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Continuum polarization:
Dust grain alignment

• Torques align grain minor axis with B-field
• Pl from net emission parallel to major axis

details & figures from Lazarian (2007), 
JQSRT 106, 225

Slide  from J. Greaves
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Continuum polarization:
Dust grain alignment

• Torques align grain minor axis with B-field
• Pl from net emission parallel to major axis

• Idealized approximation of dust grains
• realistic grains will have different grain alignment 

efficiencies

• Pl obs. potential probe of grain properties
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Continuum polarization:
Dust grain alignment

• Torques align grain 
minor axis with B-
field
• Pl from net emission 

parallel to major axis

• Idealized 
approximation of dust 
grains
• realistic grains will have 

different grain alignment 
efficiencies

• Pl obs. potential probe 
of grain properties

Appendix A: Wouter H.T. Vlemmings (740628-4492) 
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expected when the molecules are aligned due to strong stellar radiation. This supports the use 
of the Goldreich-Kylafis-effect for determining the magnetic field morphology directly from 
the linear polarization measurements, as is also regularly done for star-forming regions. 
However, the polarization fraction is higher than predicted. Detailed modelling of high-
angular momentum transitions are needed to solve this issue and innovative numerical models 
combining strong radiation anisotropies as well as strong magnetic fields will be developed as 
part of this project. 
 
 

 
Fig. 4: Dust polarization spectra for 4 models 
from Draine & Fraisse (2009, ApJ 696, 1). 
Models 1 and 3 have carbonaceous spheres 
and silicate spheroids with the latter having 2 
different axis ratios for the 2 models. Models 2 
and 4 have spheroidal silicate and 
carbonaceous grains with two different axis 
ratios. The solid box indicates the ALMA 
frequency coverage. The dashed box is the 
extended ALMA coverage including band 10 
(∼ 920 GHz), which might be added in the 
future. 
 
Fourth objective: The fourth and final 
objective of this project is to use polarization 
spectra to determine the dust properties, and in 
particular the dust growth, in the discs, tori and 

envelopes of young P-PNe. The only recent work on this topic has been performed in the 
near-infrared, where not all models can be easily distinguished (Fig.4). However, the 
polarization capabilities of ALMA will open a new window for this study. And importantly, 
the continuum polarization will be detected in the same linear polarization observations that 
will serve as the basis of the modelling for the first three objectives. The first goal of this 
objective will to create a representative library of dust polarization spectra. These will then be 
compared with the observations. In particular, the observations that have resolved the dust 
emission can probe the specific regions where the large grains exist and where potential 
planet formation is taking place. However, to fully exploit this method, a detailed 
understanding of the magnetic field morphology is required, as it will otherwise be impossible 
to disentangle depolarization due to inefficient grain alignment or tangled magnetic fields 
from that due to different grain populations. For this we specifically rely on the models 
developed for the other objectives of this project. These will be combined with recent ISM 
studies of dust polarization spectra adapted for post-AGB stars (e.g. Draine & Fraisse 2009, 
ApJ 696, 1) combined with a more detailed analysis of dust alignment processes (e.g. 
Lazarian & Hoang 2007, MNRAS 378, 910). 
 
 
Observational analysis and theoretical modeling: 

MHD-code AstroBear: The main tool of the project as proposed is the MHD-code 
AstroBear. AstroBear is a hydrodynamic & magnetohydrodynamic code environment 
designed for a variety of astrophysical applications. It uses the BEARCLAW package, a 
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Continuum polarization:
Synchrotron radiation

• Magnetic field acceleration of 
charged particles by the 
Lorentz force

• radio synchrotron emission with 
typical spectrum of Fν∝ν-0.75      

(p=2α+1=2.5)

• Strong polarization

4 George Heald

3 Polarization and Faraday rotation

So far, the synchrotron radiation has been treated as if it is fully unpolarized. How-
ever, the beamed synchrotron radiation described in § 2 is linearly polarized, with
the electric vector of the radiation field oriented perpendicular to the component of
the magnetic field in the plane of the sky (B

?

, where B = x̂B

?

+ ŷB

k

with ŷ pointing
along the line of sight). If the field is ordered, the radiation can be linearly polarized
up to a maximum fraction

P

I

=
p+1

p+7/3
(8)

meaning that for p = 2.5 as discussed in § 2, the polarized fraction is up to 72% for
a fully ordered field. Note that synchrotron aging leads to larger values of p, and
therefore to somewhat larger values of P/I.

The linear polarization traces ordered fields lying in the plane of the sky. A tan-
gled component to the magnetic field lowers the polarization fraction. So too do
Faraday effects, which we now describe.

Radiation passing through a magnetoionized medium suffers propagation effects.
This happens because the phase velocity of right-handed circularly (RHC) and left-
handed circularly (LHC) polarized light is different in a magnetoionized medium
(see, e.g., Jackson, 1998). This results in Faraday rotation, a frequency dependent
modification of the linear polarization angle,

c = c0 +f l 2. (9)

The proportionality constant, the “Faraday depth” (f ), encapsulates the physics of
the situation:

f = 0.81
Z observer

source
n

e

B ·dl (10)

where n

e

is the electron density in cm�2, B is the magnetic field in µ G, and l is
the line of sight in pc. Classical analysis of polarized synchrotron emission involves
measuring c at a very small number of widely spaced observing frequencies, and
fitting a linear slope in equation 9. In such a situation, f is referred to as the Faraday
rotation measure (RM). However, this approximation is only valid if there is a single
foreground medium inducing the Faraday rotation (and not emitting its own polar-
ized synchrotron radiation within the volume), between the background source and
the observer. In general, polarized synchrotron radiation may originate from within
volumes that induce Faraday rotation, leading to polarized synchrotron emission at
a range of f . The “Faraday dispersion function”, often referred to as the “Faraday
spectrum”, describes the complex polarization vector as a function of f , and is writ-
ten F(f). See Brentjens and de Bruyn (2005) and Heald (2009) for examples.

Additional practical complications arise if the Faraday depth is large enough to
substantially rotate the polarization vector within the observing bandwidth (an ef-
fect known as bandwidth depolarization). This effect can be mitigated with modern
multi-channel correlators, as described in § 5. Moreover, the individual measure-
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Line polarization:
Zeeman Effect

Pieter Zeeman (1865–1943) 

Zeeman&Effect&

Nobel prize 1902 
(at age 37!) 



Sources of polarization Galactic Science ConclusionsExtragalactic Science

Line polarization:
Zeeman Effect

I&

V& Q&

Q,U ! (d 2I / d" 2 )(#"Z sin$)
2

% plane of sky B (not really)
Q ,U! (#"Z / linewidth)

2

V = L & R ! (dI / d")(#"Z cos$)
% line of sight B

#"Z ! Z B

Zeeman&Effect&
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Possible Zeeman lines
Species & &&&&&Transi,on & &ν&(GHz) & &&Z&(Hz/μG)&&&&&&&&&&&&&&nH(cmV3)&&&

H&I & & &&&&&&&F&=&1!&0 & & &1.4 & &&&&&2.8&&&&&&&&&&&&&&&&&&&&&&101&V&102&

OH & & &&&&&ΛVdoublet & & &1.7 & &&&&&&�3&&&&&&&&&&&&&&&&&&&&&&103&V&104&

CN & & &N,J&=&1,3∕2$!&0,½ &&&&&113.5 & &&&&&2.2&&&&&&&&&&&&&&&&&&&&&&105&V&106&

CN & & &N,J&=&&2,3∕2$!&1,3∕2&&&&226.3 & &&&&&�2 & & &&&&�106&

CH&&&&&&&&&&&&&&&&&&&&J=3∕2$,F&=&1!0 & &0.7 & &&&&&�3&&&&&&&&&&&&&&&&&&&&&&&&&&&�105(?)&

CCH& & &N,J&=&1,½$!&0,½ &&&&&&&87.4 & &&&&&�2&

SO & & &N,J&=&2,3&!1,2 &&&&&&&99.3 & &&&&&1.0&

SO & & &N,J&=&3,4&!&2,3 &&&&&138.2 & &&&&&0.8&

SO & & &N,J&=&4,3&!&3,2 &&&&&159.0 & &&&&&1.0&

SO & & &N,J&=&5,6&!&4,5 &&&&&220.0 & &&&&&0.5&

SO & & &N,J&=&2,1&!&1,2 &&&&&236.5 & &&&&&1.7&

CO,&CS,&HCN,&…&&&&various & &&various & &(few)&x&10V4 & & &&

Possible&Zeeman&Effect&(nonVmaser)&Lines&

+ maser 
   lines!
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Possible Zeeman lines
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Band 3
Band 6

Band 3

Band 3
Band 4

Band 4

Band 6
Band 6
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Possible Zeeman lines
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Example:
CN@113.5 for 1 mG has a splitting of 5.8 m/s 
or about 10-3 of its intrinsic linewidth leading 
to a circular polarization of ~0.1%

mailto:CN@113.5
mailto:CN@113.5
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Goldreich-Kylafis effect I

orthogonal. This is a rather unexpected discovery. The Goldreich-
Kylafis effect predicts that polarization can be either parallel or
perpendicular to the magnetic field (Goldreich & Kylafis 1981)
but did not make a distinction between polarization of the same
molecule at different transitions. This is because their calculation
was done simulating a two-level molecule. Deguchi & Watson
(1984) extended the calculation to a multilevel molecule, but
made no prediction about polarization direction in different tran-
sitions. Direct comparison of angles in Table 1 shows the 90!

difference between both CO transitions. This is particularly true in
the central part of the map.

