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«  Evolution of massive star-forming regions and its impact on the magnetic field:

- some examples: strength & orientation of the field
- what happens to the magnetic field in photodissociation regions (PDRs)?

«  An analytical solution of the magnetic field in an interstellar bubble (HII region + 
PDR + molecular cloud)

«  Under which conditions do we expect magnetic fields to dominate the dynamical 
evolution of PDRs?

«  The future: study the magnetic field in PDRs with SOFIA, IRAM 30m & ALMA



Massive stellar feedback

Massive stars are the main sources of 
turbulent energy injection in the interstellar 
medium (ISM):

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

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

Cygnus X (HOBYS/Herschel – PACS/SPIRE, Motte et al. 2010)	
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Photodissociation regions (PDRs) are found at the edge of these interstellar bubbles: the 
interface between the HII region and the molecular clouds, illuminated by the FUV photons 
from the massive stars.

PDRs are usually modelled ignoring gas dynamics (Hollenbach & Tielens 1999):
à Is the magnetic field important for the dynamical evolution of PDRs? 
 

How is the magnetic field affected by massive stellar feedback? 



Magnetic fields in PDRs: Sh2-29 HII region

Santos et al. (2014); ~15’ x 15’
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Figure 5. Near-IR (H band) polarimetric mapping toward the Sh 2-29 central interstellar cavity. An RGB combined image of this area is used, corresponding to the
R-DSS band (blue), as well as the 8 and 24 µm bands from Spitzer (respectively, green and red). The radial strips labeled from α to ζ are used to study polarization
degree as a function of radius (Section 5.5), with the blue dashed lines indicating the positions where a rise in polarization occur. Red diamonds mark the positions of
those stars presenting Hα emission (Ogura et al. 2002) that were detected in the polarimetric survey. The dot-dashed pink polygon indicates the area which was used
to apply the Chandrasekhar–Fermi method (see Section 5.8). The polarization angle histogram shown at the left is used in this same analysis in order to derive the
angle dispersion within this area.

(A color version of this figure is available in the online journal.)

parallel to the sky-projected component of the magnetic field
lines. However, it is important to emphasize that the observed
polarization values are not a result of a simple line-of-sight
additive effect, and actually depend on the distance to each
source and on the variations of the interstellar medium properties
along its direction. For instance, if a star is located behind the
star-forming region, its polarimetric parameters are represented
by a combined effect of the Sh 2-29 interstellar medium together
with the foreground dust component. Such properties will be
further explored in Section 5.2.

Furthermore, it is possible that YSOs contribute with an
intrinsic polarization component, which may arise, for example,
if these sources present circumstellar disks with an asymmetrical
sky projection. This effect would probably be mostly important
closer to regions with greater star-forming activity, such as the
interior of the central interstellar cavity, where the embedded
cluster BDS2003 2 is located. Several young stars with Hα

emission are found in this area, as represented by the red
diamonds in Figure 1 (Ogura et al. 2002). Since most of these
objects are normally too obscured, only a few were detected on
the optical observations. Besides, the global orientation pattern
of polarization vectors exhibits a high local correlation within
specific areas. Such effect may only be explained due to the
predominance of the polarization effect due to the interstellar
medium. Therefore, the importance of a possible intrinsic
polarimetric component is probably not statistically significant
in this analysis (however, it may be important to the analysis
of the H band polarimetric properties near the central cavity, as
will be discussed in Section 4.2).

4.2. Linear Polarization Mapping in the H Band

Figure 5 shows the H-band polarimetric mapping, which
covers a smaller area focused on the central cavity and nearby
surroundings. The image consists of an RGB combination of
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Figure 4. R-band polarimetric mapping of Sh 2-29. The combined image is composed of the R band (DSS, blue), as well as of the 5.8 and 24 µm bands from Spitzer
(respectively, green and red). The size of each vector is proportional to P (a P = 10% vector is shown at the upper right). Labels from A to E are used to highlight
some of the main features inferred from the polarization vectors’ orientation pattern, as discussed in Section 5.1. Indicators p1 to p5 show the location of dense cloud
structures around the central cavity, presenting peak extinction values between AV = 20 and AV > 35 (see Section 5.6).

(A color version of this figure is available in the online journal.)

