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Outline 

!  Introduction 
-Massive star formation: models & magnetic field (B). 
-Masers to probes of B at mas resolution. 
-Source: IRAS22272+6358 

!  Observations 
-Data Reduction (AIPS) 

!  Results 
-Full Radiative Transfer Method (FRTM) code 
-Direction of the Magnetic Field 
!  Conclusions & Summary 
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Introduction: star formation 

Classification of 
stars 

• High mass (M>8Mʘ) 

• Low mass (M<8Mʘ) 
 
  

Die as SN 

Die as Dwarfs 

Importance of massive star 
formation 

Chemical Enrichment of 
ISM 

Radiation Pressure Problem for stars with M > ~ 8Mʘ 
 

Stop of the accretion 

Stars (M>8 Mʘ)  have been observed e.g., R136a1 (M=250 Mʘ) 
(Crowther et al. 2010) 
 Massive star formation is still poorly understood 
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Massive star formation models 

Core accretion 
model          
(McKee & Tan 2003) 

Competitive 
accretion model 
(Bonnell et al. 1998) 

Coalescence model 
(Bonnell, Bate & Zinnecker 
1998) 

Competing for 
material from all 

the cloud 

Scaled-up version 
of low mass star 

Merging of lower 
mass stars. 
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Models and magnetic field (B) 

Low mass stars 

 

High mass stars 

 

B launch outflow  

(confirmed by observations and model) 

 
• Observations of outflows 

 

• Simulations                 B is required to reach 

                                                 > 10 Mʘ 

 How to measure B ? 

(strength & orientation) 

 

• Dust Observations 

•  MASERS 

 
YERAC 09.09.2014 



LOGO 

H2O 

CH3OH 

OH 

108 < nH2 < 1010 
 107 < nH2 < 109 

nH2  < 108 

Density 
(cm-3) 

Frequency 
(GHz) 

22 
6.7 

1.6/1.7 

Advantages of masers: 
• They have bright and narrow spectral lines. 
• They are close to the massive protostars. 

protostar 

Masers as probes the magnetic field 

YERAC 09.09.2014 
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Overview 

IRAS22272+6358A 
Methanol Maser 

Observations with EVN 

Estimation of 
orientation and 
strength of B 

Improve initial 
conditions in 

future  
simulations 

Where? 

With the 
aim of 

For what? 
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!  YSO embedded in L1206 
!  Massive " 14.2 Mʘ (Beltran et al. 2006) 

!  Located in the Local Arm.    
D=0.776 kpc (Rygl et al. 2010) 

!  CH3OH (Rygl et al. 2010) 

!  CO outflow (P.A.=140º) (Beltran et al. 
2006) 

Source:  IRAS22272+6358A   

No radio continuum emission at 2cm 
&6cm (Wilking et al. 1989; McCutcheon et al. 1991)              
 
 
 H II region has not been formed yet          
 
 
                  Young Phase 

*Beltran et al. 2006 
Beam size: 6.3”x4.8” at PA -27º 

Resolution : 0.65 Km/s 
rms=1.4mJy/beam 

1’~0.2pc 

20”~0.07pc 
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!  Frequency: 6.6679 GHz. 
!  Band: 2 MHz 
!  Antennas:(EF-JB-ON-MC-

TR-WB-YS) 
!  Spectral resolution: 
    ~1 kHz " 0.05 km s-1 

!  Channels: 2048 SFXC 
!  Calibration Sources: 
-  J2202+4216 
-  J2223+6249 
-  J2136+0041 

 
 

 

EVN 

Observations 
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!  CALIBRATE amplitude & parallatic angle                copied from pipeline 
!  FLAGGING. 
!  FRINGE-FITTING to correct delay and rate. 
!  BANDPASS correction (bpass). 
!  The R-L delay corrections (vlbacpol). 
!  D-terms (spcal) 
!  CVEL 

!  SELF-CALIBRATION brightest maser 
!  FRINGE-FITTING 
!  PHASE & AMPLITUDE CYCLES 
!  Create the cubes: I,U,Q and V (imagr) 
!  Generate poli (Pl) and pola (χ) (comb). 