3. POLARIZATION OF MOLECULAR LINES

3.1. The Goldreich-Kylafis Effect

The Goldreich-Kylafis effect is described in a series of papers
(Goldreich & Kylafis 1981, 1982; Kylafis 1983a, 1983b). They
considered a molecule with only two (rotational) states having
angular momenta 1 and 0, and investigated line formation and
polarization in the presence of a magnetic field and anisotropic
optical depths. Their original work predicted linear polariza-
tion up to about 10%. Motivated in part by an unsuccessful ob-
servational survey for this polarization (Wannier et al. 1983),
Deguchi & Watson (1984) extended the calculations to include
a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
DR 21(OH).

3.2. Basic Methods

The formulation used here follows Deguchi & Watson
(1984). The radiative transfer equations are solved in the large
velocity gradient or Sobolev approximation (LVG), and in the
regime where the line width!!, the Zeeman splitting g"0B, and
the natural line width # obey the relation!!3 g"0B3#. This

strong inequality is easily satisfied here. The quantization z-axis
is along the magnetic field direction, and the quantum states are
specified in the usual way by the total angular momentum J
(there is no fine or hyperfine structure here) and by its projection
M on the z-axis. Under these conditions the radiative transfer
equations for radiation associated with transitions between upper
state J and lower state J 0 can be written as

dI?JJ 0

ds
"#$?

JJ 0 I?JJ 0 # S?JJ 0

! "
$1%

dI
k
JJ 0

ds
"#$k

JJ 0 I
k
JJ 0 # S

k
JJ 0

# $
; $2%

where k and ? indicate the intensity of the radiation with a
linear polarization parallel and perpendicular to the magnetic
field, respectively.

The difference with Goldreich & Kylafis (1981) comes in ex-
pressing the opacity and source terms in a way to allow for ar-
bitrary angular momenta. The opacity and source terms are thus
written as $JMJ 0M 0 and SJMJ 0M 0, such that $q

JJ 0 and S q
JJ 0 (where q

stands for k or ?),

$?
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1

2
% ! # !JJ 0$ %

X

!M"1
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where the symbol & represents the angle between the magnetic
field and the direction of propagation, and $JMJ 0M 0 and SJMJ 0M 0

are defined in terms of Einstein A coefficients, and the popu-
lations nJM per magnetic substate are

$JMJ 0M 0 " 3

8'

c

!JJ 0

% &2

AJMJ 0M 0 nJ 0M 0 # nJM$ %; $7%

SJMJ 0M 0 " h! 3
JJ 0

c2
nJM

nJ 0M 0 # nJM
: $8%

Some equations here differ slightly from those in Deguchi &
Watson (1984), because we are treating all magnetic substates
explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
lations, rate equations must be solved for these populations. We

TABLE 1

P.A. Comparison for CO Transitions

Offset

(arcsec) %J"2!1

Offset

(arcsec) %J"1!0

(1.0, 2.0)................ 78 ' 5 (1.0, 2.0)................ 3.6 ' 9.2

(#0.6, 2.0) ............ 77 ' 5 (#0.6, 2.0) ............ 4 ' 9.6
(4.2, 4.0)................ 87 ' 7 (4.0, 4.0)................ #0.2 ' 8.9

(2.6, 4.0)................ 85 ' 6 (2.5, 4.0)................ #5.2 ' 6.2

(1.0, 4.0)................ 83 ' 7 (1.0, 4.0)................ #6.1 ' 5.3

(#0.6, 4.0) ............ 84 ' 7 (#0.5, 4.0) ............ #4.6 ' 6.2
(9.0, 6.0)................ #60 ' 5 (9.0, 6.0)................ 15.3 ' 9.7

(7.4, 6.0)................ #70 ' 6 (7.5, 6.0)................ 13.0 ' 7.6

(5.8, 6.0)................ #85 ' 8 (6.0, 6.0)................ 6.7 ' 6.9

(4.2, 6.0)................ 88 ' 8 (4.2, 6.0)................ #3.5 ' 5.5
(2.6, 6.0)................ 87 ' 8 (2.5, 6.0)................ #9.3 ' 4.1

(9.0, 8.0)................ #50 ' 7 (9.0, 8.0)................ 18.4 ' 9.6

(7.4, 8.0)................ #62 ' 8 (7.5, 8.0)................ 14.1 ' 7.6
(5.8, 8.0)................ #76 ' 9 (6.0, 8.0)................ 8.0 ' 6.6

Notes.—Position angle for CO J " 2 ! 1 and CO J " 1 ! 1 at velocity
channel map v"#10 km s#1. Data were interpolated at a tolerance of 0B2, which
corresponds to approximately 2:7 ; 10#4 pc using a distance to DR 21(OH) of
3 kpc.
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considered a molecule with only two (rotational) states having
angular momenta 1 and 0, and investigated line formation and
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optical depths. Their original work predicted linear polariza-
tion up to about 10%. Motivated in part by an unsuccessful ob-
servational survey for this polarization (Wannier et al. 1983),
Deguchi & Watson (1984) extended the calculations to include
a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
DR 21(OH).

3.2. Basic Methods

The formulation used here follows Deguchi & Watson
(1984). The radiative transfer equations are solved in the large
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regime where the line width!!, the Zeeman splitting g"0B, and
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specified in the usual way by the total angular momentum J
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where the symbol & represents the angle between the magnetic
field and the direction of propagation, and $JMJ 0M 0 and SJMJ 0M 0
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Some equations here differ slightly from those in Deguchi &
Watson (1984), because we are treating all magnetic substates
explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
lations, rate equations must be solved for these populations. We

TABLE 1

P.A. Comparison for CO Transitions

Offset

(arcsec) %J"2!1

Offset

(arcsec) %J"1!0

(1.0, 2.0)................ 78 ' 5 (1.0, 2.0)................ 3.6 ' 9.2

(#0.6, 2.0) ............ 77 ' 5 (#0.6, 2.0) ............ 4 ' 9.6
(4.2, 4.0)................ 87 ' 7 (4.0, 4.0)................ #0.2 ' 8.9

(2.6, 4.0)................ 85 ' 6 (2.5, 4.0)................ #5.2 ' 6.2

(1.0, 4.0)................ 83 ' 7 (1.0, 4.0)................ #6.1 ' 5.3
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(5.8, 8.0)................ #76 ' 9 (6.0, 8.0)................ 8.0 ' 6.6

Notes.—Position angle for CO J " 2 ! 1 and CO J " 1 ! 1 at velocity
channel map v"#10 km s#1. Data were interpolated at a tolerance of 0B2, which
corresponds to approximately 2:7 ; 10#4 pc using a distance to DR 21(OH) of
3 kpc.
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orthogonal. This is a rather unexpected discovery. The Goldreich-
Kylafis effect predicts that polarization can be either parallel or
perpendicular to the magnetic field (Goldreich & Kylafis 1981)
but did not make a distinction between polarization of the same
molecule at different transitions. This is because their calculation
was done simulating a two-level molecule. Deguchi & Watson
(1984) extended the calculation to a multilevel molecule, but
made no prediction about polarization direction in different tran-
sitions. Direct comparison of angles in Table 1 shows the 90!

difference between both CO transitions. This is particularly true in
the central part of the map.
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angular momenta 1 and 0, and investigated line formation and
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optical depths. Their original work predicted linear polariza-
tion up to about 10%. Motivated in part by an unsuccessful ob-
servational survey for this polarization (Wannier et al. 1983),
Deguchi & Watson (1984) extended the calculations to include
a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
DR 21(OH).
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where the symbol & represents the angle between the magnetic
field and the direction of propagation, and $JMJ 0M 0 and SJMJ 0M 0
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Some equations here differ slightly from those in Deguchi &
Watson (1984), because we are treating all magnetic substates
explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
lations, rate equations must be solved for these populations. We
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Notes.—Position angle for CO J " 2 ! 1 and CO J " 1 ! 1 at velocity
channel map v"#10 km s#1. Data were interpolated at a tolerance of 0B2, which
corresponds to approximately 2:7 ; 10#4 pc using a distance to DR 21(OH) of
3 kpc.
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orthogonal. This is a rather unexpected discovery. The Goldreich-
Kylafis effect predicts that polarization can be either parallel or
perpendicular to the magnetic field (Goldreich & Kylafis 1981)
but did not make a distinction between polarization of the same
molecule at different transitions. This is because their calculation
was done simulating a two-level molecule. Deguchi & Watson
(1984) extended the calculation to a multilevel molecule, but
made no prediction about polarization direction in different tran-
sitions. Direct comparison of angles in Table 1 shows the 90!

difference between both CO transitions. This is particularly true in
the central part of the map.
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The Goldreich-Kylafis effect is described in a series of papers
(Goldreich & Kylafis 1981, 1982; Kylafis 1983a, 1983b). They
considered a molecule with only two (rotational) states having
angular momenta 1 and 0, and investigated line formation and
polarization in the presence of a magnetic field and anisotropic
optical depths. Their original work predicted linear polariza-
tion up to about 10%. Motivated in part by an unsuccessful ob-
servational survey for this polarization (Wannier et al. 1983),
Deguchi & Watson (1984) extended the calculations to include
a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
DR 21(OH).

