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«  Introduction
Why are massive star forming regions (SFRs) interesting and why do   
we want to understand their magnetic field structure?

«  Model
An analytical solution of the magnetic field in a spherical bubble-shell 
structure

«  Observations 
Rosette Nebula: radio rotation measures and sub-millimetre polarization 
data from Planck      
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How can we improve the current picture?
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Introduction

Massive stars are the main sources of turbulent energy injection in the ISM:

«  Powerful stellar winds
«  HII regions
«  Supernovae 

The surrounding ISM is swept up into
a dense shell à interstellar bubble

What are the effects of massive star 
formation and feedback on    ?

Simulation by Arthur et al. (2011)
Blue [OIII], green [Hα], red [NII]	
  

Studies of     in massive SFRs:
•  high resolution dust polarization in emission and extinction restricted to small regions of 

the sky (e.g., Zeng 2013, Santos et al. 2014)
•  RM observations (e.g. Harvey-Smith et al. 2011, Savage et al. 2013)
•  analytical and numerical (e.g., Ferrière et al. 1991, Krumholz et al. 2007, Arthur et al. 2011)
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Introduction!

Massive stars are the main sources of turbulent energy injection in the 
interstellar medium (ISM):!
!
!  Powerful stellar winds!
!  HII (ionized) regions!
!  Supernovae !
!
The surrounding ISM is swept up into!
a dense shell " interstellar bubble!
!
!
!
!

"#!$#!%#!&'()*!+!,-"$!./01!

What are the effects of massive star 
formation and feedback on the 
structure of the magnetic field?!

MHD Simulations of Expanding HII Regions 299

Figure 2. Simulated optical (top) and long-wavelength (bottom) emission maps for the expan-
sion of an HII region due to an O star for MHD (left) and pure hydrodynamic (right) cases after
310,000 yrs of evolution. Electronic verion only: Colors for the optical emission are: blue—[OIII],
green—Hα, red—[NII]. Colors for the long-wavelength emission are: blue—6 cm radio free-free,
green—generic PAH emission, red—cold neutral gas column density.

density of ⟨n⟩ = 1000 cm−3 , a neutral gas temperature of 5 K, and a mean magnetic
field strength of ⟨B⟩ = 14.5µG and r.m.s. magnetic field Brms = 24.6µG.

For these simulations we use ionizing sources corresponding both to a B-star (QH =
1046.5 s−1) and to an O-star (QH = 1048.5 s−1). For the O-star, we do not expect the
magnetic field to become important compared to the thermal pressure of the expanding
HII region in a global sense within the time it takes for the HII region to expand beyond
the confines of the box. Indeed, this is the case, as seen in Figure 2, which shows the op-
tical and long-wavelength emission maps of both MHD and pure hydro simulations after
310,000 yrs. However, locally there are differences between the amount of fragmentation
into globules seen in the pure hydro case and the MHD case. Neutral globules are overrun
by the ionization front, protruding into the photoionized region until they are swept away
by radiation-driven implosion and the rocket effect. In general, the pure hydro case has
more fragmentation, since there is no support for the globules from magnetic pressure.

For the B-star simulations, the mean initial conditions suggest that it is possible that
the magnetic field could have an effect on the global properties of the HII region, within
the time and spatial scales of the simulation. After 106 years of evolution, there are a
few indications that the magnetic field is having a large-scale effect on the HII region

Simulation by Arthur et al. (2011)!
Blue [OIII], green [Hα], red [NII]!

Studies of B structure in massive star forming regions:!
•  using high resolution dust polarization in emission and extinction restricted to small 

regions of the sky (e.g., Zeng 2013, Santos et al. 2014)!
•  analytical and numerical (e.g., Ferrière et al. 1991, Krumholz et al. 2007, Arthur et al. 2011)!
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Introduction

RMs à     in the ionized nebula

Dust polarized emission à     in the 
dense medium (atomic and molecular) 

We develop an analytical description of the magnetic field in a spherical bubble-shell 
structure and use it to reproduce the sub-mm and radio observations consistently 

The Rosette nebula and its parent molecular cloud:
IRAS 12μm (red), Planck 353 GHz (green), SHASSA Hα (blue) 	
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Introduction!
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Combine Planck polarization data with radio 
rotation measure observations to study the 
magnetic field structure in the nebula!

We develop an analytical description of the magnetic field in a spherical bubble-shell 
structure and use it to reproduce the sub-mm and radio observations consistently !

Planck provides the first all-sky map of dust 
polarized emission, which we can use to 
study the magnetic field as traced by 
interstellar matter (F. Levrierʼs talk)!

The Rosette nebula and its parent molecular cloud:!
IRAS 12μm (red), Planck 353 GHz (green), SHASSA Hα (blue) !

