization
Loop, G205.%0.1, north-west of the Rosette nebula. The SNRngle. The two argument function arctAny) is used to com-
and Hu region are thought to be interactindvies et al. 1978 pute arctan/Y), avoiding ther ambiguity. ThePlanck Stokes
Smith 1973 Jdfe et al. 1997Fountain et al. 197.9G0sachinskii parameters are provided in tH&ALPix (Gorski et al. 200p
& Khersonskii 1982. The polarization data presented Kiao convention, such that the angle = 0° is towards the north
& Zhu (2012 do not cover the interface region between the twBalactic pole and positive towards the west (clockwise}hin
objects and show that the magnetic field in the Rosette Nebotammonly used IAU conventiorHamaker & Bregman 1996
is largely parallel to the Galactic plane. However, at adiemtcy  the polarization angle is measured anticlockwise reldtivine
of 5 GHz the observed polarization vectors are the result-of @orth Galactic pole. We adopt the IAU convention by taking th
ther highly rotated background polarized synchrotron siois negative of théPlanck U Stokes map.
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The StokesQ andU maps in the region under study have We consider 20 measurements (given in Table Safage
a typical signal-to-noise ratio of 8 and 2, respectivelyeThet al. 2013; two of the sources are depolarized and we also ex-
main systematic féect concerning polarization data is signatiude the only negative RM value detected. This measurement
leakage from total intensity. We used the corrections @erivwas also discarded in the analysisS#vage et al2013, who
from the global template fit, described fanck Collaboration could not determine if its origin is Galactic or extragaiecin
VIII (2019, which accounts for all of the leakage sourcesny case this measurement lies outside the boundaries of the
namely bandpass, monopole, and calibration mismatches. Rosette Nebula. Whenever two values are given for the same
2015Planck data release also includes polarization maps thsturce, in the case of a double component extragalactictpbje
were corrected only for dust bandpass leakage usinffereint we take their mean and the dispersion as the uncertaintybeca
method. We compare the two sets of maps in the region unader combine the RM data at a resolution of’@2with emission
study to quantify the systematic uncertainties associatifl measure data at a lower resolution of44Sect.3.3). The 20
the leakage correction. The relativefdrence in theQ Stokes RM measurements are positive and have a typical uncertaiinty
parameter is less than 10 %, whereas it is typically 25 % in 40 %, or below 10 % for half of the sample.
because the Rosette i§ fom the Galactic plane, where the
magnetic fields are largely parallel to the plane and coumteib
more signal taQ than toU.

Because of the presence of noise in the data, the polarizatithe emission measure (EM) data are from the radio recombina-
intensity, P, calculated directly using Eql) is positively bi- tion line (RRL) survey ofAlves et al.(2014) at 1.4 GHz and at
ased. We debias this quantity according to the method peapoa resolution of 144. These are a by-product of ther IParkes
by Plaszczynski et al2014) by taking into account the diago- All-Sky Survey (HIPASS Staveley-Smith et al. 199&nd their
nal and df-diagonal terms in the covariance matrix f@andU. analysis is presented #lves et al.(201Q 2012. The emission
Since we only calculate the polarization intensity towandgh measure is defined as
(> 10) signal-to-noise regions, namely the Mon OB2 cloud, the o
relative diference between the debiased and direct ([E@sti- EM = f nZds (3)
mates is less than 3%. A comparison between other debiasing 0
methods as applied to the all-sifanck data is presented in

3.3. Emission measure data

Planck Collaboration Int. XIX2014). and derived from the integrated RRL emission as
Te\>® Todv
- 4 e L -6
3.1.2. Products EM =52x10" ( K ) f(K kHz) cm "pc, (4)

We use théPlanck “Type 3” CO map fromPlanck Collaboration whereT, andT, are the electron and line temperatures, respec-
Xl (2014 to qualitatively inspect the molecular gas in theively. The overall calibration uncertainty in these datd 0 %.
Monoceros region. This is a composite line map, where thee lin

ratios between the first three CO rotational lines are asdume

be constant across the whole sky. The Type 3 CO map is thé- IRAS data

highest signal-to-noise map extracted fréfanck, with an an- \we yse the IRIS (Improved Reprocessing of the IRAS Survey,
gular resolution of %. Miville-Deschénes & Lagache 20p8ata at 12 and 1@m. The
The dust emission frofRlanck wavelengths to about 100n  |RAS map at 12:m traces the emission from dust particles that

is dominated by the contribution of large dust grains (raditare smaller than those emitting at the longkmnck wavelengths.
larger than 0.0@m). In order to trace their temperature, we use

the map derived from the all-sky model of dust emission from _ _
Planck Collaboration X{2014), at a resolution of 5 4. Our observational perspective on the Rosette

In this section we start by describing the features of theeRes
3.2. RM data Nebula and its parent molecular cloud from total intensigps

at different frequencies. We then study the polarized emission
We use the RM data presented®gvage et a(2013 towards 23  arising from the dust shell that surrounds the Rosetigejion,

extragalactic radio sources observed through the Rosette ¢ glong with the radio polarization signal created by the Zedi
plex with the Karl G. Jansky Very Large ArrayThe RM obser- gas.