3.2. Basic Methods

The formulation used here follows Deguchi & Watson
(1984). The radiative transfer equations are solved in the large
velocity gradient or Sobolev approximation (LVG), and in the
regime where the line width!!, the Zeeman splitting g"0B, and
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where the symbol & represents the angle between the magnetic
field and the direction of propagation, and $JMJ 0M 0 and SJMJ 0M 0
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Some equations here differ slightly from those in Deguchi &
Watson (1984), because we are treating all magnetic substates
explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
lations, rate equations must be solved for these populations. We

TABLE 1

P.A. Comparison for CO Transitions

Offset

(arcsec) %J"2!1

Offset

(arcsec) %J"1!0

(1.0, 2.0)................ 78 ' 5 (1.0, 2.0)................ 3.6 ' 9.2

(#0.6, 2.0) ............ 77 ' 5 (#0.6, 2.0) ............ 4 ' 9.6
(4.2, 4.0)................ 87 ' 7 (4.0, 4.0)................ #0.2 ' 8.9

(2.6, 4.0)................ 85 ' 6 (2.5, 4.0)................ #5.2 ' 6.2

(1.0, 4.0)................ 83 ' 7 (1.0, 4.0)................ #6.1 ' 5.3

(#0.6, 4.0) ............ 84 ' 7 (#0.5, 4.0) ............ #4.6 ' 6.2
(9.0, 6.0)................ #60 ' 5 (9.0, 6.0)................ 15.3 ' 9.7

(7.4, 6.0)................ #70 ' 6 (7.5, 6.0)................ 13.0 ' 7.6

(5.8, 6.0)................ #85 ' 8 (6.0, 6.0)................ 6.7 ' 6.9

(4.2, 6.0)................ 88 ' 8 (4.2, 6.0)................ #3.5 ' 5.5
(2.6, 6.0)................ 87 ' 8 (2.5, 6.0)................ #9.3 ' 4.1

(9.0, 8.0)................ #50 ' 7 (9.0, 8.0)................ 18.4 ' 9.6

(7.4, 8.0)................ #62 ' 8 (7.5, 8.0)................ 14.1 ' 7.6
(5.8, 8.0)................ #76 ' 9 (6.0, 8.0)................ 8.0 ' 6.6
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corresponds to approximately 2:7 ; 10#4 pc using a distance to DR 21(OH) of
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orthogonal. This is a rather unexpected discovery. The Goldreich-
Kylafis effect predicts that polarization can be either parallel or
perpendicular to the magnetic field (Goldreich & Kylafis 1981)
but did not make a distinction between polarization of the same
molecule at different transitions. This is because their calculation
was done simulating a two-level molecule. Deguchi & Watson
(1984) extended the calculation to a multilevel molecule, but
made no prediction about polarization direction in different tran-
sitions. Direct comparison of angles in Table 1 shows the 90!

difference between both CO transitions. This is particularly true in
the central part of the map.
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(Goldreich & Kylafis 1981, 1982; Kylafis 1983a, 1983b). They
considered a molecule with only two (rotational) states having
angular momenta 1 and 0, and investigated line formation and
polarization in the presence of a magnetic field and anisotropic
optical depths. Their original work predicted linear polariza-
tion up to about 10%. Motivated in part by an unsuccessful ob-
servational survey for this polarization (Wannier et al. 1983),
Deguchi & Watson (1984) extended the calculations to include
a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
DR 21(OH).

3.2. Basic Methods

The formulation used here follows Deguchi & Watson
(1984). The radiative transfer equations are solved in the large
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Some equations here differ slightly from those in Deguchi &
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explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
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orthogonal. This is a rather unexpected discovery. The Goldreich-
Kylafis effect predicts that polarization can be either parallel or
perpendicular to the magnetic field (Goldreich & Kylafis 1981)
but did not make a distinction between polarization of the same
molecule at different transitions. This is because their calculation
was done simulating a two-level molecule. Deguchi & Watson
(1984) extended the calculation to a multilevel molecule, but
made no prediction about polarization direction in different tran-
sitions. Direct comparison of angles in Table 1 shows the 90!

difference between both CO transitions. This is particularly true in
the central part of the map.
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3.1. The Goldreich-Kylafis Effect

The Goldreich-Kylafis effect is described in a series of papers
(Goldreich & Kylafis 1981, 1982; Kylafis 1983a, 1983b). They
considered a molecule with only two (rotational) states having
angular momenta 1 and 0, and investigated line formation and
polarization in the presence of a magnetic field and anisotropic
optical depths. Their original work predicted linear polariza-
tion up to about 10%. Motivated in part by an unsuccessful ob-
servational survey for this polarization (Wannier et al. 1983),
Deguchi & Watson (1984) extended the calculations to include
a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
DR 21(OH).

3.2. Basic Methods

The formulation used here follows Deguchi & Watson
(1984). The radiative transfer equations are solved in the large
velocity gradient or Sobolev approximation (LVG), and in the
regime where the line width!!, the Zeeman splitting g"0B, and
the natural line width # obey the relation!!3 g"0B3#. This

strong inequality is easily satisfied here. The quantization z-axis
is along the magnetic field direction, and the quantum states are
specified in the usual way by the total angular momentum J
(there is no fine or hyperfine structure here) and by its projection
M on the z-axis. Under these conditions the radiative transfer
equations for radiation associated with transitions between upper
state J and lower state J 0 can be written as
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where the symbol & represents the angle between the magnetic
field and the direction of propagation, and $JMJ 0M 0 and SJMJ 0M 0

are defined in terms of Einstein A coefficients, and the popu-
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Some equations here differ slightly from those in Deguchi &
Watson (1984), because we are treating all magnetic substates
explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
lations, rate equations must be solved for these populations. We

TABLE 1

P.A. Comparison for CO Transitions

Offset

(arcsec) %J"2!1

Offset

(arcsec) %J"1!0

(1.0, 2.0)................ 78 ' 5 (1.0, 2.0)................ 3.6 ' 9.2

(#0.6, 2.0) ............ 77 ' 5 (#0.6, 2.0) ............ 4 ' 9.6
(4.2, 4.0)................ 87 ' 7 (4.0, 4.0)................ #0.2 ' 8.9

(2.6, 4.0)................ 85 ' 6 (2.5, 4.0)................ #5.2 ' 6.2

(1.0, 4.0)................ 83 ' 7 (1.0, 4.0)................ #6.1 ' 5.3

(#0.6, 4.0) ............ 84 ' 7 (#0.5, 4.0) ............ #4.6 ' 6.2
(9.0, 6.0)................ #60 ' 5 (9.0, 6.0)................ 15.3 ' 9.7

(7.4, 6.0)................ #70 ' 6 (7.5, 6.0)................ 13.0 ' 7.6

(5.8, 6.0)................ #85 ' 8 (6.0, 6.0)................ 6.7 ' 6.9

(4.2, 6.0)................ 88 ' 8 (4.2, 6.0)................ #3.5 ' 5.5
(2.6, 6.0)................ 87 ' 8 (2.5, 6.0)................ #9.3 ' 4.1

(9.0, 8.0)................ #50 ' 7 (9.0, 8.0)................ 18.4 ' 9.6

(7.4, 8.0)................ #62 ' 8 (7.5, 8.0)................ 14.1 ' 7.6
(5.8, 8.0)................ #76 ' 9 (6.0, 8.0)................ 8.0 ' 6.6

Notes.—Position angle for CO J " 2 ! 1 and CO J " 1 ! 1 at velocity
channel map v"#10 km s#1. Data were interpolated at a tolerance of 0B2, which
corresponds to approximately 2:7 ; 10#4 pc using a distance to DR 21(OH) of
3 kpc.
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made no prediction about polarization direction in different tran-
sitions. Direct comparison of angles in Table 1 shows the 90!
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a number of rotational states and radiative transitions. As a re-
sult, the predicted linear polarizations were reduced, typically by a
factor of about 2. We have further extended the multilevel calcu-
lations by including an external source term to represent emission
from dust in a compact source. We have also used improved rates
for collisional excitation, although this proved to be unimportant.
We focus on calculations to understand the polarization angles
of the CO J " 2 ! 1 and J " 1 ! 0 transitions observed in
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velocity gradient or Sobolev approximation (LVG), and in the
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M on the z-axis. Under these conditions the radiative transfer
equations for radiation associated with transitions between upper
state J and lower state J 0 can be written as

dI?JJ 0

ds
"#$?

JJ 0 I?JJ 0 # S?JJ 0

! "
$1%

dI
k
JJ 0

ds
"#$k

JJ 0 I
k
JJ 0 # S

k
JJ 0

# $
; $2%

where k and ? indicate the intensity of the radiation with a
linear polarization parallel and perpendicular to the magnetic
field, respectively.

The difference with Goldreich & Kylafis (1981) comes in ex-
pressing the opacity and source terms in a way to allow for ar-
bitrary angular momenta. The opacity and source terms are thus
written as $JMJ 0M 0 and SJMJ 0M 0, such that $q

JJ 0 and S q
JJ 0 (where q

stands for k or ?),

$?
JJ 0 "

1

2
% ! # !JJ 0$ %

X

!M"1

$JMJ 0M 0 ; $3%

S?JJ 0 "
P

!M"1 $JMJ 0M 0SJMJ 0M 0P
!M"1 $JMJ 0M 0

; $4%

$k
JJ 0 " % ! # !JJ 0$ % sin2&

X

!M"0

$JMJ 0M 0

 

& 1

2
cos2&

X

!M"1

$JMJ 0M 0

!
; $5%

S
k
JJ 0 "

 
sin2&

X

!M"0

$JMJ 0M 0SJMJ 0M 0

& 1

2
cos2&

X

!M"1

$JMJ 0M 0SJMJ 0M 0

!