1.1 3.6 6.2 8.8 11 14 17 19 22 24 27
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Model: The magnetized Strömgren shell

•  Massive stars ionize the surrounding gas up to the 
Strömgren radius: HII region

•  The ionized gas starts expanding in response to an 
increase in pressure 

•  This expansion sweeps up the surrounding ISM into 
a shell, formed around the HII region

•  Frozen-in condition: the magnetic field lines are 
dragged with the expanding gas

The change in the initial magnetic 
field structure is due to a change 
in the distribution of matter

HII region 	
  

Dust shell 	
  

Cavity  	
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•  Radial expansion of the gas: 
- uniform and spherical structure 
- using conservation of mass

rfinal = f (rinitial )

•  Frozen-in condition:
- start from a uniform      
- field lines follow the gas (Parker 1970)
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Model: The magnetized Strömgren shell

rinner
HII

router
HII = rinner

dust

router
dust
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Model: Magnetic field compression? 

The expansion law defines where the magnetic field is 
compressed and where the field lines are pulled apart

z
x

y

θ0

φ0

Slice through the centre of the shell, 
in the plane of the sky (     plane)xy

•  Axial symmetry

•  The field is most compressed 

•  Along      ,             at the outer surface
and    decreases inwards

B
→

0

B = B0

B / B0

B
→

0 = B0 ex
→

θ0 = 90
!

φ0 = 0
!

ΔrHII = 0.6router
HII

Δrdust = 0.1router
dust
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Planck Collaboration: The magnetic field structure in the Rosette Nebula

r0
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dust
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dust
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Fig.A.1. Sketch of the adopted spherical configuration. Left: the initial state, with uniform density and magnetic field; there are no
separate ionized and dust shells. Right: present-day state with a cavity inside rH ii

in , an ionized shell between r
H ii

in and rH ii

out , and a dust
shell between rdustin = r

H ii

out and rdustout . The present-day radii rH ii

in , r
H ii

out , and rdustout correspond to initial radii 0, rH ii

0 , and rdust0 , respectively.
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Fig.A.2. Radial expansion law derived from the three known
radii in the initial, r0, and final, r, states (red filled circles). The
black curve is described by a piecewise linear function of the
form r = αr0 + β, with α = 1.09, β = 7 pc for r0 < rH ii

0 and
α = 0.27, β = 16pc for rH ii

0 ≤ r0 ≤ rdust0 .

The previous equation, written in spherical coordinates, clearly
shows the change in both the normal (radial) and tangential com-
ponents of the magnetic field, relative to the expansion front.

We create a 3-dimensional cartesian grid of 1813 = 5929741
voxels, each equivalent to 0.25 pc (0.′5 at the distance of the
Rosette), with the bubble-shell structure located at the origin.
The resolution of the model is finer than that of the observa-
tions, which is needed to have the required sampling to compute
the integrals along the line of sight. We use Eq. (A.8) along with
the expansion law of Fig. A.2 to calculate the magnetic field
strength in every pixel of the grid. Figure A.3 shows how the
field strength in the shell, B, varies relative to the initial field
strength, B0. The map corresponds to a vertical cut through the
centre of the shell for an initial field with (θ0, φ0) = (90◦, 0◦),
therefore on the plane of the sky and along the Galactic plane.
Figure A.3 illustrates that the largest compression of the field
lines occurs towards the equator of the shell, or in the direc-
tion perpendicular to the initial field B0, where the ratio B/B0 is
seen to increase from the centre to the outer radius of the dust
shell. The change in expansion law at the boundary between the
H ii and dust shells, r = 19 pc, results in a discontinuity in the
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Fig.A.3. Ratio of the field strength B/B0 for a vertical slice
through the centre of the bubble-shell structure (xy plane). The
initial field B0 is on the plane of the sky (θ0 = 90◦) and along
x (φ0 = 0◦). The three black circles delineate the radii of the
Rosette H ii and dust shells: rH ii

in = 7 pc; r
H ii

out = rdustin = 19 pc; and
rdustout = 22 pc.

tangential component of the magnetic field. On the other hand,
close to the poles of the shell, or along B0, the field lines are lit-
tle disturbed, with the ratio B/B0 continuously increasing from
the centre to B/B0 = 1 at the boundary of the dust shell. Owing
to the axial symmetry of the magnetic field model, the map of
Fig. A.3 is reproduced in every plane about the direction of the
initial field B0.

1 APC, AstroParticule et Cosmologie, Université Paris Diderot,
CNRS/IN2P3, CEA/lrfu, Observatoire de Paris, Sorbonne Paris
Cité, 10, rue Alice Domon et Léonie Duquet, 75205 Paris Cedex
13, France

2 African Institute for Mathematical Sciences, 6-8 Melrose Road,
Muizenberg, Cape Town, South Africa
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Model: reproducing the observables 