vations towards extragalactic sources are an integraleolirtie-
of-sight magnetic field componeBj;, weighted by the electron

densityne, and given by 4.1. Intensity
S The Rosette Nebula and its parent molecular cloud are pexsen
RM = 0.81 ( Ne ) By\(ds rad nr2 ) in Fig. 2. The maps show the RRL thermal radio emission, dust
T Jo \em3/\uG/\pc ’ emission at 353 GHz, integrated CO emission, dust temperatu

and dust emission at 12n and 10Q:m. The central cavity is

whereS is the path length from the source to the observer. Ti§g€en both in radio and in dust emission, as a lower intensity r
RM is positive wherB points towards us, hence wh8pis also ~gion around the position of the ionizing source NGC 2244.
positive. The expanding ht region is interacting with the molecular

cloud Mon OB2, creating photon-dominated regions at their i

2 We checked for the presence of nearby pulsars in the Austraifrface Cox et al. 1990 Schneider et al. 2030which can be

Telescope National Facility Pulsar Catalogiafchester et al. 2005 traced at 12m. The map of Fig2(e) shows bright 12m emis-
We did not find pulsars closer than ffom the centre of the Rosette Sion associated with the 353 GHz contours on the eastermside

with the required information (distance, dispersion measgM). the nebula’s centre. Within these structures elongatetaioe
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Fig. 2. The Rosette Nebula and its molecular cloud. (a) Integrafld &mission at 14 resolution, showing the radio morphology
of the Hu region. The green circles, with a diameter equivalent tdoteem full width at half maximum (FWHM) of the RRL data,
give the position of the 20 RM observationsSdvage et a[2013 used in this work. (bPlanck 353 GHz emission at'@esolution.
The black star in panels (a) and (b) indicates the positich@tentral star cluster NGC 2244 and the black circles spmed to
19 pc, respectively (see Sedt2.2. (c) Planck CO integrated

209
MJy srt

the inner and outer radii of the idregion,r'" = 7 pc andrli! =
intensity at 35 resolution. (d) Dust temperature derived fr@hanck at 5 resolution. () Dust emission as seen by IRAS girh2
and at 10Qum (f), at 4 resolution. The contours in panels (c) to (f) show fhanck 353 GHz emission; these are at every 5% from
15 to 30 %, at every 10 % from 30 to 50 %, and finally at 70 and 90 %hemaximum intensity of 37 MJy .
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ionization front, there are dense molecular clumps wittygomg is also broader in the dust shell, even if the mean level idaim
star formation, as the result of the compression by theégjion. to that of the background. We compare the histograms of Fig.
The dust temperature is also higher at the interface of treese4 quantitatively by means of the Kolmogorov-Smirnov statist
gions with the nebula, as shown in Fig(d), compared to the cal test, which shows that the polarized signal from thel simel
lower temperature at the position of their maximum intgnsit  the background are significantlyftérent. This test compares the
Cox et al.(1990 studied the Rosette complex in all fourcumulative distributions and thus takes into account tffewdint
IRAS bands and analysed the radial distribution of the dustmber of points from each sample. The statisticéfledénce
emission. These authors showed that tharbZmission, which applies when considering the dust shell as a whole, but it may
traces the photodissociation regions, comes from a shell soot be valid in the case of individual structures locatedties.
rounding the outer side of the ionization front, as well asfr We will thus focus the analysis on the mean polarized guestit
the molecular cloud. On the other hand, the longer waveengtithout attempting to study the small-scale structure oleskin
emission at 60 and 1Q6n mostly arises from the hHiregionand the dust shell. This approach is also justified because alytan
thus is tracing ionized and neutral gas. ical magnetic field model is based on a uniform density digtri
The western part of the Rosette complex has not been sttidn.
ied as thoroughly as the main molecular cloud. It is not as We estimate the mean value of theQ, andU Stokes pa-
bright in dust emission, but still visible in tHlanck and IRAS rameters in the shell and background regions. These ad list
maps (Figs2(b), (e), and (f)) as a fragmented shell surroundrablel along with the corresponding uncertainties, given by the
ing the central cavity. There is no significant counterpa/€0 standard error on the mean. The second to last column of Table
emission, except in the cloud located in the south-westchvhilists the mean of the Stokes parameters in the dust shedlated
appears elongated perpendicular to the ionization frorithén for the background emission, required for comparison with t
Planck and CO maps. This cloud also has lower dust tempermaodel results. We note that the choice of a constant valu@éor
ture than the remainder of the western dust shell. background follows from the absence of any clear patterhén t
The dust shell seen in tHélanck 353 GHz map surround- polarized emission outside the Rosgiten OB2 that we can use
ing the Hu region is associated with the Rosette complex, astit model the background variations. As a result, the couticin
correlates with the dust emission observed by IRE8X et al. of the background residuals to the polarized signal of the& du
1990 and identified in the dust temperature map. The map siiell needs to be taken into account. The background distrib
Fig. 2(d) shows a clear enhancement of the dust temperaturdioms of Fig.4 have about 8 times more pointSfck = 14 154)
the region occupied by the nebula as a result of dust heayingtban those corresponding to the dust shili.§ = 1757). We
the central cluster. It also illustrates a decrease in ths¢ - extract Ngust points from the background distribution and as-
perature towards the central cavity because the Rosettetis $ess the variation of its mean Stokes parameters by repeatin
a filled Hu region but a shell, with an inner cavity created byhis exercise 10000 times. We take the standard deviatitreof
the evacuation of material due to powerful stellar winfmith 10000 mean values and add it in quadrature to the standard er-
1973 Fountain et al. 1979 ror on the mean Stokes parameters. The final uncertaintyein th
The origin of the dust shell as material swept up by the ekackground-subtracted values is quoted in the secondttedbs
panding Hi region will be further discussed in Sebt.The size umn of Tablel. We also computed these quantities using a dif-
of the shell can be estimated by fitting tRkanck intensity map ferent leakage correction (as explained in S&dt.1), which we
with a shell model, similar to that used IBelnik (1985 to de- Wwill use in Sect.5.3 to quantify the systematic uncertainties in
rive the radius of the ionized nebula. We obtgflff'= 18 pc and our results. We note that the method used to compute the un-