; sin2&
X

!M"0

$JMJ 0M 0 & 1

2
cos2&

X

!M"1

$JMJ 0M 0

 !#1

;

$6%

where the symbol & represents the angle between the magnetic
field and the direction of propagation, and $JMJ 0M 0 and SJMJ 0M 0
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Some equations here differ slightly from those in Deguchi &
Watson (1984), because we are treating all magnetic substates
explicitly. All statistical weight factors are 1 and are thus omitted
for simplicity.

Since the radiative transfer equations are functions of the popu-
lations, rate equations must be solved for these populations. We
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Source term
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Goldreich-Kylafis effect II

κ⊥≠κ||κ⊥=κ|| κ⊥<κ||
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Goldreich-Kylafis effect III

Cortes et al. 2005

Velocity anisotropy 
perpendicular to B

Radiation anisotropy



Sources of polarization Galactic Science ConclusionsExtragalactic Science

GK related Caveats....

• Molecular alignment by 
radiative (infrared) 
pumping (Morris et al. 1985)

• Linear polarization becomes 
radial or tangential to IR 
radiation source (i.e. central 
star)

• Multi-level excitation

19
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M
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non-Zeeman circular
• Linear to circular polarization conversion 

through anisotropic resonant scattering

(Houde et al. 2013, slides from 
T. Hezareh)

ψ 0 =α0 n|| + β0 n⊥
′ψ =α0e

iϕ n|| + β0 n⊥
q =α0

2 − β0
2

u = 2α0β0 cos(φ)
v = −2α0β0 sin(φ)

Incident background radiation

scattered radiation

Stokes parameters in the frame of 
foreground magnetic field

Increase of ϕ     decrease of u 
                          increase of v 
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Anisotropic scattering 
- phase shift

Anisotropic resonant scattering  
relative phase shift 

φ(ω) ≅ −ωz
2 sin2(ι) l4 nCO3πc

2Aba
4ω 3

0ω
2 u(ω)u '(ω)I(ω)

: the Zeeman splitting 
: inclination angle of the magnetic field 
: the frequency of scattered photon 
: frequency of transition 
: density of CO molecules in lower state 
: the size of interaction region 
: the spontaneous emission coefficient (~ 10-6 s-1) 
: the incident (scattered) linear polarization energy density  
: resonant scattering integral over incident linear polarization profile 

ω

I(ω)
u(u ')
Aba
l

ω0
nCO

MPIA, Heidelberg  21-05-13 

ω z
ι

Remember, CO Zeeman splitting 
would be <0.01%



Sources of polarization Galactic Science ConclusionsExtragalactic Science

Pérez Sánchez et al. 2013

Many masers, several 
will be highly polarized

Masers
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Pérez Sánchez et al. 2013

Many masers, several 
will be highly polarized

Masers

Pérez-Sánchez and Vlemmings: Linear polarization of submillimetre masers

Tb and !" are related to the observed intensity of the maser,
it is a di#cult task to constrain their value directly from obser-
vations. Brightness temperatures of up to ! 1015 K have been
measured for water masers in SFRs, whereas estimated values
for !" are ! 10"1 " 10"2 sr for water masers detected towards
the CSEs of late-type stars (Richards et al. 2011; Vlemmings &
van Langevelde 2005), and in some cases !" ! 10"5 sr for the
masers detected towards SFRs (Nedoluha & Watson 1991).
The fractional linear polarization increases with Tb!" in the
presence of a magnetic field as long as ! ! !cr. Since R increases
faster than pL when Tb!" increases, the polarization vector of
linearly polarized maser radiation detected with high brightness
temperature does not necessarily satisfy the criterium g" > R,
and thus cannot always be directly correlated with the direction
of the magnetic field lines, unless the emitted radiation has a high
degree of beaming. On the other hand, low brightness tempera-
tures might result in very low or undetectable values of fractional
linear polarization. Furthermore, the value of Tb!" scales with
the ratio R/$, and higher values of the molecular decay rate $
imply a lower level of fractional linear polarization for the same
Tb!" value. This reflects the dependence of the fractional linear
polarization level of a particular rotational transition on the sat-
uration level of the maser radiation.
The Zeeman frequency g" determines the energy-splitting of the
magnetic sub-levels. In a masing region permeated by a con-
stant magnetic field parallel to the z-axis of the coordinate sys-
tem, the energy-shifting of the magnetic sub-levels is given by
!g"m/2 = gµNBm, where µN and m are the nuclear magneton
and the quantum number of the magnetic substate (Nedoluha &
Watson 1990a). Hence the values for g" can be estimated using
the relation

g" =
2gµN
!

B[G]
1 # 104

, (2)

where the factor 1 # 104 originates from the conversion be-
tween the units of Tesla and Gauss. In general, the molecular
Landé factor (g) is di%erent for each magnetic sub-level. The
data in the literature are very limited, and there are no reported
g-factor values for all the di%erent rotational transitions of HCN
nor H2O. The Landé g-factor for SiO has minor di%erences (less
than 1%) for the v = 0, v = 1 and v = 2 vibrational transi-
tions (Landolt-Börnstein 1982). The assumed g-factors for the
di%erent molecules are listed in Table 3. In the case of H2O,
Nedoluha & Watson (1992) calculated the g" values consider-
ing hyperfine splitting for the 616 and 523 rotational states of wa-
ter. Nevertheless, in the present case, we have assume the lower
limit suggested for g as it would be without hyperfine splitting
(Kukolich 1969), to calculate g" for the di%erent H2O rotational
transitions that we modelled. For HCN we assumed the lower
g factor value reported for the (0,11c ,0) vibrational state, which
corresponds to a magnetic field parallel to the molecular symme-
try axis (Goldsmith et al. 1988 and references therein). Because
for closed-shell, non-paramagnetic molecules the response to a
magnetic field is weak, we consider the g-factor values listed in
Table 3 as a conservative choice to constrain a minimum value
for g" for the di%erent molecular species. The g" values pre-
sented in Table 3 correspond to B= 1 G in Equation 2, and can
be scaled according to magnetic field strengths reported for the
di%erent masing regions in both SFRs and CSEs of (post-)AGB
stars.
Single-dish observations have revealed average magnetic field
strengths of ! 3.5 G in the SiO maser region, whereas for H2O
the measured values range between 100"300 mG for the CSEs

Table 4.Model results: Values of pL assuming ! = 90o and g" =
10R for rotational transitions of the v = 1 vibrational state of SiO
and the ground-vibrational level of H2O. For HCN, the J = 1"0
belongs to the vibrationally excited v2 = 2o state, whereas the
higher J transitions listed are from the v2 = 11c vibrationally
excited level

SiO H2O HCN
Ju " Jd pL Ju " Jd pL Ju " Jd pL
1"0 !0.32 313 - 220 !0.19 1"0 !0.33
2"1 !0.23 515 - 422 !0.16 2"1 !0.27
3"2 !0.18 643 - 550 !0.15 3"2 !0.22
4"3 !0.15 4"3 !0.19
5"4 !0.14
6"5 !0.13

of AGB and supergiant stars, and between 15"150 mG at densi-
ties of nH2 = 108 " 1011 cm"3 in SFRs. For our models we as-
sumed the values of the magnetic field strength listed in Table 3.
This allows us to analyse our results as a function of the mini-
mum g" values for the three molecular species modelled. Thus,
using Equation 2 for the correspondingmagnetic field in Table 3,
we calculate the g" in order to determine whether the inequality
g" > R is satisfied or not.

5. Analysis
5.1. SiO maser
We present the results of our models for the SiO rotational tran-
sitions J = 5 " 4 and J = 2 " 1 of the v = 1 vibrational state
in Figure 1. The results are for four di%erent ! values and the
vertical line corresponds to a Tb!" where g" = 10R. The ideal
case of ! = 90o determines the maximum fractional linear po-
larization value when a magnetic field permeates the masing re-
gion. The maximum fractional linear polarization for rotational
transitions of the first SiO vibrationally excited state are listed
in Table 4. These upper limits were established using the corre-
sponding g" value listed in Table 3 for each molecular species,
and subsequently finding the Tb!" values where g" = 10R.
According to our results, it is possible to generate pL values of
up to 13% for the J = 5 " 4 rotational transition, and of up to
23% for the J = 2" 1 rotational transition without consideration
of non-Zeeman e%ects (Figure 1), while the much higher values
of pL detected for the SiO masers require anisotropic pumping.
Therefore, although anisotropic pumping has a strong impact on
the fractional linear polarization level, submillimetre SiO maser
features observed with brightness temperatures < 109 " 1010 K
fulfil g" > R and could in principle be used to trace the structure
of the magnetic field permeating the SiO masing region.