Rotation measures: RM = 0.81 ne
cm−3
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Planck Collaboration: The magnetic field structure in the Rosette Nebula
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Fig. 5. Comparison between the RM observations and the pre-
dictions from the model. Panel (a) shows the RM data as a func-
tion of the distance to the centre of the Rosette. The two ver-
tical dashed lines show the inner and outer radii of the nebula,
rH ii

in = 7 pc and r
H ii

out = 19 pc, respectively (Sect. 4.2.2). The blue
curve shows the radial profile of the modelled RM for the best fit
to the six RM measurements within rH ii

out (filled circles), the “ref-
erence fit”. The red curve is the result of fitting the highest four
RM data points. The open circles correspond to the RM observa-
tions outside the Rosette, used to estimate the background RM,
and are not included in the fit. Panel (b) presents the reduced χ2
from both fits. The stars indicate the best fit parameters B0 and
θ0, which correspond to the minimum χ2r for each fit. The refer-
ence fit (blue) yields B0 = 7 µG and θ0 = 25◦ for χ2 = 271 and
Ndof = 4. The second fit (red) gives B0 = 24 µG and θ0 = 70◦
for χ2 = 76 and Ndof = 2. The contours are at 10 and 30%
above the corresponding minimum values of χ2r .

relative to the line of sight, as expected since RM ∝ B|| = B cos θ
(Eq. 2). As a consequence, all the (B0, θ0) combinations that fol-
low the minimum χ2r contour lead to approximately the same
B0|| value: B0|| ≃ 6 µG for the reference fit and B0|| ≃ 8 µG for
the second fit. Further, for a given angle θ0, the two different fits
yield B0 values that differ by less than about 4 µG.

In the rest of this section, we consider only the reference
fit obtained when using all of the six RM measurements (blue
curve in Fig. 5). Figure 6 shows the radial profile of the mean of
B||, ⟨B||⟩, measured along the line of sight. There is a significant
difference between ⟨B||⟩ in the H ii region and in the dust shell.

0 5 10 15 20 25
 ξ [parsecs]

0
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10
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20

25

<B
||>

 [µ
G

]

Cavity HII shell Dust
shell

Ambient
medium

Fig. 6. Average of the line-of-sight component of the magnetic
field as a function of the linear distance to the centre of the neb-
ula. The curve shows the result of the reference fit, for which
B0 = 7 µG, θ0 = 25◦, and B0|| = 6.3 µG, as indicated by the hor-
izontal dashed line. The three vertical lines delineate the inner
and outer radii of the H ii region and the outer radius of the dust
shell: rH ii

in = 7 pc; r
H ii

out = 19 pc; and rdustout = 22 pc.

We note that the exact shape of the curve is determined by the
adopted expansion law (Fig. A.2), which characterizes the two
distinct regimes in the evolution of the Rosette: the expansion of
the ionized gas, leading to a decrease of B relative to B0, and the
compression of the interstellar gas in the dust shell, accompa-
nied by a compression of the field lines, and hence an increase
of B (see Fig. A.3). The mean value of B|| across the projected
surface of the ionized shell, which in 3D includes the central
cavity, is 2.6µG. This is comparable to the mean of the six val-
ues derived from the RM data listed in Table 2. Therefore, the
present model indicates that we can use the RM data to re-
cover the mean of B|| in the H ii region, which is 62% lower
than B0|| in the molecular cloud.

The RM observations are from Savage et al. (2013), who
fitted a different analytical model to the data, as introduced in
Sect. 2. The authors found a value of θ0 = 72◦ for an assumed
B0 = 4 µG, under the assumption that a strong adiabatic shock
produces an enhancement of the component of the field parallel
to the expansion front, relative to the ambient medium. In addi-
tion, Savage et al. (2013) applied the shock boundary conditions
to the whole thickness of the shell, although these only hold in
the thin-shell approximation. The present magnetic field solu-
tion in Eq. (A.8) naturally explains the variations of the normal
and tangential components of the field relative to the expansion
front, throughout the nebula.

This analysis defines the loci of B0 and θ0 values that best
fit the RM data towards the Rosette nebula (blue curve in Fig. 5
(b)). For all of these solutions the resulting line-of-sight field
component in the ambient medium is B0|| ≃ 6 µG, which is
at the lower end of the range of values reported by Crutcher
(2012) formolecular clouds of similar column density asMon
OB2 (around 3 × 1022 cm−3, Planck Collaboration XI 2014).
Measurements of the line-of-sight field strength in the Mon
OB2 cloud, towards one position (l, b) = (207.◦26,−1.◦81),
have been obtained by Troland & Crutcher (2008) through
OH Zeeman observations. However, the two measured val-
ues, from the two OH mainline transitions, are highly uncer-
tain: −7.9± 10.9µG and 10.8± 23µG. In the following section
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Model: reproducing the observables 
Stokes parameters of dust polarized emission (I, Q, U): 
We assume a uniform medium (    and    ) and constant intrinsic dust polarization fraction      

q =Q / I = p0 sin
2θ cos(2φ)
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u =U / I = p0 sin
2θ sin(2φ)
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Case study: Rosette Nebula

Planck I 353 GHz	
  

RoseDe	
  HII	
  region	
  is	
  powered	
  by	
  the	
  OB	
  cluster	
  NGC2244,	
  formed	
  in	
  the	
  Mon	
  OB2	
  cloud	
  at	
  	
  
	