rdust = 22 n for the inner and outer radii of the dust shell, with gertainties does not take into account that the backgroucl fl

typical uncertainty of 2 pc. Further details are given in Apgix tuations are spatially correlated. If we estimate the bemkgd
A. in circular areas of the same radius as the Rosette dust shell

we find a larger uncertainty on the background-corrected val

ues. Thus, we cannot exclude that the m@aandU values in
4.2. Polarization Table1 for the dust shell have a significant contribution from lo-

cal background fluctuations. However, we regard the pdagibi
4.2.1. Planck data of having a second ISM structure in the same direction as the
The maps of th€ andU Stokes parameters towards the RosetfRosette as unlikely.
Nebula and its parent molecular cloud are shown in Figs) We perform the same analysis in the rectangular region of
and (b), respectively. There is significa@temission towards Fig. 3 that delineates the brightest part of Mon OB2. The mean
Mon OB2 relative to the background, however the polarizestokes parameters, corrected for the background coritibut
emission surrounding the Rosettarlregion does not define theare listed in the last column of Table We use these values
same shell as seen in intensity. Notably, @@ndU signal in to estimate the polarization properties of the Rosetterema
some regions of the dust shell is at the same level as that guplecular cloud. The resulting debiased polarization tioag
side the Rosettlon OB complex. Figure} compares the) derived according to the method introduced in Sé&cti.], is
and U emission observed in the dust shell that surrounds tpe= (3.8+0.9) % and the polarization anglejs= —-3°+14°. The
Rosette Hi region (in red) with that from an aperture that repplane-of-the-sky magnetic field orientation in Mon OB2,rajo
resents the local background (in blue). The first distrioutis the Galactic plane, is consistent with the large-scalentai@on
measured within 22 pc (the outer radius of the dust shellt. Seseen in Fig3(c).
4.1) from the central cluster and the second within an aperture The map of polarization fraction is shown in F&{d), where
of inner and outer radii of 2and 3, respectively, centred atthe lowest values op < 3% are seen towards the densest re-
(I,b) = (207, -2°) (see the circles in FigB). As seen in Fig. gions surrounding the Rosette Nebula. Similar values are ob
4(a), theQ signal in the shell clearly deviates from that measerved in the less bright part of the Mon OB2 cloudlab) =
sured in the background, with a higher mean value and a broa(R085, —2°5). From the all-sky analysis ¢&flanck 353 GHz po-
distribution. The distribution o) emission, shown in Figi(b), larization dataPlanck Collaboration Int. XI1X2014) find that
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Fig. 3. Planck polarization maps of the Rosette region: @pBtokes parameter; () Stokes parameter. The dashed circles, with
radii 2> and 3, define the region where we estimate the background levefuthcircle centred on the star cluster represents the
outer radius of the dust shelfUst= 22 pc, and the rectangle encompasses the brightest paetiiicth OB2 cloud. (c) Intensity map

at 353 GHz with the plane-of-the-sky magnetic field orientashown by headless vectors, obtained by rotating therigatéon
angley by 90°. The vectors are plotted at every fiom the average d andU within the same distance from the central pixel. (d)

Polarization fractiom, with the same intensity contours as in Fig.

Table 1. The mean level of the StokésQ, andU parameters at 353 GHz, in units of MJysrThe first three columns correspond to
the dust shell, the Mon OB2 cloud and the background regrespgectively, as defined in the text and in FAgTheir uncertainties
are given by the standard error on the mean. The last two eUist the mean Stokes parameters in the dust shell and Méh OB
cloud, respectively, corrected for the background coutidn. The background subtraction is accounted for in theertainties as

described in Sectt.2.1

Region Dust shell Mon OB2 Background fldrence: Shell Dference: Mon OB2
Ay oo 944 + 0.08 106+ 0.2 3631+ 0.006 580+ 0.09 702+ 0.2
Q) ...... 0278+ 0.003 0461+ 0.005 Q1911+ 0.0006 0087+ 0.004 0270+ 0.005
|y ... Q045+ 0.003 -0.004+0.005 Q0488+ 0.0005 -0.004=+ 0.004 —0.053+ 0.005

higher density regions have lower polarization fractiolatiee changes in the magnetic field geometry. The latter was shown
to the maximunpmax = 19.8 %, detected at°Iresolution. This to generally explain the variations @f across the whole sky:
decrease irp can be the result of severaffects, namely de- Planck Collaboration Int. XIX2014) find an anti-correlation be-
polarization in the beam or along the line of sight, variasio tween the fluctuations in the magnetic field orientation dved t

in the intrinsic polarization fraction of dust grains, aslwas polarization fractionPlanck Collaboration Int. XXXI1(2014)



Planck Collaboration: The magnetic field structure in the®te Nebula

0.07E T T T T E 0.07F T T T T T
E (@ £ (b) E
0.06F 3 0.06 5
0.05F E 0.05F E
0.04F 3 0.04F 3
L E 3 w E E
o E 3 Q E 3
0.03F 3 0.03F E
0.02F 3 0.02F 3
0.01F E 0.01F E
0.00E . HMren 0.00E . 1 . . ! =

0.0 0.2 0.4 0.6 -0.4 0.2 0.0 0.2 0.4
Q [MJy sr] U [MJy sr']

Fig. 4. Normalized distribution functions (DFs) of the (a) Stokgand (b)U maps measured within the background aperture (blue)
and within the outer radius of the dust shell (red). The twgiaes are defined in Fig by the dashed and full circles, respectively.