5.2. H2O maser
To determine the level of fractional linear polarization that water
maser transitions can reach when the masing region is perme-
ated by a large-scale magnetic field, we ran numerical models
of the rotational transitions within the ground-vibrational state,
using the assumptions described in section 5.1, together with the
corresponding parameters in table 3. The results are presented
in Table 4. In Fig. 2 we present the results for the 183 GHz and
325 GHz lines for four di%erent ! values. Our results suggest up-
per limits for fractional linear polarization of up to 19% and 16%
for the 183 GHz and 325 GHz lines, respectively. Therefore,
considering the values we assumed for the input parameters

5
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Recap

• Various linear and circular polarization 
mechanisms

• most probe line-of-sight or plane-of-the-sky 
magnetic field

• most have (sub)-percent polarization fractions

• except synchrotron and masers

• Several fairly unique to the (sub-)mm regime

• Goldreich-Kylafis of e.g. CO

• Zeeman of e.g. CN/SO and various masers

• aligned dust (submm dust peak)

• Resonant scattering?



Some Science Examples:

Galactic Science
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Star Formation

• What is the role/influence of magnetic 
fields during low-mass and massive star 
formation
• magnetic disk braking (catastrophe?)

• aligned/misaligned fields?

• outflow launching (requires magnetic field)

• disk winds/X-winds?

• suppression of fragmentation?

• setting threshold for SF to occur?

• connection between seed field and protostellar field?
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Star Formation examples

Girart et al. (2006)
Ambipolar diffusion?
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Star Formation examples

B-field from model of 
             Galli & Shu ’93  
(see also Fiedler Mouschovias 
‘93, Allen, Li, & Shu ’03, 
Machida, Inutsuka, & 
Matsumoto ’07, Joos, 
Hennebelle, & Ciardi ’12)             

- B-field uniform outside 
infall radius 

- pseudo-disk: a dynamic 
structure (few x 1000 AU) 

- Keplerian disk: 
rotationally supported 
(few x 100 AU) 

- jets/outflows originate 
inside Keplerian disk 

Testing Magnetized Collapse Models 
usually applied to formation of a single low-mass star  

Slide courtesy Giles Novak
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Star Formation examples
• Looking for relation between outflow/disk orientation and 

envelope magnetic field

both ~35 degree or less misalignment

marginally significant non-random

• Different answers

• multiple sources / observing scales / statistics?

projected separation φ$
of pseudodisk sym. axis w.r.t. B-field  

plotted against 
pseudodisk inclination angle “i” 

αbest =  36° 

Probability to get this low an αbest by chance is ~ 5% Novak et al. 2013 Surcis et al. 2013 Hull et al. 2013

Masers

Misalignment of Magnetic Fields and Outflows in Protostellar Cores 5

Fig. 2.— The thick solid curve shows the cumulative distribution function (CDF) of the (projected) angles between the mean magnetic
field and outflow directions for the sources in Table 1. The upper dashed curve is the CDF from a Monte-Carlo simulation where outflow and
B-field directions are oriented within 20� of one another (tightly aligned). The lower dot-dashed curve is the CDF from a simulation where
outflow and B-field directions are separated by 70–90� (preferentially misaligned). The straight line is the CDF for random orientation.

TABLE 1
Observations

Source ↵ � �
B

(�
B

) �
o

(�
o

) ✓
o�B

(�
o�B

) ✓
bm

d Distance
(J2000) (J2000) (�) (�) (�) (00) (pc) ref.d

L1448 IRS 2 03:25:22.4 30:45:13.2 139 (9) 134 (5) 5 (10) 3.63 230 1
L1448N(B) 03:25:36.3 30:45:14.8 31 (6) 97 (2) 66 (6) 2.04 230 1
NGC 1333-IRAS 2Aa 03:28:55.6 31:14:37.1 82 (6) 98 (6) 16 (8) 3.45 230 1

82 (6) 21 (9) 61 (11) 1
NGC 1333-IRAS 4A 03:29:10.5 31:13:31.3 58 (2) 18 (10) 40 (10) 2.52 230 1
NGC 1333-IRAS 4B 03:29:12.0 31:13:08.1 86 (5) 0 (5) 86 (7) 2.09 230 1
HH 211 03:43:56.8 32:00:50.0 164 (6) 116 (1) 48 (6) 3.95 230 1
L1551 IRS 5 04:31:44.5 18:08:31.5 165 (4) 67 (5) 82 (6) 2.18 140 2
L1527 04:39:53.9 26:03:09.6 174 (8) 92 (7) 82 (11) 3.06 140 2
OMC3-MMS5b 05:35:22.4 –05:01:14.5 52 (9) 80 (6) 28 (11) 3.22 415 3
OMC3-MMS6 05:35:23.4 –05:01:30.6 45 (2) 171 (8) 54 (8) 3.22 415 3
VLA 1623 16:26:26.4 –24:24:30.4 36 (9) 120 (5) 84 (10) 2.89 120 4
IRAS 16293 Aa,c 16:32:22.9 –24:28:36.3 5 (9) 77 (9) 72 (13) 2.46 178 5

5 (9) 143 (9) 42 (13) 5
Ser-emb 8 18:29:48.1 01:16:43.6 39 (6) 107 (1) 68 (6) 2.63 415 6
Ser-emb 8 (N) 18:29:48.7 01:16:55.8 88 (7) 129 (2) 41 (7) 2.63 415 6
Ser-emb 6 18:29:49.8 01:15:20.3 157 (3) 135 (3) 22 (4) 2.71 415 6
L1157 20:39:06.2 68:02:16.0 146 (4) 146 (7) 0 (8) 2.39 250 7
CB 230 21:17:38.7 68:17:32.4 89 (6) 172 (4) 83 (7) 3.05 400 8
Note. — Coordinates are fitted positions of dust emission peaks. The outflow angle �

o

and inferred magnetic-field
angle �

B

are measured counter-clockwise from north. The angle difference ✓
o�B

between the outflow and the B-field
is always between 0–90�. The B-field direction is assumed to be perpendicular to the direction of the polarized dust
emission. d is the distance to the source. ✓

bm

is the geometric mean of the major and minor axes of the synthesized
beam.
a Source has two outflows.
b Coordinates from Takahashi et al. (2009)
c Results from Rao et al. (2009).
d Distance references. 1: Hirota et al. (2011). 2: Loinard et al. (2007). 3: Menten et al. (2007). 4: Loinard et al. (2008).
5: Imai et al. (2007). 6: Dzib et al. (2010). 7: Looney et al. (2007). 8: Launhardt et al. (2010).
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Star Formation examples

T Tauri accretion disks: Hughes et al. 2009, 2013

Tamura et al. 1999
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Star Formation examples

T Tauri accretion disks: Hughes et al. 2009, 2013
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Star Formation examples

• Goldreich-Kylafis effect of CO

• Zeeman splitting of masers or e.g. CN/SO

CN, Falgarone et al. 2008
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Evolved Stars

• Magnetic shaping of Planetary Nebulae?

• origin of the magnetic field (binaries?)

• Magnetic component to AGB mass-loss?
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• Oxygen rich:
• SiO at 2 R*

• B~3.5 (up to 10s) G
• H2O at ~5-80 AU

• B~0.1-2 G 
• OH at ~100-10.000 AU

• B~1-10 mG 
• Carbon rich:

• CN at ~2500 AU
• B~7-10 mG

Vlemmings et al. 2002, 2005
Kemball et al. 1997, 2009
Herpin et al. 2006, 2009
Etoka et al. 2004
Reid et al. 1976
Amiri et al. 2012

CO

r
!1

CN

Evolved Stars: AGB
Zeeman studies
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Evolved Stars: post-AGB
• Rotten Egg Nebula

• H2O masers magnetic field measurement
• Extrapolated (Bϕ ∝ r-1) surface magnetic field of  B~3 G

Desmurs et al. (2007)

• W43A, post-AGB water-fountain

• Toroidal, collimating magnetic field: 
Bϕ = 80 mG

•  Enhanced in the H2O masers

• Around the jet B = 100 µG from OH masers

• GBT confirmed strength in H2O jet and 
shows expected reversal.

• Extrapolated (Bϕ ∝ r-1) surface magnetic 
field of  B~2 G.  