  
•  The	
  HII	
  region	
  is	
  close	
  to	
  a	
  spherical	
  shell	
  with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  
•  The	
  dust	
  shell	
  is	
  seen	
  in	
  the	
  Planck	
  map	
  with	
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Fig. 1. The Rosette nebula, its molecular cloud Mon OB2, and their surrounding medium as seen by Planck at 353GHz. The dotted
lines give the approximate outer radii of the Rosette H ii region and the Mon Loop supernova remnant (Sect. 2). The northern
Monoceros cloud Mon OB1 is above the Galactic plane; part of the dust ring of λ Ori is visible at the bottom right corner of the
map; the northern end of Orion B is seen at (l, b) = (204◦,−12◦) (Dame et al. 2001).

long axes, thus giving rise to an electric vector perpendicular1
to the magnetic field. On the other hand, dust grains polarize2
the light from background stars and since extinction is higher3
along their longest axes, the transmitted electric vector is paral-4
lel to the magnetic field in the plane of the sky (seeMartin 2007).5
Observations of dust emission or absorption allow us to retrieve6
the plane-of-the-sky orientation of the magnetic field that per-7
vades interstellar matter. Results from high resolution studies8
of H ii regions have revealed regions of well ordered magnetic9
field along the edges of the nebulae and magnetic field strengths10
of tens to hundreds of µG. Santos et al. (2014) studied the star11
forming region Sh2-29 in optical and near-infrared polarimetry12
and derived a field strength of ∼ 400µG. The authors used the13
Chandrasekhar-Fermi method (Chandrasekhar & Fermi 1953),14
which relates the dispersion in magnetic field orientation with15
turbulent motions of the gas, under the assumption of equipar-16
tition between magnetic and turbulent/thermal pressures. Such17
high values of the field strength reflect the ordered structure of18
the magnetic field at sub parsec scales, compressed by the ex-19
panding H ii region. The aforementioned dust polarization ob-20
servations, both in emission and extinction, of ionized nebulae21
have covered small regions around the objects, generally tens22
of arcminutes. Planck data allow us to study the magnetic fields23
probed by polarized dust emission towards large H ii regions em-24
bedded in their parent molecular clouds as well as the diffuse25
medium surrounding them.26

Measurements of the magnetic fields towards H ii regions27
are also performed through Faraday rotation of linearly po-28
larized background sources, both extragalactic and Galactic29
(Heiles & Chu 1980). The plasma in the H ii regions rotates the30
plane of polarization of the background radio wave by an angle31
that is proportional to the square of the observing wavelength.32
The quantity derived from Faraday rotation observations, the ro-33
tation measure (RM), is directly related to the line-of-sight com-34

ponent of the magnetic field B|| weighted by the electron den- 35
sity of the ionized gas. Harvey-Smith et al. (2011) studied the 36
line-of-sight magnetic field towards five large diameter Galactic 37
H ii regions, tens of parsecs wide, using RM combined with 38
Hα data to estimate the electron density. They found B|| values 39
of 2–6µG, consistent with those measured in the diffuse ISM 40
through Zeeman splitting observations (Heiles & Crutcher 2005; 41
Crutcher et al. 2010; Crutcher 2012). This indicates that the RM 42
enhancement observed towards H ii regions may be the conse- 43
quence of a local increase of the electron density. A similar study 44
performed on the Rosette nebula by Savage et al. (2013) at- 45
tributes the high values of RM to an increase in the field strength, 46
as will be discussed in Sect. 2. 47

The goal of this work is to study the structure of the mag- 48
netic field in and around an ionized bubble created by young 49
stars. We chose the Rosette nebula, adjacent to the Monoceros 50
(Mon) OB2 cloud, for its close to spherical shape and for its rel- 51
atively large size on the sky, 1.◦4, relative to the Planck 353GHz 52
beam of 4.′8. This paper is organized as follows: we start by de- 53
scribing the Rosette nebula and its main features relevant for our 54
study in Sect. 2. In Sect. 3 we introduce the Planck and ancillary 55
data used in this study, which are then analyzed and discussed 56
in Sect. 4. The interpretation of the radio and sub-millimetre po- 57
larization observations is presented in Sect. 5, in light of a two- 58
dimensional analytical model of the magnetic field in a spherical 59
bubble-shell structure. The main results are summarized in Sect. 60
6. The detailed derivation of our magnetic field model is given 61
in Appendix A. 62

2. The Rosette nebula and the Mon OB2 molecular 63
cloud 64

The Rosette bubble is located near the anti-centre of the 65
Galactic disk, centred on (l, b) = (206.◦3,−2.◦1), and is part 66

2

Introduction!

"#!$#!%#!&'()*!+!,-"$!./01!

Combine Planck polarization data with radio 
rotation measure observations to study the 
magnetic field structure in the nebula!

We develop an analytical description of the magnetic field in a spherical bubble-shell 
structure and use it to reproduce the sub-mm and radio observations consistently !

Planck provides the first all-sky map of dust 
polarized emission, which we can use to 
study the magnetic field as traced by 
interstellar matter (F. Levrierʼs talk)!

The Rosette nebula and its parent molecular cloud:!
IRAS 12μm (red), Planck 353 GHz (green), SHASSA Hα (blue) !