Table 1
Polarimetric Data Set for Sh 2-29 at Optical (V, R, I) and Near-IR Bands (H)

ID α2000 δ2000 PV θV PR θR PI θI PH θH

(h m s) (◦ ′ ′′) (%) (◦) (%) (◦) (%) (◦) (%) (◦)

1 18 8 35.44 −24 17 34.4 ∗ ∗ 7.51(3.27) 14.6(11.4) ∗ ∗ ∗ ∗
2 18 8 35.59 −23 52 5.6 ∗ ∗ 3.62(1.38) 86.5(10.2) ∗ ∗ ∗ ∗
3 18 8 35.64 −24 10 42.9 ∗ ∗ 16.84(4.54) 18.5(7.5) ∗ ∗ ∗ ∗
1116 18 9 31.42 −24 02 43.3 5.77(0.40) 29.6(3.2) 4.80(0.23) 22.0(1.5) 3.78(0.59) 38.5(4.8) ∗ ∗
1188 18 9 33.54 −24 07 18.5 ∗ ∗ ∗ ∗ ∗ ∗ 2.28(0.34) 175.0(7.3)
1295 18 9 35.73 −24 08 07.2 5.59(1.21) 3.6(6.6) 3.15(0.69) 177.9(6.2) 3.32(0.42) 173.4(4.0) 1.35(0.29) 178.1(8.5)
1399 18 9 37.56 −24 08 15.0 3.64(0.48) 172.1(4.5) 3.82(0.21) 173.9(1.7) 3.54(0.13) 169.8(2.0) 0.96(0.07) 163.0(6.3)
1502 18 9 39.04 −24 02 16.2 4.69(1.35) 47.9(8.3) 4.42(0.92) 35.8(5.9) 4.25(0.71) 31.9(5.1) 1.33(0.50) 35.1(11.7)
1751 18 9 42.67 −24 10 41.5 1.52(0.59) 101.5(10.7) 0.61(0.32) 120.5(13.4) 0.87(0.31) 90.5(9.9) ∗ ∗

Notes. The table shows only some entries from the entire data set, in order to exhibit its content and organization scheme. Columns, respectively, represent
the star’s identifier number (ID), the equatorial coordinates (α, δ), together with the polarization degree and angle (P and θ ) associated with each spectral band
(V, R, I, and H). Values marked with an asterisk represent undetected sources or objects excluded from the sample. Numbers inside parentheses are the computed
uncertainties.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

4. RESULTS

4.1. Linear Polarization Mapping in the R Optical Band

Figure 4 shows the R-band linear polarization vectors super-
posed on a combined false-color image of the R (DSS, blue) and

5.8 and 24 µm bands (Spitzer, respectively, green and red). The
polarization degree P is linearly related to the size of each vector.

Assuming that the interstellar dust grains’ orientation is
predominantly determined by the typical alignment mechanisms
(Davis & Greenstein 1951), then the polarization direction is
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R− band B
→

pos

H − band B
→

pos

Davis-Chadrasekhar-Fermi method 
(Davis 1951, C&F 1953):

                            
à B ~ 80 times higher than in the 
diffuse ISM (~ 5 μG, Crutcher 2007)

B∝
ΔV ρ
δθ

≈ 400µG

    lines are pilled 
up at the border of 
the HII region.

B
→

G0 – intensity of the incident FUV 
field (in terms of the average ISRF)  	
  



Magnetic fields in PDRs: Omega Nebula M17

B
→

line−of −sight

Blos,max = 750µG

Magnetic field is dynamically important – it must 
be taken into account to understand the structure of 
PDRs (Abel et al. 2004, Pellegrini et al. 2007, 2009)

Spitzer/GLIMPSE (5.8μm red; 4.5μm green; 3.6μm blue)	
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FIG. 8.ÈGray-scale images of the (a) 20 km s~1 and (b) 11È17 km s~1 H I Contours of the 21 cm continuum at 0.3, 2.0, and 7.0 Jy beam~1 with 25ABlos.resolution are superposed. The cross symbols on (a) show the positions of the Ðts in Fig. 9, while the cross symbols on (b) show the positions of the ÐtsBlos Blosin Fig. 10.

is to determine whether there is any evidence for small-scale
structure in the magnetic Ðeld in M17. Tangling or small-
scale structure in the magnetic Ðeld should result in an
increase in the detected magnitudes of with resolution.BlosThere is indeed some evidence of this e†ect in these higher
resolution data. This is particularly noticeable toward the

interface of the H II region and M17 SW, where the higher
resolution data have H I values that are D2È4 timesBloshigher than those found in Paper I. This result is discussed
further in ° 4.4, and other interesting characteristics of the
higher resolution H I detections at 20 km s~1 and 11È17Bloskm s~1 are described below.
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. 21cm emission 
contours

G0 = 8×104

n =1×104 cm−3

B = 50− 750µG

Pmag / k = (1−160)×106 cm−3K

Bpos ↔ PDR = ?