Leal Ferreira et al. (2012)

Vlemmings et al. (2006); Amiri et al. (2010)

B||=45 mG
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Evolved Stars examples

CO(2-1) - up to 13%
• non-radial
• indicative of large scale B-field

SiO(5-4) - up to 8%

Vlemmings et al. 2012, A&A in press
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Evolved Stars examples

215 GHz SiO (Vlemmings et al. 2011)

Maser linear polarization of 
various lines (SiO, water, HCN)

Dust polarization of PNe

Sabin et al. 2002;            
 B-vectors for CRL 2688 (Egg Nebula)
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Evolved Stars examples

• Dust grain composition (of the large dust 
grain component) of P-PNe

• Compare CO morphology with magnetic 
field (GK-effect)

offset [arcsec]

of
fs

et
 [a

rc
se

c]

ï20ï1001020
ï20

ï15

ï10

ï5

0

5

10

15

20

R Scl (Maercker et al. 2012)

SMA full track results can be done 
with ALMA in a matter of minutes
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Galactic Centre

Faraday rotation:
Marrone et al.  2009

Faraday Rotation in Sagittarius A* 3

TABLE 1
Polarization and Rotation Measure of Sagittarius A*

Date ! Ia Qa Ua m " RM "0

(GHz) (Jy) (mJy) (mJy) (%) (deg) (105 rad/m2) (deg)

2005 Jun 4: · · · · · · · · · · · · · · · · · · !6.7 ± 2.9 215 ± 29
USB . . . 230.6 4.00 ± 0.04 100 ± 12 !176 ± 12 5.06 ± 0.29 149.8 ± 1.7
LSB . . . 220.6 3.91 ± 0.03 48 ± 11 !153 ± 11 4.08 ± 0.28 143.7 ± 2.0

2005 Jun 6: · · · · · · · · · · · · · · · · · · !23.1 ± 12.6 251 ± 56
USB . . . 348.0 4.22 ± 0.04 126 ± 19 !177 ± 20 5.13 ± 0.47 152.7 ± 2.6
LSB . . . 338.0 4.14 ± 0.03 94 ± 16 !214 ± 15 5.62 ± 0.38 146.8 ± 1.9

2005 Jun 9: · · · · · · · · · · · · · · · · · · !5.0 ± 1.7 138 ± 17
USB . . . 231.9 3.48 ± 0.02 !244 ± 9 !7 ± 8 7.01 ± 0.25 90.8 ± 1.0
LSB . . . 221.9 3.38 ± 0.02 !224 ± 8 28 ± 9 6.68 ± 0.24 86.4 ± 1.1

2005 Jun 15: · · · · · · · · · · · · · · · · · · !11.7 ± 13.6 192 ± 60
USB . . . 348.0 3.31 ± 0.02 45 ± 16 !166 ± 16 5.18 ± 0.48 142.5 ± 2.7
LSB . . . 338.0 3.32 ± 0.02 29 ± 14 !181 ± 13 5.52 ± 0.41 139.6 ± 2.2

2005 Jun 16: · · · · · · · · · · · · · · · · · · !5.4 ± 1.8 174 ± 18
USB . . . 231.9 3.94 ± 0.03 !93 ± 9 !196 ± 8 5.50 ± 0.22 122.3 ± 1.1
LSB . . . 221.9 3.79 ± 0.03 !109 ± 8 !157 ± 7 5.05 ± 0.19 117.6 ± 1.1

2005 Jun 17: · · · · · · · · · · · · · · · · · · !22.3 ± 7.4 246 ± 33
USB . . . 348.0 2.95 ± 0.02 148 ± 14 !228 ± 14 9.21 ± 0.48 151.5 ± 1.5
LSB . . . 338.0 3.02 ± 0.02 109 ± 12 !276 ± 12 9.81 ± 0.41 145.8 ± 1.2

2005 Jul 20: · · · · · · · · · · · · · · · · · · !7.5 ± 1.6 209 ± 16
USB . . . 231.9 3.82 ± 0.02 15 ± 6 !180 ± 6 4.73 ± 0.17 137.3 ± 1.0
LSB . . . 221.9 3.75 ± 0.02 !25 ± 6 !165 ± 6 4.45 ± 0.15 130.7 ± 1.0

2005 Jul 21: · · · · · · · · · · · · · · · · · · +1.1 ± 8.2 154 ± 36
USB . . . 348.0 3.87 ± 0.03 240 ± 18 !220 ± 17 8.39 ± 0.46 158.7 ± 1.6
LSB . . . 338.0 3.73 ± 0.03 225 ± 15 !203 ± 15 8.11 ± 0.40 159.0 ± 1.4

2005 Jul 22: · · · · · · · · · · · · · · · · · · !3.7 ± 1.8 152 ± 18
USB . . . 231.9 3.37 ± 0.02 !91 ± 6 !120 ± 6 4.46 ± 0.18 116.4 ± 1.1
LSB . . . 221.9 3.34 ± 0.02 !105 ± 6 !110 ± 6 4.55 ± 0.17 113.1 ± 1.1

2005 Jul 30: · · · · · · · · · · · · · · · · · · !4.8 ± 1.4 133 ± 14
USB . . . 231.9 4.16 ± 0.03 !223 ± 7 26 ± 6 5.39 ± 0.16 86.6 ± 0.8
LSB . . . 221.9 4.12 ± 0.03 !193 ± 7 53 ± 6 4.86 ± 0.15 82.4 ± 0.9

a Statistical errors only. Overall flux density scale uncertainty is 10%.
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Fig. 1.— The position angles observed in each sideband on each
of the ten epochs. The slope between the two sidebands at each
epoch is proportional to the RM and the extrapolated intercept at
the " axis is "0. The mean RM!"0 fit is also plotted. Variability
in "0 is visible in the 230 GHz points (at right), which show slopes
similar to the mean but are widely dispersed in ".

from the angle observed during IR flares (Eckart et al.
2006; Meyer et al. 2006). A 90! position angle change
has been predicted to occur near the spectral peak in
theoretical models of the polarization, although the pre-
cise flip frequency depends on the details of the models
(Agol 2000; Melia et al. 2000). If the IR measurements
trace the intrinsic polarization direction at short wave-
lengths, rather than the possibly random polarization
of the transient flare, this would be evidence for such a
change above 345 GHz. We do not observe a flip between
230 and 345 GHz.

This measurement represents the first reliable deter-
mination of the RM of Sgr A*, and the only measure-

ment made from simultaneous observations at multiple
frequencies and therefore able to isolate source polariza-
tion changes. Macquart et al. (2006) derived a RM of
!4.4" 105 rad m"2 from the average ! at four frequen-
cies over the last several years. However, their interpre-
tation requires a 180! unwrapping of the 83 GHz po-
sition angle and the non-wrapped position angle is not
strongly excluded. They report a !2

r of 2.1 for 3 de-
grees of freedom (10% probability) for the non-wrapped
fit (RM=!1.9 " 105 rad m"2). Furthermore, this !2

r re-
lies on their poorly measured USB polarization (just two
of five measurements detect polarization at 3$) and the
standard error of the mean of just two measurements at
216 GHz in order to provide additional degrees of free-
dom. Discarding the former and using the 230 GHz vari-
ability to estimate the 216 GHz variability increases the
probability of the non-wrapped position angle to 26%.

4. DISCUSSION

The RM we observe is too large to be produced by
material beyond the accretion radius of Sgr A* (approx-
imately 1## or 0.04 pc). Using the density determined by
Bagano! et al. (2003), the RM in the dense inner 10## is
just 8 " 103 rad m"2 assuming a 1 mG ambient field.
RMs determined in nearby sources are as large as 70%
of this estimate (e.g. Yusef-Zadeh & Morris 1987).

The RM can be used to determine the accretion rate
(Ṁ) at small radii around Sgr A* if assumptions are
made about the nature of the accretion flow. The pro-
cedure is outlined in M06 and assumes a power-law ra-
dial density profile (n # r"!) and an ordered, radial,
equipartition-strength magnetic field. Our RM detection

CIRCULAR POLARIZATION OF SGR A* 3
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Fig. 1.— Published measurements of the fractional linear and circular polarization toward Sgr A* as a function of frequency.

CP is also observed in a variety of radio sources, includ-
ing pulsars and AGN. Examples are 3C273 and 3C279
(Homan & Wardle 1999). Some models seeking to ex-
plain the millimeter and submillimeter LP have also pre-
dicted CP at these high frequencies due to the conversion
of LP to CP in a turbulent jet (e.g., Beckert & Falcke
2002). In these models, in addition to the stochasticity
of the magnetic field—which appears to play a crucial
role in building up CP by propagation e↵ects—the heli-
cal geometry of jets might be important in high levels of
LP, above 100 GHz.
Coupled mechanisms to produce both LP and CP in

relativistic outflows have been studied in detail by many
authors (e.g., Ruszkowski & Begelman 2002; Beckert &
Falcke 2002; Beckert 2003; Huang et al. 2008; Homan
et al. 2009; Shcherbakov et al. 2010). If CP is pro-
duced predominantly by propagation e↵ects, multifre-
quency measurements of RM and CP can provide im-
portant clues about the magnetic field structure of the
plasma surrounding the SMBH. Similarly, simultaneous
measurements of LP and CP variability can determine
whether the intraday variability in Sgr A* is due to in-
trinsic variations in the central engine or to variations
in the outer layers of the accretion flow. In this way, it
should be possible to conclusively infer the presence or
absence of a “Faraday screen” in front of Sgr A* (Mac-
quart et al. 2006; Marrone et al. 2007).
In Section 2 we describe several epochs of polarimetric

observations of Sgr A*, Section 3 reports the observed
polarization, and Section 4 explores the tests of system-
atic errors in the observations that might give rise to
false CP. Section 5 reviews PRT and the astrophysical

TABLE 2
Observation Epochs

Date Main Freq.a SMA ⌧225GHz

Target [GHz] Config.b

2005 June 6 Sgr A* 343.0 CN 0.055
2006 July 17 Sgr A* 226.9 VEX 0.05-0.08
2007 March 31 Sgr A* 226.9 CN 0.055
2008 May 30 1924-292 226.9 CN 0.08

a Frequency of the local oscillator. Upper and lower sidebands
are centered 5 GHz above and below this frequency, respec-
tively.
b Array configurations include “Compact North” (CN) and
“Very Extended” (VEX).

mechanisms for generating CP, and their applicability to
Sgr A*.