1.1 3.6 6.2 8.8 11 14 17 19 22 24 27

Planck Collaboration: The magnetic field structure in the Rosette nebula

215 210 205 200
l [degree]

-10

-5

0

5

b
 [d

eg
re

e]

0

5

10

MJy sr-1

Mon OB2

Rosette

λ Ori

Mon OB1
Mon Loop

Fig. 1. The Rosette nebula, its molecular cloud Mon OB2, and their surrounding medium as seen by Planck at 353GHz. The dotted
lines give the approximate outer radii of the Rosette H ii region and the Mon Loop supernova remnant (Sect. 2). The northern
Monoceros cloud Mon OB1 is above the Galactic plane; part of the dust ring of λ Ori is visible at the bottom right corner of the
map; the northern end of Orion B is seen at (l, b) = (204◦,−12◦) (Dame et al. 2001).

long axes, thus giving rise to an electric vector perpendicular1
to the magnetic field. On the other hand, dust grains polarize2
the light from background stars and since extinction is higher3
along their longest axes, the transmitted electric vector is paral-4
lel to the magnetic field in the plane of the sky (seeMartin 2007).5
Observations of dust emission or absorption allow us to retrieve6
the plane-of-the-sky orientation of the magnetic field that per-7
vades interstellar matter. Results from high resolution studies8
of H ii regions have revealed regions of well ordered magnetic9
field along the edges of the nebulae and magnetic field strengths10
of tens to hundreds of µG. Santos et al. (2014) studied the star11
forming region Sh2-29 in optical and near-infrared polarimetry12
and derived a field strength of ∼ 400µG. The authors used the13
Chandrasekhar-Fermi method (Chandrasekhar & Fermi 1953),14
which relates the dispersion in magnetic field orientation with15
turbulent motions of the gas, under the assumption of equipar-16
tition between magnetic and turbulent/thermal pressures. Such17
high values of the field strength reflect the ordered structure of18
the magnetic field at sub parsec scales, compressed by the ex-19
panding H ii region. The aforementioned dust polarization ob-20
servations, both in emission and extinction, of ionized nebulae21
have covered small regions around the objects, generally tens22
of arcminutes. Planck data allow us to study the magnetic fields23
probed by polarized dust emission towards large H ii regions em-24
bedded in their parent molecular clouds as well as the diffuse25
medium surrounding them.26

Measurements of the magnetic fields towards H ii regions27
are also performed through Faraday rotation of linearly po-28
larized background sources, both extragalactic and Galactic29
(Heiles & Chu 1980). The plasma in the H ii regions rotates the30
plane of polarization of the background radio wave by an angle31
that is proportional to the square of the observing wavelength.32
The quantity derived from Faraday rotation observations, the ro-33
tation measure (RM), is directly related to the line-of-sight com-34

ponent of the magnetic field B|| weighted by the electron den- 35
sity of the ionized gas. Harvey-Smith et al. (2011) studied the 36
line-of-sight magnetic field towards five large diameter Galactic 37
H ii regions, tens of parsecs wide, using RM combined with 38
Hα data to estimate the electron density. They found B|| values 39
of 2–6µG, consistent with those measured in the diffuse ISM 40
through Zeeman splitting observations (Heiles & Crutcher 2005; 41
Crutcher et al. 2010; Crutcher 2012). This indicates that the RM 42
enhancement observed towards H ii regions may be the conse- 43
quence of a local increase of the electron density. A similar study 44
performed on the Rosette nebula by Savage et al. (2013) at- 45
tributes the high values of RM to an increase in the field strength, 46
as will be discussed in Sect. 2. 47

The goal of this work is to study the structure of the mag- 48
netic field in and around an ionized bubble created by young 49
stars. We chose the Rosette nebula, adjacent to the Monoceros 50
(Mon) OB2 cloud, for its close to spherical shape and for its rel- 51
atively large size on the sky, 1.◦4, relative to the Planck 353GHz 52
beam of 4.′8. This paper is organized as follows: we start by de- 53
scribing the Rosette nebula and its main features relevant for our 54
study in Sect. 2. In Sect. 3 we introduce the Planck and ancillary 55
data used in this study, which are then analyzed and discussed 56
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Observations: Planck Stokes parameters at 353 GHz
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we show that the degeneracy between B0 and θ0 can be allevi-
ated by further comparing the predictions from our model with
the Planck polarization observations towards the dust shell.

5.3. Neutral shell: dust polarized emission

We model the shell that surrounds the H ii region with con-
stant intrinsic dust polarization fraction p0 and with inner and
outer radii of rdustin = 19 pc and rdustout = 22 pc, respectively (see
Appendix A). Since we will be comparing the ratios between
the mean Stokes parameters, we do not specify the density or
temperature of the gas and work with normalized quantities. The
polarization fraction p can be written as p = p0 sin2 θ. We com-
pute q = p0 sin2 θ cos(2ψ) and u = p0 sin2 θ sin(2ψ) (Eq. 1) at
every position in the 3-dimensional shell and integrate along the
line-of-sight direction to obtain the normalized Stokes parameter
maps.