used this result to model the variations of the Stokes paenie Table 2. Results from the analysis of the RM and EM data:
across three interstellar filaments with variations of tteginetic  Column 1 gives the RM source number, asSavage et al.
field orientation, for a fixed alignmenffiency of dust grains. (2013; Columns 2 and 3 list the Galactic coordinates of the
In Sect.5 we present an analytical solution for the magnetic fielsburce; Column 4 gives the linear distance from the centre of
in the Rosette Ht region and associated dust shell, for constattie Rosette; Column 5 lists the mean electron density etiina
dust properties. We will use this model to explain the presenith Eq. 6) for f = 1; Column 6 gives the RM data corrected for
Planck polarization observations and the radio RM data consie background contribution; and the last column givesities |
tently. of-sight component of the magnetic field estimated with BY. (
for f = 1. The uncertainties in bo#n.) and B are statistical,
and thus do not include the systematic uncertainties imgylv
namely those on the distance to the Rosette, its electropelem
ature, path length (which depends on the radii), electromsitie
distribution, and the calibration uncertainty of the EMalat

The radio emission map of Fig(a) shows the Rosette iHre-
gion and its nearly circular shape. We fit the radial profile of

the RRL emission with a shell model and find the same val->°!® [l] [E)] [fc] [c<r?1e->3] [raglr\{lrz] [B&]
ues asCelnik (1989 for the inner and outer radii{!" = 7 pc P K

4.2.2. Radio data

andrfill = 19 pc, respectively, with an uncertainty of 1 pc. Also6 - - - - - 2057 -21 170 9+2 676£68  5x1
shown in Fig2(a) are the positions of the RM data fr@davage 7 -- - - 2062 -21 46 121 594£30 23202
et al. (2013 (Sect.3.2). The circles have a diameter equivalen ?0 """ ggg'g :21"; 12'2 iﬁ i %%i 1111‘0; 115f (1)'6
to the beam FWHM of the radio survey,#din order to show |75 """ 500« 10 "g6 13:1  703+26 21401
the regions within which the electron density, is estimated. |75 '~ 596’3 _15 159 8+1 501+ 24 4+1

The RRL observations provide a measure of EM for a given
electron temperature. We use Ed) yith T, = 8500K (Sect2,
Quireza et al. 2006to calculate EM towards the 20 RM po—by (Savage etal. 2033
sitions. The observed EM includes the contribution from the Hil Hm2 , Hil
warm ionized gas from the backgroyfateground material in 2y 1= (¢/750) if & =1
the Galaxy. We correct for this contribution by subtractthg opHIl 1_( /rHH)Z
average EM measured towards the RM positions located out- L(£) = {“Tout &/Tout
side the Hi region. Of the 20 positions, 14 lie outside the radius Hi M Hi2
riil = 19 pc, with an average EM of (288124) cnt® pc, where - (rin /rout) 1- (f/rin )
the uncertainty corresponds to the standard error on th&.mea
The EM values measured towards the shell are in the rangkereé is the linear distance between a given line of sight and
1500-5300 crf pc. We can thus estimate the electron densithe line of sight to the centre of the nebula, measured irrémest
in the Rosette towards the remaining six positions, whieh averse plane through the nebula. For the Rosette,nwfhz 7pc
listed in Table2. In the general case when the electron densiahdroHuI[I = 19 pc as derived above(¢ = 0) = 24 pc is the path
distribution is not uniform but concentrated in discretenshs |ength through the centre of the shell.
of ionized gas, the filling factof is introduced to relate the true  The average electron density along the line of sight is esti-
path lengthL of a given line of sight through the nebula to thenated from the EM observations using E8). és
effective path lengthes = fL, which is the total length occu-
pied by the individual clumps. The true path length through a EMf

shell of inner and outer radif!" andr!¥, respectively, is given Ne) = [ —/— ()

H Hir
if &<
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Table? lists the average electron density at each of the six posiHl ignore magnetic &ects and assume that thaiHegion ex-
tions in the Rosette fof = 1. The derived values are betweempands equally in all directions, creating a spherical redstnell
8 and 13 cm® and are consistent with those obtained@sinik of swept-up ISM. We consider this assumption to be condisten
(1985. The mean electron density across the entireréfion is with the radio observations of the Rosettar Hegion, which
12.3cnt3, with a scatter of 4 cn¥. show its nearly circular shape (e.g. Ffa)), despite a possi-
Similarly to the EM data, the measured values of RM includae elongation along the line of sight.
the contribution from the large-scale magnetic field weaght  Within this framework, we derive an analytical solution for
by the Galactic warm ionized gas. This needs to be correctb@ magnetic field in a spherical structure composed of & shel
for in order to study the local component of the field in thewept-up gas formed around a shell of ionized gas. This config
Rosette. The mean of the 14 measurements outside the radiwgion is shown in FigA.1 of AppendixA, where the details
riill = 19 pc is (132+ 20) rad 72, where the uncertainty corre-of the derivation are discussed. The model is an analytieal d
sponds to the standard error on the mean. The background nseaiption of the correspondence between the initial andere
surements vary between 50 and 230 rad ghalf of these have configurations of the radial distribution of matter, whidhmac-
an uncertainty of more than 20%). The final six backgroundeterizes the expansion of thenHlegion. We consider that the
corrected RM values are listed in Taldle initial gas density and the magnetic fiddg are uniform and that
The line-of-sight component of the magnetic field can be oliey evolve as the matter expands radially. This is traedlat
tained by combining the EM and RM observations, using Egthe form of an expansion law (Fig.2). The final magnetic field

(2) and @), as B (Eq.A.8) depends on the strength of the initial fielg}, and its
) direction, described by the polar and azimuthal anglesst),
B, = RM/rad nt 4G. (6) With respect to the line of sight.
0.81\/(EM/crrr6 pc)(L/pc)f We note that the Galactic magnetic field has uniform and