Direct measurements of B in PDRs via Zeeman effect observations (give                   only):
e.g.                              in PDR of M17 (Brogan & Troland 2001)
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Habart et 
al. (2001) 	
         from Planck sub-mm observations 

of dust polarized emission.
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(Heiles 1988):
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Magnetic fields in PDRs: L204
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n =1×103cm−3

B =12µG

Pmag / k = 4×104 cm−3K

Bpos ↔ PDR =⊥



Magnetic fields in massive star-forming regions

Uniform      in uniform 
molecular medium 	
  

B
→

0

HII region: 
expansion of gas; 

decrease of B

PDR: concentration of 
gas; increase of B	
  

Molecular cloud	
  

How is the magnetic field affected by massive stellar feedback?

à Field lines are dragged with the gas (frozen-in condition)



•  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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Analytical model: the magnetized Strömgren shell

Planck intermediate results. XXXIV. (2015): The 
magnetic field structure in the Rosette Nebula	
  

(Previous analytical and numerical studies: e.g. Ferrière 
et al. 1991, Krumholz et al. 2007, Arthur et al. 2011)	
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Planck Collaboration: The magnetic field structure in the Rosette Nebula
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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 rH ii

in and rH ii

out , and a dust
shell between rdust

in = rH ii

out and rdust
out . The present-day radii rH ii

in , rH ii

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

0 , and rdust
0 , 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 = 16 pc for rH ii

0 ≤ r0 ≤ rdust
0 .

where θ0 and φ0 are the polar and azimuthal angles, respectively,
i.e. θ0 is the angle between B0 and the line of sight, while φ0
gives the plane-of-the-sky direction of B0 with respect to the
Galactic plane (φ0 = 0◦ for B0 parallel to the Galactic plane).

The vector potential associated with B0 is

A0 = B0yz ex + B0zx ey + B0xy ez, (A.6)

which satisfies the condition B0 = ∇ × A0. We use the frozen-in
approximation and assume that the magnetic field evolves from
the initially uniform configuration following the radial expan-
sion of the gas. The vector potential in the final state is given by
(see equations 4 to 10 in Parker 1970)

A(r) = (∇r0) · A0(r0), (A.7)

and the resulting magnetic field works out to be

B(r) =
(r0

r

)2
B0r er +

r0

r
dr0

dr
(B0θ eθ + B0φ eφ). (A.8)

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 3D cartesian grid of 1813 = 5 929 741 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 resolu-
tion of the model is finer than that of the observations, 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 expan-
sion 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 direction perpendicular to the ini-
tial 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 ex-
pansion law at the boundary between the H ii and dust shells,
r = 19 pc, results in a discontinuity in the tangential component
of the magnetic field. On the other hand, close to the poles of
the shell, or along B0, the field lines are little 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.
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France

6 Astrophysics Group, Cavendish Laboratory, University of
Cambridge, J J Thomson Avenue, Cambridge CB3 0HE, U.K.

7 Astrophysics & Cosmology Research Unit, School of Mathematics,
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Analytical model: the magnetized Strömgren shell

B
→

0 B
→

On the plane 
of the sky

Planck Collaboration: The magnetic field structure in the Rosette Nebula
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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 = 16 pc for rH ii

0 ≤ r0 ≤ rdust
0 .

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; rH ii

out = rdust
in = 19 pc; and

rdust
out = 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.
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B / B0

Planck intermediate results. XXXIV. (2015): The 
magnetic field structure in the Rosette Nebula	
  

The field is most compressed 
perpendicular to     .

Along      ,             at the outer 
surface and     decreases inwards.

Note: Exact          ratios depend 
on                       - the way that 
matter has expanded – this 
particular example applies to the 
Rosette Nebula.

rfinal = f (rinitial )
B / B0
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Magnetic fields in PDRs

Under which conditions does the magnetic field dominate in the PDR? (ignoring turbulent 
pressure)

Pth
HII +Prad = Pth +Pmag ⇔ neTe +

L

4πd 2c
= nT +

B2

8π

B =
100

2.9×106
neTe +376G0 − nT( )1/2

with                     , 

and     given by the Strömgren 
solution (density-size relation).                    	
  

G0 =
LFUV

4πd 2

T = 20K,Te = 7000K

(G0, n): Habart et al. (2011), Pilleri et al. (2012), Pellegrini et al. (2007, 2009)	
  

Simple diagnostic to test with 
observations à relative 
orientation between PDR and 
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Future observations

2.1μm image

G0 = 3x103

ALMA	
  

IRAM 30m (NIKA2)	
  

Looking for the signatures of 
magnetic field compression…

NGC 7023
Sellgren et 
al. (1992);
3.’2 x 3.’2

H − band B
→

pos

SOFIA (HAWC+)	
  



Summary

«  Depending on the physical conditions (G0,n):

à magnetic fields are dragged by the expansion of matter in massive 
star forming regions (by radiation pressure + ionized gas pressure)

à field lines are compressed in PDRs

à magnetic pressure increases and may become comparable to the 
gas pressure

Magnetic fields should be taken into account in the dynamical 
evolution of PDRs, as they may influence their structure.
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