There are three variables involved in modelling the dust po-
larization: the angles (θ0, φ0), which define the direction of B0
with respect to the line of sight, and the intrinsic polarization
fraction p0. The Stokes parameters do not depend on the strength
of the magnetic field. The polarization fraction relation given
above indicates that p0 and θ are degenerate. We thus start by
comparing the data with the model for a fixed p0 value of 4%,
which corresponds to the observed value in the Mon OB2 cloud
(Sect. 4.2.1). Figure 7 illustrates how the predicted ratios be-
tween the mean values of the Stokes parameters, ⟨Q⟩/⟨I⟩ and
⟨U⟩/⟨I⟩, vary as a function of the initial magnetic field direc-
tion (θ0, φ0). The observed ratios are calculated using the values
listed in the fifth column of Table 1, and correspond to ⟨Q⟩/⟨I⟩ =
(1.51 ± 0.07) × 10−2 and ⟨U⟩/⟨I⟩ = (−0.06 ± 0.06) × 10−2. The
observed ⟨U⟩/⟨I⟩ ratio constrains the sky projected orientation
of the initial magnetic field, φ0 ≃ 0◦. This value is consistent
with that measured towards the Rosette’s parent molecular cloud
(Sect. 4.2.1) and corresponds to a magnetic field parallel to the
Galactic plane. Fixing this parameter allows us to study how the
⟨Q⟩/⟨I⟩ ratio varies as a function of the angle between B0 and
the line of sight θ0, and the intrinsic polarization fraction p0.
This is shown in Fig. 8, for p0 ranging from 4 to 19.8%, the
maximum polarization fraction observed across the sky (Planck
Collaboration Int. XIX 2014). The comparison between the data
and the different models yields an upper limit on θ0 of about 45◦
for p0 = 4%. A lower limit of θ0 ≃ 20◦, implying a field that
is nearly along the line of sight, is obtained for the maximum
intrinsic polarization fraction p0 = 19.8%.

The comparison between the present model and the Planck
polarization observations leads to two main results. First, the
inferred range of θ0, combined with the results from the RM
study, restricts the range of the magnetic field strength in
the Rosette’s parent molecular cloud to B0 ≃ 6.5 – 9 µG.
Second, we find that the Mon OB2 cloud has a magnetic field
structure distinct from that of the Perseus spiral arm; an az-
imuthal Galactic mean field with a pitch angle of −8◦ (Ferrière
2011), is expected to be oriented at about 60◦ from the line of
sight at the position of Mon OB2. Within the uniform density
and polarization fraction assumption of this model, such values
of θ0 are only possible for a significantly low intrinsic polar-
ization fraction p0. However, we cannot discard depolarization
effects from a turbulent field and/or clumpy density distribu-
tion. While several observational studies indicate that molecu-
lar clouds preserve the large-scale field orientation (see Li et al.
2014), Planck observations question this general interpretation
of almost no variation of the magnetic fields with interstellar
structures. Modelling of the dust polarization data from Planck
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Fig. 7. Comparison between the Planck observations and the
model. The ratios ⟨Q⟩/⟨I⟩ and ⟨U⟩/⟨I⟩ derived from the polar-
ization data, with the corresponding error bars, are given by the
magenta point. The dashed grey lines show the solutions for
φ0 = −5◦, 0◦, and 5◦, with θ0 varying from 10◦ to 80◦. The solid
grey lines indicate how the ratios change with φ0, for a given θ0
angle. The model results are calculated here for p0 = 4%.
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shown by the vertical magenta line.

allows us to study the 3-dimensional geometry of the magnetic
field in a variety of environments. The analysis of the mag-
netic field structure in nearby interstellar filaments by Planck
Collaboration Int. XXXIII (2014) suggests that their evolution is
coupled to the field, which is distinct from the field of the clouds
in which they are embedded. This result agrees with our findings
on the Rosette/Mon OB2 complex.

Finally, we can estimate the magnetic and thermal pres-
sures in the H ii and dust shells. For an initial field strength
B0 = 9 µG, which corresponds to θ0 = 45◦, the modelled
magnetic field has a mean value BH ii = 3.2µG within the
ionized nebula and Bdust = 21.4µG in the dust shell. The
thermal pressure in the H ii region is PH ii

th ≃ 2nekTe =
2.9 × 10−11 erg cm−3, where k is the Boltzman constant, ne =
12.3 cm−3, and Te = 8500K (Sects. 2 and 4.2.2). The mag-
netic pressure, PH ii

mag = (BH ii)2/(8π) = 0.4 × 10−12 erg cm−3,
is therefore smaller than the thermal pressure in the H ii re-
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ated by further comparing the predictions from our model with
the Planck polarization observations towards the dust shell.
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We model the shell that surrounds the H ii region with con-
stant intrinsic dust polarization fraction p0 and with inner and
outer radii of rdustin = 19 pc and rdustout = 22 pc, respectively (see
Appendix A). Since we will be comparing the ratios between
the mean Stokes parameters, we do not specify the density or
temperature of the gas and work with normalized quantities. The
polarization fraction p can be written as p = p0 sin2 θ. We com-
pute q = p0 sin2 θ cos(2ψ) and u = p0 sin2 θ sin(2ψ) (Eq. 1) at
every position in the 3-dimensional shell and integrate along the
line-of-sight direction to obtain the normalized Stokes parameter
maps.