. L . ) random components, which are of the same order (seBecaty.
This approximation holds iB, is uniform across the nebula anc03). In the present studyB, corresponds to the initial local
if ne andB, are uncorrelated along the line of sigBeck et al. fie|d, which is a sample of the total (uniform plus random) mag
(2003 point out that the latter assumption can lead to uncertaifetic field.
ties by a factor of 2-3 in the estimated valueByf The derived In the following sections we describe how the combination
By values in the nebula fof = 1 are listed in Tabl€ and vary of RM and dust polarization data allows us to fully describe
from +1to+5uG. If we consider a filling factof = 0.1 (Herter the magnetic field in the Rosette and its parent moleculaictclo
etal. 1982 Kassim et al. 198f the values increase by a factorrhese data have fiierent resolutions; however, this is not a con-
of 3.2, varying betweer3 and+16.G. These results are in thecern since the model does not attempt to reproduce any fluctua

range of theB, values measured in thefflise ISM Crutcher tjons on the scale of the resolution of either of the obsdegb
2012. As will be discussed in the next section, the hypothesis

that the magnetic field is uniform throughout the Rosetteret

gion is not satisfied. The field is confined to the ionized hed .

thus its direction must vary across the nebula. We will asggs 9-2. lonized shell: RM

aspect by means of a 2D magnetic field model and compareigs RM of the modelled H region is computed using Eq.

predictions with the measurdgj values. (2). We consider a uniform nebula with constant electron den-
sity ne = 12.3cnT3, the mean value derived from the EM data

5. The magnetic field in the Rosette (Sect.4.2.a,_ and integrat<_B|| alo_ng the line-of-sight depth of t_he
Hu shell. Since the RM is derived solely from the line-of-sight

In this section we interpret the observations by compaitiegt component of the field, it does not dependggn

with the results from an analytical model of an ionized nabul \We derive theBy and 6§, values that best fit the RM data

that has expanded in a uniform and magnetized medium ah@ough ay2-minimization procedure taking into account the

formed a neutral shell of swept-up matter. The model is preerresponding uncertainties, as follows:

sented in Secb.1and further detailed in Appendi. We use it

to study the RM distribution across the nebula (Se@), as well V2= Z (RMmod — RMobg)? )
as to reproduce the mean polarization of the dust shell vbder o 0.2RM the :
by Planck (Sect.5.3). points X

The reduced/? is computed ag? = x?/Ngof, Where Nt =
Npoints — NparamsiS the number of degrees of freedom, thifeti
ence between the number of points and the number of parame-
The evolution of an expanding ionized nebula has been studiers in the fit. In the present cabiaams= 2, corresponding to
numerically, both in uniform and turbulent magnetized raedBy andé,. The results are shown in Fif. Figure5 (a) presents
(e.g.Krumholz et al. 2007Arthur et al. 2011 As the Hu region the best-fit RM curve as a function of the linear distance & th
expands, the surrounding ISM is swept up into a shell arooed tcentre of the nebuld, along with the 20 RM measurements dis-
central stars. In accordance with the frozen-in conditmag- cussed in Sec?.2.2 The blue line is the result of a fit to the
netic field lines are dragged with the expanding gas and eencsix RM data points within the outer radius of the Rosette neb-
trated in the dense shell. If the magnetic pressure is caabpear ula, ¢ < ri = 19 pc, and hereafter referred to as the reference
to the thermal pressure in thenHegion, magnetic forces leadfit. The best-fit parameters ai = 7uG andégy = 25°. The

to departures from sphericity. Furthermore, because tlepisw shape of the RM curve is set by the radii of ther Khell (thus

up magnetic flux increases from the magnetic poles (along the the expansion law used, Appendi), and the scaling of the
direction of the initial fieldBy) to the equator (90from Bg), curve depends on a combination of the two free parametees. Th
magnetic pressure in the swept-up shell tends to make thie sheodel is unable to reproduce the scatter in the RMs observed
thickness similarly increase from the poles to the equaifer. close to the boundary of theHregion, which could be due to

5.1. The magnetized Strémgren shell
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L ula. The curve shows the result of the reference fit, for which
Bo = 7uG, 6y = 25°, andBy, = 6.3uG, as indicated by the hor-
ol izontal dashed line. The three vertical lines delineateiriner
< and outer radii of the k region and the outer radius of the dust
5 [ shell:rf" = 7 pe; il = 19 pe; and 845t = 22 pe.
S a0
D L
[ They? contours as a function &, andd, for the two fits are
20 shown in Fig 5 (b). The highy? values (given in the caption) are
[ due both to the simplicity of the model and to the uncertasnitn
L the RM observations, which do not reflect their true radialara
0

tion across the Rosette, as they correspond to individueddi-
sight measurements. The contours illustrate the degenbeac
tween the strength and the orientation of the initial fieldtree

Fig. 5. Comparison between the RM observations and the pt@-the line of sight, as expected since RMB, = Bcosd (Eq.2).

dictions from the model. Panel (a) shows the RM data as a fuAts & conseguence, all thed, 6o) combinations that follow the

H 2 H .
tion of the distance to the centre of the Rosette. The two V?_mlmum)(r contour lead to approximately the saig value:

tical dashed lines show the inner and outer radii of the reebufP0l =~ 6#6 for th? reference fit anBor”] = 8quf;or thef_secc_)nd
H1 = 7 pc andrtl = 19 pe, respectively (Sect.2.9. The blue 1t Furthermore, for a given angte, the two diferent fits give

out —
curve shows the radial profile of the modelled RM for the bést fpo values that dfer b_y less _than about,wG_.
In the rest of this section, we consider only the reference

to the six RM measurements withifj! (filled circles), the ref- , ; ;
erence fit. The red curve is the result of fitting the higheat foit Obtained when using all of the six RM measurements (blue