 

With J2202+4216 

For the target 

Data Reduction, AIPS 
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J2202+4216 

IRAS2272+6358 

Calibrator & Map 
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Map IRAS22272+6358A 
 
 

*Beltran et al. 2005, A&A ,457, 865 

CO OUTFLOW 

Beam size: (6.7x4.3) mas x mas 
Resolution : 0.05 Km/s 

Rms=4mJy/beam 
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!  26 methanol masers are found in the  
region 

!  Masers in a Linear Distribution of 
326mas (~250 AU) 

!  Peak flux density is between:           
0.06-4.83 Jy/beam, rms = 3 mJy/beam 

!  No circular polarization detected at 5σ 
!  The weighted linear polarization angle 

is  < χ > ≈(-80±15)º. 
!  PACH3OH=145º±11º 

MASERS LIN. POL. (%) Χ (º) 

IRAS22.13 0.8±0.2 -75±5 

IRAS22.14 1.0±0.1 68±17 

IRAS22.19 1.7±0.7 -78±4 

Results 

YERAC 09.09.2014 



LOGO 

Adapted Full Radiative Transfer Code 

ADAPTED FULL 
RADIATIVE 
TRANSFER 
METHOD 

(NEDOLUHA & 
WATSON 1992) 

Emerging 
Brightness 

Temperature 
(Tb∆Ω) 

 
 

Intrinsic 
Thermal 

Linewidth 
(∆Vi) 

 
 

Magnetic 
field 

orientation 
 
 
 
 

OUTPUT INPUT RESULT METHOD 

 
Linear 

Polarization 
Intensity (Pl) 

 
 
 Total 

Intensity (I) 
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Δχ2=0.25,0.5,1,2,3,7 

Full Radiative Method Code 

θ 

B 

maser 
(l.o.s.) 

φ 
lin. pol.  
vector 

MASER ΔVi 
(km/s) 

Log(TbΔΩ)  
(Log K sr) 

Θ     
(º) 

IRAS22.13 
IRAS22.14 
IRAS22.19 
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1.1!!.!!!.!!!8.5!!.!!!.!!!77!!"!!"!
1.2!!.!!!.!!!8.6!!.!!!.!!!80!!"!!"!
1.5!!.!!!!!.! !8.9!!.!!!!!.! 90!!"!!"!

!
!
!
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Direction of the Magnetic Field 

φ = 0° φ = 90° 

 

θ 

B 

maser 
(l.o.s.) 

φ 
lin. pol.  
vector 

*Vlemmings et al. 2010, MNRAS, 404, 134 
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MASER ΔVi 
(km/s) 

Log(TbΔΩ)  
(Log K sr) 

Θ     
(º) 

IRAS22.13 
IRAS22.14 
IRAS22.19 

!
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φ = 0° φ = 90° 

θ 
maser 
(l.o.s.) 

φ 
lin. pol.  
vector 

*Vlemmings et al. 2010, MNRAS, 404, 134 
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MASERS LIN. POL. (%) Χ (º) 

IRAS22.13 0.8±0.2 -75±5 

IRAS22.14 1.0±0.1 68±17 

IRAS22.19 1.7±0.7 -78±4 

B B 

MASER ΔVi 
(km/s) 

Log(TbΔΩ)  
(Log K sr) 

Θ     
(º) 

IRAS22.13 
IRAS22.14 
IRAS22.19 

!
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*Beltran et al., A&A 457, 865-76 (2005) 

Collimated molecular outflow is elongated in a direction with 
P.A.=-40º. The direction of the magnetic field plotted is (9±15)º 

Direction of the Magnetic Field 
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Statistics with others sources data 
!  IRAS22272+6358 is 

part  of a big sample of 
30 sources. 

!  With the results of the 
first sub-sample of 11 
sources, we are able to 
do some statistics (Surcis 
et al. 2013). 

!  K-S test gave a 
probability of ~10% for 
the data sets of the PA 
and ϕB. 
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    We observe IRAS22272+6358A  with the EVN 
at 6.7 GHz determinate the direction of B. 

Summary & Conclusions 

•  We found 26 CH3OH masers, 3 of them show linearly polarized 
emission (Pl=0.8-1.7%), and no circularly polarized emission has 
been detected (<5σ=15 mJy).  

•  The methanol masers in the central region are aligned with the CO 
outflow. 

•  The angle between the l.o.s. and the magnetic field found is θ~82º, 
so the magnetic field is perpendicular to the linear polarization 
vectors. This implies an inclination angle around (9±15)º. 

 

 
 

These values will improve future simulations on models of 
high-mass stars, and thus understand a little better the 

formation of massive stars. 
YERAC 09.09.2014 
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Letter              SDSS ID  
T            587738951489749085    
H            587733608561442856 
A            587727226230538297 
N            587739099132067861 
K            588017627238367250 
S            587739158729850939 
 !             587739376697737379 YERAC 09.09.2014 
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Extra Slides 
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Stellar evolution of low-mass stars 

YERAC 09.09.2014 
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Models… 
!  Core accretion model 
   Top-down fragmentation process in which a molecular 

cloud breaks into smaller and smaller pieces under the 
combined influence of turbulence, magnetic fields and 
self-gravity. 