There are three variables involved in modelling the dust po-
larization: the angles (θ0, φ0), which define the direction of B0
with respect to the line of sight, and the intrinsic polarization
fraction p0. The Stokes parameters do not depend on the strength
of the magnetic field. The polarization fraction relation given
above indicates that p0 and θ are degenerate. We thus start by
comparing the data with the model for a fixed p0 value of 4%,
which corresponds to the observed value in the Mon OB2 cloud
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This is shown in Fig. 8, for p0 ranging from 4 to 19.8%, the
maximum polarization fraction observed across the sky (Planck
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for p0 = 4%. A lower limit of θ0 ≃ 20◦, implying a field that
is nearly along the line of sight, is obtained for the maximum
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The comparison between the present model and the Planck
polarization observations leads to two main results. First, the
inferred range of θ0, combined with the results from the RM
study, restricts the range of the magnetic field strength in
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Second, we find that the Mon OB2 cloud has a magnetic field
structure distinct from that of the Perseus spiral arm; an az-
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2011), is expected to be oriented at about 60◦ from the line of
sight at the position of Mon OB2. Within the uniform density
and polarization fraction assumption of this model, such values
of θ0 are only possible for a significantly low intrinsic polar-
ization fraction p0. However, we cannot discard depolarization
effects from a turbulent field and/or clumpy density distribu-
tion. While several observational studies indicate that molecu-
lar clouds preserve the large-scale field orientation (see Li et al.
2014), Planck observations question this general interpretation
of almost no variation of the magnetic fields with interstellar
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allows us to study the 3-dimensional geometry of the magnetic
field in a variety of environments. The analysis of the mag-
netic field structure in nearby interstellar filaments by Planck
Collaboration Int. XXXIII (2014) suggests that their evolution is
coupled to the field, which is distinct from the field of the clouds
in which they are embedded. This result agrees with our findings
on the Rosette/Mon OB2 complex.

Finally, we can estimate the magnetic and thermal pres-
sures in the H ii and dust shells. For an initial field strength
B0 = 9 µG, which corresponds to θ0 = 45◦, the modelled
magnetic field has a mean value BH ii = 3.2µG within the
ionized nebula and Bdust = 21.4µG in the dust shell. The
thermal pressure in the H ii region is PH ii
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12.3 cm−3, and Te = 8500K (Sects. 2 and 4.2.2). The mag-
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Observations: rotation measures
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Model vs. observations: rotation measures
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Planck Collaboration: The magnetic field structure in the Rosette nebula

Table 2. Results from the analysis of the RM and EM data. Column 1 gives the name of the RM source, as in Savage et al. (2013);
Columns 2 and 3 list the Galactic coordinates of the source; Column 4 gives the linear distance from the centre of the Rosette;
Column 5 lists the RM data corrected for the background contribution; the last two columns give the mean electron density and
line-of-sight component of the magnetic field, estimated with Eqs. (7) and (8) respectively, for f = 1. The uncertainties on both ⟨ne⟩
and B|| are statistical, thus do not include the systematic uncertainties involved, namely on the distance to the Rosette, its electron
temperature, path length, which depends on the radii, and the electron density distribution.

Source l [◦] b [◦] ξ [pc] RM [radm−2] ⟨ne⟩ [cm−3] B|| [µG]

I6 . . . . . . . . 205.7 −2.1 17.0 676 ± 68 9 ± 2 5 ± 1
I7 . . . . . . . . 206.2 −2.1 4.6 594 ± 30 12 ± 1 2.3 ± 0.2
I8 . . . . . . . . 206.8 −2.4 16.0 219 ± 113 12 ± 1 1.1 ± 0.6
I10 . . . . . . . 205.9 −1.7 16.4 709 ± 117 10 ± 1 5 ± 1
I12 . . . . . . . 206.6 −1.9 9.6 703 ± 26 13 ± 1 2.1 ± 0.1
I15 . . . . . . . 206.3 −1.5 15.9 501 ± 24 8 ± 1 4 ± 1

5.1. The magnetized Strömgren shell1

The evolution of an expanding ionized nebula has been stud-2
ied numerically both in uniform and turbulent magnetized media3
(e.g., Krumholz et al. 2007, Arthur et al. 2011). As the H ii re-4
gion expands, the surrounding ISM is swept up into a shell5
around the central stars. In accordance with the frozen-in con-6
dition, magnetic field lines are dragged with the expanding gas7
and concentrated in the dense shell. If the magnetic pressure is8
comparable to the thermal pressure in the H ii region, magnetic9
forces lead to departures from sphericity (from a spherical shell).10
Further, because the swept-up magnetic flux increases from the11
magnetic poles (along B) to the equator (90◦ from B), magnetic12
pressure in the swept-up shell tends to make the shell thickness13
similarly increase from the poles to the equator. We will ignore14
magnetic effects and assume that the H ii region expands equally15
in all directions, creating a spherical neutral shell of swept-up16
ISM. We consider this assumption to be consistent with the ra-17
dio observations of the Rosette H ii region, which show its close18
to circular shape (e.g., Fig. 2(a)), despite a possible elongation19
along the line of sight.20