RM data points. The open circles correspond to the RM obserg&!"ve in Fig.5). Figure6 shows the radial profile of the mean of
tions outside the Rosette, used to estimate the backgrobid RoJ» {Bj), measured along the line of sight. There is a significant

and are not included in the fit. Panel (b) presents the redycecdifference betwee(B,) in the Hu region and in the dust shell.
from both fits. The stars indicate the best fit parameBgrand We note that the exact shape of the curve is determined by the

6o, which correspond to the minimug? for each fit. The refer- @dopted expansion law (Fig..2), which characterizes the two
ence fit (blue) givesy = 7 4G anddy = 25° for 2 = 271 and distinct regimes in the evolution of the Rosette: the exjmamsf
Neor = 4. The second fit (red) giveBy = 244G anddo = 70 for the ionized gas, leading to a decreasB irelative toBy, and the

¥2 = 76 and Nes = 2. The contours are at 10 and 30 % aboveempression of the interstellar gas in the dust shell, apeomed
the corresponding minimum values . by a compression of the field lines, and hence an increaBe in

(see FigA.3). The mean value dB across the projected surface
of the ionized shell, which in 3D includes the central cavity
2.6uG. This is comparable to the mean of the six values derived
the possible clumpiness of the medium amdluctuations in the from the RM data listed in Tabla Therefore, the present model
magnetic field direction. Thesdfects are not accounted for inindicates that we can use the RM data to recover the ngan
our model, which also assumes that the expansion is perfedtl the Hir region, which is 62 % lower thaBg, in the molecular
spherical. We did not attempt to adjust the radii of the $thell, cloud.

or equivalently its expansion law. Instead, we perform aBsdc The RM observations are froffavage et al(2013, who

fit, excluding the two lowest RM data points, at~ 16 pc, to fitted a diferent analytical model to the data, as introduced in
assess the departures of the observations from the sird@ie Sect.2. The authors found a value 6§ = 72° for an assumed
sumptions of the present model. The result is shown by the rBgl = 4 uG, under the assumption that a strong adiabatic shock
curve in Fig.5 (a). The best-fit parameters ag = 24uG and produces an enhancement of the component of the field garalle
6o = 70, for x? = 76 with Nyot = 2, leading to a? that is about to the expansion front, relative to the ambient medium. ldi-ad
30 % lower than that obtained in the reference fit. tion, Savage et a(2013 applied the shock boundary conditions
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to the whole thickness of the shell, although these only fold ~ %6[ AR RS AR

the thin-shell approximation. The present magnetic field-so i 705 - ]
tion in Eq. (A.8) naturally explains the variations of the normal 0.4 ’6,0° -7 ]
and tangential components of the field relative to the expans - D03
front, throughout the nebula. 0.2f 405 -
This analysis defines the loci &, anddy values that best
fit the RM data towards the Rosette nebula (blue curve in Fi
5 (b)). For all of these solutions the resulting line-of-dijbld
componentin the ambient mediumBg, ~ 6 4G, which is at the
low end of the range of values reported Gyutcher(2012 for
molecular clouds of similar column density as Mon OB2 (aun [ N
3 x 10%2cm3, Planck Collaboration XI 2024 In the following i
section we show that the degeneracy betwBgandé, can be
alleviated by further comparing the predictions from ourdalo
with the Planck polarization observations towards the dust shell.

2
[N
T

" ook 0% I ]