!  Competitive accretion model 
   Massive protostar are seeded by low-mass protostar 

which compete with the other protostars to draw in 
matter from the entire molecular cloud. 

!  Coalescence model 
The massive stars form through the merging of lower 

mass stars. 
 YERAC 09.09.2014 
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Calibration: AIPS 
-Load the data provided by the correlator of JIVE (‘fitld’) 
-First calibration was done on the amplitude and the parallatic angles.  
-Apply the solution from the calibrators on the entire data set. 
-Is necessary the first flagging. 
-It’s crucial to correct the frequency and time dependent phase variation,  
by fringe-fitting. 
-Determinate the bandpass response function of the antennas (RR-LL). 
-The R-L delay corrections are determined used vlbacpol. 
-Check and flag bad visibilities and determine the delay and the phase 
rate solutions for brightness channel. 
-With ‘spcal’ we compute the instrumental polarization for spec. line data 
-The self-calibration is composed of several interactive cycles of phase  
and amplitude-phase solutions (clcal-imagr-prtcc-calib-clcal). 
-In addition with ‘cvel’ we shifth the sepctral line to a given velocity. 

YERAC 09.09.2014 
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Probes: masers 
ZEEMAN SPLITTING 
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Close-up two-dimensional snapshots of the disk region.The left panel shows 

the situation at 1.08 tff into the collapse and before the flow reversal, and the 

right panel shows the configuration 188 yr later, when the outflow is clearly 

visible.  

Star formation: high-mass stars (M > 8 Mʘ) 

YERAC 09.09.2014 
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!  Little is know observationally about the influence of outflow on 
the early assembly of massive stars. 

!  Magnetic fields coupled to the protostellar disk the can be 
driving power for such outflows. 

!  It is also a worth emphasizing that outflow only occurs when 
magnetic field are included in the simulation. 

Star formation: high-mass stars (M > 8 Mʘ) 

Banerjee & Pudritz 2007, ApJ, 660, 479 
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Foreground Faraday Rotation 

where: 
 
• ne≈ 0.012 cm-3 

• B||≈2x 10-3 mG 
• D=0.776 kpc 
• ν=6.67GHz 

Фmeth[°] ≈ 1.8°   

At this frequency the foreground Faraday rotation is 
included in the errors reported in our results, thus it 
should not affect our conclusions. 
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Source IRAS22272+6358A 
 
!  Is a 1200 Lʘ YSO (Sugitani et al. 1989). 
!  Deeply embedded in the bright cloud L1206 (Sugitani et al. 

1991)  
!  Located in the Local Spur Arm. D=0.776 pc (Rygl et al. 2010) 
!  No radio continuum emission at 2cm and 6cm has been 

detected (Wilking et al. 1989; McCutcheon et al. 1991) 
indicating that an H II region has not been formed yet. 

!  Considering the low color temperature T(60µm/100 µm) ≈38K 
(Casoli et al. 1986) 

!  Massive protostar (14.2 Mʘ and Vlsr ≈-11kms-1) at a a very 
young phase. 
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•  Results of the full 
radiative transfer 
χ2–models fits for 
maser features. 

•  The linear 
polarization 
fraction is Pl≈ 1% 
and the weighted 
linear polarization 
angles is   < χ > 
≈75º. 

 
Contours indicate the significance intervals Δχ2=0.25,05,1,2,3,7 

with the thick solid contour indicating the 1σ area 
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!  The angle between the 
magnetic field and the 
maser propagation 
direction is determined by 
using the observed Pl 
and the fitter emerging 
brightness temperature, 
we determined θ=80º. φ = 0° φ = 90° 

θ 

B 

maser 
(l.o.s.) 

φ 

lin. pol.  
vector 
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! Outflows have been detected in massive-star forming regions. 

! In low-mass star formation, Magnetic Fields launch the outflows. 

! Measurements of Magnetic Field orientation and strength by using dust 

observations at scales > 100 AU. 

 

 

OBSERVATIONS 

THEORETICAL 

! Including the Magnetic Field in simulations is the unique method known 

to reach masses greater than 10 Mʘ. 

What about Magnetic Fields? 
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Circular Polarization 

Surcis  et al. (2009, A&A, 506, 757-61) 
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CO transition (J=1!0) 

*Beltran et al., A&A 457, 865-76 (2005) 

CH3OH  transition 51!60A+ 

Molecular Transitions 
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