2. OBSERVATIONS

The data presented in this work consist of three po-
larimetry tracks (Table 2) taken with the Submillimeter
Array (SMA).1 The general characteristics of the SMA
are described by Blundell (2004) and Ho et al. (2004),
and its polarimeter is described by Marrone (2006) and
Marrone & Rao (2008). The most significant detection of
CP at 230 GHz was made from the observations of March
31, 2007. Archival data from two other observations—
one at 230 GHz and another at 345 GHz—were ana-
lyzed to confirm and extend the initial result. A typi-

1 The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica Insti-
tute of Astronomy and Astrophysics and is funded by the Smith-
sonian Institution and the Academia Sinica.
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Galaxies - Molecular Clouds

M33 (Li & Henning, 2011)

is consistent with the scenario in which the B fields in the GMCs are
compressed within the spiral arms, and the fields can exert tension
forces (because of d; see Supplementary Fig. 1) strong enough to resist
cloud rotation (‘magnetic braking’4,9). If mass has been accreted to
form a cloud from the accumulation length scale (hundreds of parsecs)
in a shearing galactic disk, cloud rotation is inevitable owing to con-
servation of angular momentum (Supplementary Fig. 1 and figure 6 of

ref. 2), unless the momentum is consumed by another mechanism such
as magnetic tension. The fact that the GMCs in M33 show significantly
smaller angular momenta than predicted by the Toomre instability
criterion9 supports our observations. Figure 3 is also consistent with
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Figure 2 | CO (2–1) maps and polarization vectors. The contours are 90%,
80% … 10% of the peak intensity of each cloud (from dark to light grey). The
red vectors show polarization detections, for which the ratio of the polarization
level to its uncertainty is greater than three and the error in direction is less than
10u. The thick grey vectors show the tangents of the local optical arms27,30 for

GMC 1, 2, 4, 5 and 6. For the inter-arm GMC 3, the grey vector shows the mean
of the two tangents of the nearby arms at the positions closest to GMC 3. The
ellipses indicate the Submillimeter Array synthetic beams; all detections are
spatially independent. The coordinate (right ascension, declination) offsets are
in arcseconds.
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Figure 3 | Distribution of the CO polarization-arm offsets. The offsets are
from the difference between the red and grey vectors in Fig. 2. N is the number
of offsets falling in each bin. Contributions from different GMCs are indicated
by colour. The distribution can be fitted by a double-Gaussian function with a
standard deviation of 20.7u6 2.6u and peaks at 21.9u6 4.7u and 91.1u6 3.7u
(peaks shown by vertical black lines). The directions of synchrotron
polarization from the regions near the GMCs (within one beam size, as shown
in Fig. 1) are also shown as dashed lines, with the same colour code as the
GMCs.
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Figure 4 | Likelihood of obtaining simulated angle dispersions S and offsets
D of CO polarization within the observed 90% confidence intervals. The
90% confidence intervals from the data in Fig. 3 are 15.1u, S , 26.4 and
| D | , 10.7u. The likelihood is estimated by Monte Carlo simulations
(Supplementary Information) with various combinations of s (B-field
dispersion) and d (dispersion of the offsets between mean fields and arms).
Only s < 20u with d , 8u can give a similar confidence level within the
intervals.
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is consistent with the scenario in which the B fields in the GMCs are
compressed within the spiral arms, and the fields can exert tension
forces (because of d; see Supplementary Fig. 1) strong enough to resist
cloud rotation (‘magnetic braking’4,9). If mass has been accreted to
form a cloud from the accumulation length scale (hundreds of parsecs)
in a shearing galactic disk, cloud rotation is inevitable owing to con-
servation of angular momentum (Supplementary Fig. 1 and figure 6 of

ref. 2), unless the momentum is consumed by another mechanism such
as magnetic tension. The fact that the GMCs in M33 show significantly
smaller angular momenta than predicted by the Toomre instability
criterion9 supports our observations. Figure 3 is also consistent with
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red vectors show polarization detections, for which the ratio of the polarization
level to its uncertainty is greater than three and the error in direction is less than
10u. The thick grey vectors show the tangents of the local optical arms27,30 for

GMC 1, 2, 4, 5 and 6. For the inter-arm GMC 3, the grey vector shows the mean
of the two tangents of the nearby arms at the positions closest to GMC 3. The
ellipses indicate the Submillimeter Array synthetic beams; all detections are
spatially independent. The coordinate (right ascension, declination) offsets are
in arcseconds.

0
–40 –20 0 20 40 60

Offset of CO polarization from local arm direction (degrees)
80 100 120 140

2

4

6

8

10

N

GMC 5

GMC 1
GMC 2

GMC 4

GMC 6

GMC 3

Figure 3 | Distribution of the CO polarization-arm offsets. The offsets are
from the difference between the red and grey vectors in Fig. 2. N is the number
of offsets falling in each bin. Contributions from different GMCs are indicated
by colour. The distribution can be fitted by a double-Gaussian function with a
standard deviation of 20.7u6 2.6u and peaks at 21.9u6 4.7u and 91.1u6 3.7u
(peaks shown by vertical black lines). The directions of synchrotron
polarization from the regions near the GMCs (within one beam size, as shown
in Fig. 1) are also shown as dashed lines, with the same colour code as the
GMCs.

G 
(d

eg
re

es
)

D (degrees)

 

 

0 5 10 15 20 25 30
0

5

10

15

20

25

30

0.1

0.2

0.3

0.4 Li
ke

lih
oo

d0.5

0.6

0.7

0.8

0.9

25%

55%

85%

Figure 4 | Likelihood of obtaining simulated angle dispersions S and offsets
D of CO polarization within the observed 90% confidence intervals. The
90% confidence intervals from the data in Fig. 3 are 15.1u, S , 26.4 and
| D | , 10.7u. The likelihood is estimated by Monte Carlo simulations
(Supplementary Information) with various combinations of s (B-field
dispersion) and d (dispersion of the offsets between mean fields and arms).
Only s < 20u with d , 8u can give a similar confidence level within the
intervals.

RESEARCH LETTER

5 0 0 | N A T U R E | V O L 4 7 9 | 2 4 N O V E M B E R 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011

LETTER
doi:10.1038/nature10551

The alignment of molecular cloud magnetic fields
with the spiral arms in M33
Hua-bai Li1 & Thomas Henning1

The formation of molecular clouds, which serve as stellar nurseries
in galaxies, is poorly understood. A class of cloud formation models
suggests that a large-scale galactic magnetic field is irrelevant at the
scale of individual clouds, because the turbulence and rotation of a
cloud may randomize the orientation of its magnetic field1,2.
Alternatively, galactic fields could be strong enough to impose their
direction upon individual clouds3,4, thereby regulating cloud accu-
mulation and fragmentation5, and affecting the rate and efficiency
of star formation6. Our location in the disk of the Galaxy makes an
assessment of the situation difficult. Here we report observations of
the magnetic field orientation of six giant molecular cloud com-
plexes in the nearby, almost face-on, galaxy M33. The fields are
aligned with the spiral arms, suggesting that the large-scale field
in M33 anchors the clouds.

At a distance of about 900 kiloparsecs (kpc) from us7, M33 is our
nearest face-on galaxy with pronounced optical spiral arms. To resolve
a typical giant molecular cloud (GMC) with a size of tens to a hundred
parsecs, we used the Submillimeter Array8, which offers a linear spatial
resolution of about 15 pc at 230 GHz (the frequency of the CO J 5 2–1
transition) at the distance of M33 using the array’s most compact
configuration. To observe the strongest CO line emission, we picked
the six most massive GMCs from M33 (ref. 9). It is clear to which spiral
arms the GMCs are related, except for GMC3, which is situated
between two optical arms (Fig. 1).

We determined the orientations of the GMC magnetic fields (B
fields) from the polarization of CO emission lines, which should be
either perpendicular or parallel to the local B-field direction projected
on the sky (the Goldreich–Kylafis effect10). Although there are other
B-field tracers11 that do not have this 90u ambiguity, CO is much more
abundant and allows current radio telescopes to perform extragalactic
cloud observations. Despite the 90u ambiguity, such a B-field obser-
vation is still valuable12. An intrinsically random field distribution,
as occurs when the turbulence is super-Alfvenic13 (that is, when
turbulent energy dominates B-field energy), will still be random with
this ambiguity. On the other hand, an intrinsically single-peaked
Gaussian-like field distribution, in the presence of sub-Alfvenic
turbulence13 (that is, when B-field energy dominates turbulent energy),
will either remain single-peaked, or split into two peaks approximately
90u apart (‘double peaks’). From the total distribution of the offsets
between the CO polarization of the M33 GMCs and the local arm
directions (Fig. 2), the trend of double peaks is clearly visible
(Fig. 3). The distribution can be fitted by a double-Gaussian function
with peaks at 21.9u6 4.7u and 91.1u6 3.7u and a standard deviation
of 20.7u6 2.6u. This result is barely affected if the inter-arm GMC3 is
excluded.