<U>/ <l % 10

060 Lo v vy L A

<@/ <I > x 107

5.3. Neutral shell: dust polarized emission Fig. 7. Comparison between thelanck observations and the

We model the shell that surrounds therHiegion with con- model. The ratiogQ)/{I) and(U)/(I) derived from the polar-
stant intrinsic dust polarization fractigm, and with inner and ization data are given by the magenta point. The statistinél
outer radii ofr%UST = 19pc andgﬂft = 22 pc, respectively (see Systematic uncertainties are shown by the solid and dashed e
AppendixA). Since we will be comparing the ratios betweeRars, respectively. The dashed grey lines show the sokufam
the mean Stokes parameters, we do not specify the densitybor —5°, 0°, and 5, with 6, varying from 10 to 80°. The solid
temperature of the gas and work with normalized quantiliee. grey lines indicate how the ratios change wjt for a givendo
polarization fractiorp can be written ap = po sin? 6. We com- angle. The model results are calculated herepfor 4 %.
puteq = posSirf6cos() andu = posir’ 6sin(2y) (Eq. 1) at
every position in the 3D shell and integrate along the life-o  20[Tioe
sight direction to obtain the normalized Stokes parametgran
There are three variables involved in modelling the dust
polarization: the angledq, ¢o), which define the direction of
Bo with respect to the line of sight, and the intrinsic polariza 15
tion fraction pp. The Stokes parameters do not depend on the
strength of the magnetic field. The polarization fractiolre =
tion given above indicates thaty and 6 are degenerate. We 5
thus start by comparing the data with the model for a fixed 10
po value of 4%, which corresponds to the observed value in
the Mon OB2 cloud (Sect.2.7). Figure7 illustrates how the
predicted ratios between the mean values of the Stokes pa-
rameters,(Q)/(ly and(U)/{l), vary as a function of the ini- 5l
tial magnetic field directioné, ¢o). The observed ratios, cal- vy
culated using the values listed in the fifth column of Table . : :
1, are(Q)/(l) = (151 + 0.07 (sta) + 0.17 (sys)) x 102 and 0 5 <ol <13 x 100 15
(U)Y/(ly = (-0.06+ 0.06 (sta) +0.41 (sys)) x 1072. The system-
atic uncertainties correspond to théfdience in the ratios whenFig. 8. Variation of the modelledQ)/(l) ratio as a function of
derived with the dierent leakage correction maps (Se€ct..1). pg anddg, for ¢o = 0° (grey lines). The observe®) /(1) ratio is
The observedU)/(l) ratio constrains the sky projected orienshown by the vertical magenta line.
tation of the initial magnetic fieldpp ~ 0°, to within about 5.
This value is consistent with that measured towards the tRose
parent molecular cloud (Seet.2.1) and corresponds to a mag-the Mon OB2 cloud has a magnetic field structure distinct from
netic field parallel to the Galactic plane. Fixing this paeden that of the Perseus spiral arm; an azimuthal Galactic mekh fie
allows us to study how th&Q)/(l) ratio varies as a function of with a pitch angle of8° (Ferriere 201}, is expected to be ori-
the angle betweeB, and the line of sighth, and the intrinsic ented at about 60from the line of sight at the position of Mon
polarization fractionpp. This is shown in Fig8, for pp ranging OB2. Within the uniform density and polarization fractios- a
from 4 to 19.8 %, the maximum polarization fraction observesimption of this model, such values &f are only possible for
across the skyRlanck Collaboration Int. XIX 2014 The com- a significantly low intrinsic polarization fractiopy. However,
parison between the data and thfatient models gives an uppermwe cannot discard depolarizatioffexts from a turbulent field
limit on 6, of about 45 for po = 4 %. A lower limit of 6y ~ 20°, andor clumpy density distribution. While several observasibn
implying a field that is nearly along the line of sight, is dbtd  studies indicate that molecular clouds preserve the lacgée
for the maximum intrinsic polarization fractigm = 19.8 %. field orientation (sedi et al. 2014, Planck observations ques-
The comparison between the present model andPtaeck tion this general interpretation of almost no variationtef mag-
polarization observations leads to two main results. Ringtin- netic fields with interstellar structures. Modelling of tihest po-
ferred range ofly, combined with the results from the RM studylarization data fronPlanck allows us to study the 3D geometry
restricts the range of the magnetic field strength in the ®s'se of the magnetic field in a variety of environments. The arialys
parent molecular cloud tBy ~ 6.5-9uG. Second, we find that of the magnetic field structure in nearby interstellar filatsdy
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Planck Collaboration Int. XXXI11(2014) suggests that their evo- outer radius of the nebula. The RM modelling suggests afsigni

lution is coupled to the field, which is distinct from the fig@fl icantincrease in the line-of-sight magnetic field from the te-

the clouds in which they are embedded. This result agreés wiion to the dense shell, wheBg reaches nearly 4 timey,.

our findings on the Roseftdon OB2 complex. The combination of RM and dust polarization data in this
Finally, we can estimate the magnetic and thermal pregork is essential to constrain both the direction and thengfih

sures in the H and dust shells. We do not include the posspf the field in the Rosette region. The model presented here ca

ble contribution from a turbulent field at scales much small®e directly applied to other similar objects for which theper-

than the Rosette, whose quantification iidilt. In either case sion law can be derived.
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Planck Collaboration Int. XIX. 2014, A&A, submitted, arXh405.0871 boundaries. The value of*' can be obtained by noting that a
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Planck Collaboration Int. XXI. 2014, A&A, submitted, arX2405.0873 [P - dust
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Planck Collaboration Int. XXXII. 2014, A&A, submitted, ai%1409.6728 rg"s = roue = 22pc. The value ofg'"" can be inferred from the
Planck Collaboration Int. XXXIII. 2014, A&A, submitted, Xiv:1411.227 conservation of mass. In the initial state
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Quireza, C., Rood, R. T., Bania, T. M., Balser, D. S., & Macié J. 2006, ApJ, 37 ("o )Mo = M, (A1)

653, 1226
Roman-Zlfiga, C. G. & Lada, E. A. 2008, Star Formation lie Rosette i"ﬂ ((rgus 3_ (rgn 3) No = Mauss (A.2)

Complex, ed. B. Reipurth, 928 3
Santos, F. P., Franco, G. A. P., Roman-Lopes, A., Reis, W.o&&-Zufiga, . N . .

C. G. 2014, ApJ, 783, 1 P 9 where My is the mass inside the sphere with radlrglé‘ and
Santos, F. P, Roman-ILOpesy A& Frar?coy G. A. P. 2012, ApD, 138 Mgust iS the mass inside the shell with inner and outer reg‘jlﬁ
Savage, A. H., Spangler, S. R., & Fischer, P. D. 2013, ApJ, 485 dust - .

Schneider, N., Motte, F., Bontemps, S., et al. 2010, A&A,,3183 and o ™ resD_eCtlvely’ as_ shown in the_leﬁ panel of F‘gl'
Schneps, M. H., Ho, P. T. P., & Barrett, A. H. 1980, ApJ, 240, 84 From the previous equations we can write
Smith, M. G. 1973, ApJ, 182, 111 13
Staveley-Smith, L., Wilson, W. E., Bird, T. S., et al. 199@&bRcations of the Hi dust Mgust
Astronomical Society of Australia, 13, 243 o =To Mon +1 . (A.3)
II

Tauber, J. A., Mandolesi, N., Puget, J., et al. 2010, A&A, 520
Whiting, C. A., Spangler, S.R., Ingleby, L. D., & ffaer, L. M. 2009, ApJ, 694, \\je calculate the mass of ionized gas based on the size of the

1452 . :
Wi”iais J.P., de Geus, E. J., & Blitz, L. 1994, ApJ, 428, 693 nebula and on the mean electron density of 12.F¢merived
Xiao, L. & Zhu, M. 2012, A&A, 545, A86 from the radio data (Sect.2.2). Taking into account the con-
Ybarra, J. E., Lada, E. A., Roman-Zifiga, C. G., et al.20%pJ, 769, 140 tribution from ionized heliumCelnik 1985, we obtainMy;, =