Within this framework, we derive an analytical solution for21
the magnetic field in a spherical structure composed of a shell of22
swept-up gas formed aroud a shell of ionized gas. This config-23
uration is shown in Fig. A.1 of Appendix A, where the details24
of the derivation are discussed. The model is an analytical de-25
scription of the correspondence between the initial and present26
configurations of the structure, which characterizes the expan-27
sion of the H ii region. We consider that the initial magnetic field28
B0 is uniform and that it evolves due to a change of the distribu-29
tion of matter. The final magnetic field B (Eq. (A.7)) depends on30
the strength of the initial field B0 and its direction, described by31
the polar and azimuthal angles (θ0, φ0), with respect to the line32
of sight.33
give radii34
In the following sections we describe how the combination35

of RM and dust polarization data allows us to fully describe the36
magnetic field in the Rosette and its parent molecular cloud.37

5.2. Ionized shell: RM38

The RM of the modelled H ii region is computed using Eq. (3).
We consider a uniform nebula with constant electron density
ne = 10 cm−3, the average value derived from the EM data (Table
2), and integrate B|| along the line of sight depth of the H ii shell.
Since the RM is derived solely from the line-of-sight component
of the field, it does not depend on φ0. We derive the B0 and θ0
values that best fit the data through a χ2-minimization using the

six RM observations listed in Table 2, taking into account their
corresponding uncertainties, as follows

χ2 =
∑

Npoints

(RMmod − RMobs)2

σ2RM,obs
. (9)

The reduced χ2 is computed as χ2r = χ2/dof, where dof = 39
Npoints − Nparams is the number of degrees of freedom, the dif- 40
ference between the number of points and the number of param- 41
eters in the fit. The results are shown in Fig. 5. Figures 5 (a) and 42
(b) present two different fits that use subsets of four points out 43
of the six RM observations. The data are given by the circles, 44
filled (open) when used (not) used in the fit, and the model re- 45
sults correspond to the black line. These are plotted against ξ, 46
the linear distance from the centre of the nebula (Sect. 4.2.2). 47
The shape of the RM curve is set by the radii of the H ii shell, 48
thus by the expansion law used, and the scaling of the curve de- 49
pends on a combination of the two free parameters, B0 and θ0. 50
The model is unable to reproduce the scatter in the RMs ob- 51
served close to the boundary of the H ii region, which can be 52
due to the possible clumpiness of the medium and/or fluctuations 53
in the magnetic field direction. These effects are not accounted 54
for in our model, which also assumes that the expansion is per- 55
fectly spherical. Nevertheless, we obtain a satisfactory fit when 56
excluding the two lowest RM values close to rH ii

out as shown in 57
Fig. 5 (a). This solution gives a lower χ2r when compared to the 58
fit that excludes the two highest RM values at a similar distance 59
ξ from the centre (Fig. 5 (b)). Since we are effectively fitting the 60
model to four RM points, we did not attempt to adjust the radii 61
of the H ii shell, or equivalently, the expansion law in Appendix 62
A. Figure 5 (c) shows the χ2r contours as a function of B0 and θ0 63
for the two fits. The contours illustrate the degeneracy between 64
the intensity and the orientation of the initial field relative to the 65
line of sight. The high values reflect the fact that the differences 66
between the model and the data are mostly greater than their un- 67
certainties. 68

In the rest of this section, we consider only the best fit ob- 69
tained whe excluding the two lowest RM values close to rH ii

out (see 70
Fig. 5 (a)). The line-of-sight component of the field in the ion- 71
ized shell BH ii

||
as a function of the distance to its centre is shown 72

in Fig. 6. We use Eq. (8) with f = 1 to calculate BH ii

||
analogously 73

to the observations. Towards the central cavity, BH ii

||
≃ 1.8µG, 74

increasing up to the outer radius of the H ii shell, 19 pc, where it 75
reaches the same value as in the ambient medium B0|| = 5.2µG. 76
The mean value of BH ii

||
across the whole ionized shell, including 77

the central cavity, is 3.7µG. This is comparable to the mean of 78
the six values derived from the RM data listed in Table 2. The 79
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Summary

«  LOFAR will significantly improve the studies of massive SFRs and our 
understanding of the role of magnetic fields in their evolution, and the impact on 
their surroundings

«  The analytical model developed in this work (Planck Collaboration Int. XXXIV 
2015) describes the magnetic field in a spherical bubble-shell structure

«  The model reproduces the mean polarization properties and the radio rotation 
measures observed towards the Rosette massive SFR

«  The model can be directly applied to other objects to constrain the structure and 
strength of the magnetic field in the ionized region, neutral shell and ambient 
medium
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