1.2 x 10* M. For the mass of the dust shell we use the results
of Heyer et al (2006 (Sect.2), Mqust = 8.6 x 10°M,,. As a re-
sult, rg“ = 11 pc. With the three known radii in the initial state,

Appendix A: Magnetic field model (0, ri1, rdus), and their corresponding values in the present state,

In this appendix we present the derivation of the analyfical ("' Tout rogs), we can derive an expansion law as shown in
mula that describes the magnetic field structure in a spaieri€i9- A-2. With only three data points, we consider the simplest
shell, following the expansion of an ionized nebula in aanif description of the expansion by writingas a piecewise linear
medium with densityl, and magnetic fieldo. function c_)fro. This is in any case dlicient to describe the_ two
We start by deriving the expansion law, which will defin&'€ar regimes seen in Fig.2: the expansion of the kiregion
how the initial uniform magnetic field is modified. Once tharst (Sl0pe larger than 1) and the compression of the ISM withén th
cluster is formed, it ionizes the surrounding gas, whichobees outer shell (slope smaller than 1). The expansion law is éenc
overpressured and starts expanding at a velocity closeeto €Hven byr = aro + B, wherea = 1.09,5 = 7pc for the Hi re-
ionized gas sound speed. The expansion of the ionized gasdien (o < rp") anda = 0.27,5 = 16 pc for the dust shell
turn, creates a cavity and sweeps up the surrounding ISMainté6™ < ro < rg"s).
thin and dense shell. The resulting structure, as obsetvitta ~ Now consider a cartesian coordinate system veaxis
present time, is composed of a cavity of radifj§, surrounded along the line of sight and- andy-axes in the plane of the sky,

by a thick shell of ionized gas extending frmﬂn to rHu jt- along the trace of the Galactic plane and along the rotatie) a

out . T . . - L
self surrounded by a thin dust shell extending frqj’"’h;t to rgﬂf‘ :ﬁggg?;?&i;?i(')rg:ﬁlilnir:gggg magnetic field can be vt in

(see FigA.1). For the Rosette!" = 7 pc andrii! = 19pc, as
derived from the radial distribution of the radio emissi@e¢t. Bo = Boxex + Boy & + Bo; €&, (A.4)
4.2.2); rdust= 18 pc and Ut = 22 pc, measured from tt&lanck with

353 GHz latitude cut th?l(J)tugh the centre of the shell (Séd).

Thus, the inner radius of the dust shell is slightly smallert Box = Bo Sinfy cosgo
the outer radius of the Hregion. This is not surprising, as the

Rosette is an ionization bounded Stromgren sphere andhbus
two shells are expected to overlap at the boundary, where the Boz = Bo COSto, (A.5)

Boy = Bg sinHO sin¢0
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The present-day radij;” rHi andrdustcorrespond to initial radii(},g'”,andrd“SE respectively.

0

We create a 3D cartesian grid of £8% 5929741 voxels,
each equivalent to 0.25pc’@at the distance of the Rosette),
with the bubble-shell structure located at the origin. Téwotu-
tion of the model is finer than that of the observations, wich
needed to have the required sampling to compute the ingegral
along the line of sight. We use Ecp.8) along with the expan-
sion law of Fig.A.2 to calculate the magnetic field strength in
every pixel of the grid. Figuré.3 shows how the field strength
in the shell B, varies relative to the initial field strengtBy. The
map corresponds to a vertical cut through the centre of thk sh
for an initial field with @, ¢o) = (90°, 0°), therefore on the plane
of the sky and along the Galactic plane. Figé«& illustrates
that the largest compression of the field lines occurs tosvirel
equator of the shell, or in the direction perpendicular ®itfi-
tial field Bg, where the ratid3/By is seen to increase from the

Fig.A.2. Radial expansion law derived from the three knowREN(re to the outer radius of the dust shell. The change in ex-

radii in the initial,ro, and finalr, states (red filled circles). The
black curve is described by a piecewise linear function ef tH

formr = arg + B, with @ = 1.09,8 = 7pc forro < ri!™ and
a=027,5=16pc forrf" <ro < rdust

pansion law at the boundary between the Bind dust shells,

= 19pc, results in a discontinuity in the tangential companen
of the magnetic field. On the other hand, close to the poles of
the shell, or alon@y, the field lines are little disturbed, with the
ratio B/Bg continuously increasing from the centreBpBg = 1

at the boundary of the dust shell. Owing to the axial symmetry

whered, andgyo are the polar and azimuthal angles, respectivef the magnetic field model, the map of Figg.3 is reproduced

i.e. p is the angle betweeB, and the line of sight, whil&g

gives the plane-of-the-sky direction &, with respect to the

Galactic planedo = 0° for By parallel to the Galactic plane).
The vector potential associated whl is

(A.6)
which satisfies the conditioBg = V x Ag. We use the frozen-in

Ao = Boyzey + B xey + Boyy €,

approximation and assume that the magnetic field evolves fros

the initially uniform configuration following the radial pan-
sion of the gas. The vector potential in the final state isrylwe

(see equations 4 to 10 Parker 197D
A(r) = (Vro) - Ao(ro), (A7)
and the resulting magnetic field works out to be
ro\2 rodr
B(r) = (70) B+ *(Bue+Bua)  (Af)

The previous equation, written in spherical coordinatkEsrty
shows the change in both the normal (radial) and tangemta} c
ponents of the magnetic field, relative to the expansiontfron

14

in every plane about the direction of the initial fieig.
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