The angle dispersion (S) of the CO polarization and its offset (D)
from the arm directions are determined by the dispersion of B-field
orientations (s), the dispersion of the offsets between cloud mean fields
and spiral arms (d), the observational errors (e , 10u), and the
Goldreich–Kylafis effect. By performing Monte Carlo simulations
(see the Supplementary Information), we can estimate the likelihood
of observing S and D within certain ranges, and determine which

combinations of s and d are able to produce the observed confidence
level (Fig. 4). Random fields or field-arm offsets are very unlikely. Only
when s 5 17u–22u with d , 8u do the simulations give a confidence
level similar to that observed. This indicates that the mean field direc-
tions are well-defined and highly correlated with the spiral arms, which

1Max-Planck Institute for Astronomy, Königstuhl 17, D-69117 Heidelberg, Germany.
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Figure 1 | The optical spiral arms and the locations of the six most massive
GMCs in M33. The background is an optical image of M33 (ref. 21) and the
vectors show the 3.6-cm synchrotron polarization21, with the telescope beam
size shown in the lower left corner. The vector length is proportional to the
intensity of polarized emission. A sketch of the optical arms27 is shown with
thick purple solid lines. The contours show the structures between 3699 and 4899
derived from scale decomposition28 of the 500-mm Herschel data29 (the lowest
contour level has 30% of the peak intensity, and the following levels increase
linearly with steps of 10% peak intensity). The GMC locations (plus symbols)
are numbered 1 to 6. The optical arms related to GMCs 1, 5 and 6 are clear.
GMC 3 is between two arms. GMCs 2 and 4 are on the extensions (purple
dashed lines) from two different solid lines. GMC 4 has a short straight
extension. For GMC 2, we adopt the southern arm defined by ref. 30 as the
extension, which traces the 500-mm clumps well. The arms are traced slightly
differently in the literature, and this observational uncertainty will contribute to
d, the dispersion of polarization-arm offset (Supplementary Information).
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Fig. 2.—Linear polarization spectra of a late-time GRB afterglow, at t p
day, inferred from the standard external shock models in which all the1

electrons are accelerated (thin solid line; the same as in Fig. 1) and inPL

which the thermal electrons are left behind with (thick solid(1 ! f)/f p 10
line). The parameters and N are the same as in Fig. 1. The dot-E, n, e , e , p,B e

dashed lines describe the sensitivities of VLA and ALMA for a burst with
Gpc ( ) and an integration time of 1 hr. At frequencies lowerD p 1 z ! 0.2

than , is suppressed by the Faraday rotation effect of the thermal electrons,ñ PV L

which can be detected with ALMA.

context of GRB afterglows, since Matsumiya & Ioka (2003)
erroneously used of opposite sign and Sagiv et al. (2004)kV

neglected . Sagiv et al. (2004) discussed similar propagationkV

effects in early-time afterglows, but their discussion should be
restricted to a frequency region . For10 11n k n (! 10 –10 Hz)B

, the and that they derived for the forwardn k n (1 n ) P PB a L C

shock emissions are consistent with our results.

4. A SIGNATURE OF THE THERMAL ELECTRONS

Here we derive the polarization spectrum according to the
standard external shock model in which the thermal electrons
are left behind, i.e., (see § 1), and show that the linearf ! 1
polarization may be suppressed even at frequencies higher than
the absorption frequency . The electron energy distributionna

is assumed to consist of the accelerated electrons which are
considered in § 3, the thermal electrons with the Lorentz factor

, and the number density , whereg̃ p G n p [(1 ! f )/f ]nm th acc

(see Fig. 1 of Eichler & Waxman 2005). Thenm /m ! f ! 1e p

all the quantities in this model can be written by using the
parameters as measured assuming , while{E, n, e , e , p} f p 1B e

the real values of the parameters are given by !{E p E/f,
. The characteristic syn-! ! ! !n p n/f, e p e f, e p e f, p p p}B B e e

chrotron frequency of the thermal electrons is estimated by
Hz. We approximate the transfer co-8 1/2 1/2 !3/2ñ ! 2 # 10 E e tm 52 B,!2 d

efficients for the thermal electrons as those for the monoener-
getic distribution of electrons (Sazonov 1969; Melrose 1980a,
1980b). Thus we consider the electron energy distribution

dn !p˜p n d(g ! g ) " Kg H(g ! g ), (4)th e m e e mdge

where and is the Heaviside stepp!1K p (p ! 1)n g H(x)acc m

function. (Hereafter we describe the quantities related to the
thermal electrons as .) For , and damp ex-˜ ˜˜ ˜Q n k n h km I,Q,V I,Q,V

ponentially. The remaining coefficients for the thermal elec-
trons are different from those for the power-law distribution
only by numerical factors. Here we show the expressions of
Faraday coefficients,

21 e" !2 !2˜ ˜ ˜k ! n (2pn cos v)g (ln g )n , (5)V th B m mp m ce

"k̃ !Q

1/3 1/3 22 p e 2/3 !5/3 !5/3˜ ˜n (2pn sin v) g n for n K n ,th B m m11/63 G (1/3) m cE e

21 e 2 !3{ ˜ ˜! n (2pn sin v) g n for n k n ,th B m m22p m ce

(6)

where v is the angle between k and B and is the EulerG (x)E

Gamma function. The coefficients for the electron energy dis-
tribution consisting of the thermal plus accelerated ones are
given by the linear combination of the two contributions.

In Figure 2 we show the linear polarization spectrum of the
late-time GRB afterglow for the model, compared withf ! 1
that for the model obtained in § 3. The sensitivities off p 1
ALMA and VLA for 1 hr integration time are also shown.
They are derived by , where is the sensitivityP # F /F FL s,n n s,n

limit for continuum radiation and is the flux of the afterglow.Fn

The flux is estimated by for and1/3F p F (n/n ) n ! n ! nn m m a m

for , where #1/3 2 2 !2˜F p F (n /n ) (n/n ) n ! n ! n F ! 10 Dn m a m a m a m 27.5

mJy and D is the luminosity distance (Sari et al.1/2 1/2E n e52 0 B,!2

1998).
For , the absorption effect of the thermal electrons is˜n k nm

absent, and thus the absorption frequency is the same as the
case. Since k!2˜ ˜ ˜f p 1 t /t ! [(1 ! f )/f ](g /g ) (ln g / ln g )V V m m m m

1 (see eq. [5]) and similarly , the Faraday effects aret̃ /t k 1Q Q

dominated by those of the thermal electrons. The ratio
is k1 for small , i.e., at the late!1˜ ˜ ˜ ˜ ˜ ˜t /t ! g (ln g )(n/n ) gV Q m m m m

phase of the afterglow, so that the normal modes of this plasma
are circularly polarized and the Faraday rotation effect is sig-
nificant. The frequencies at which and equal unity aret tV Q

given by

1/2(1 ! f )/f11 3/16 9/16 1/4 !1/16ñ ! 3 # 10 E n e t Hz (7)V 52 0 B,!2 d[ ]10

and Hz, respec-10 1/3 1/3 1/3 1/3 !2/3ñ ! 4 # 10 [(1 ! f )/10f ] E n e tQ 52 0 B,!2 d

tively. For , all the depths are smaller than unity, so that˜n 1 nV

the intrinsic polarization is obtained. In the regime n ! n !a

, is satisfied, so that is given by equation˜ ˜ñ t k t k 1 k t PV V Q L

(2). It damps at low frequencies as $n2 and oscillates with the
period . In the optically thick regime!1 2 ˜FDn/nF % 10 n n K11 m

, the transfer equation (1) for indicates˜ ˜n ! n t k t k t k 1a V Q

that and (Jones˜ ˜P & (t /t )(h /h ! k /k ) P & h /h ! k /kL Q V V I V I C V I V I

& O’Dell 1977), and thus does not exceed . ForP P n KL C

, both the absorption and the Faraday effects are dominatedñm

by the thermal electrons, and and are satisfied.2 2 2 2˜ ˜ ˜ ˜t k t t k tV Q

Then the polarization spectrum is similar to that for inn ! na

the model discussed in § 3. It is important to note thatf p 1
both and are !10!2 for , and they are far fromP P n ! nL C a

detectable because the flux is suppressed in this regime (es-
pecially for , the additional absorption by the thermal˜n ! nm

electrons exists).
The existence of the thermal electrons is characterized by

the suppression of the linear polarization at . Nec-˜n ! n ! na V

essary conditions for this suppression are and˜ ˜n k n n kV a V

. The former condition reduces toñ (1 ! f )/f kQ

. Interestingly, the effect can be seen!3 1/40 3/40 !1/10 !2 1/810 E n e e t52 0 B,!2 e,!1 d

even for as small a number of thermal electrons as (1 !

Faraday rotation 
effect with ALMA 
(Toma et al. 2009)
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. The latter condition implies that!1f )/f ! 10 t k 3 #
s, which shows that the late-3 !8/29 7/29 !11/29 4/2910 [(1 ! f )/f ] E n e1 52 0 B,!2

time afterglow is suitable to search for the existence of thermal
electrons through the observation of linear polarization.

If is determined by the observation of a bright burst andna

the linear polarization is not detected at with VLA andn ! na

detected at with ALMA, it becomes clear that a numbern k na

of the thermal electrons exist and the magnetic field is ordered
on large scales. If we determine , the electron-proton couplingñV

parameter f can be constrained by equation (7).

5. DISCUSSION

We have studied a signature of the thermal electrons only
in the patchy coherent magnetic field model, while there are
some other viable models for magnetic field configuration. In
the model of random field with very short coherence length
(e.g., Sari 1999; Ghisellini & Lazzati 1999), the coefficient

averaged over the field configuration vanishes, so that the"k̃V

Faraday depolarization of does not occur (Matsumiya &PL

Ioka 2003). In the model of a combination of random field
and large-scale ordered field (Granot & Königl 2003),B Brnd ord

the depolarization by can occur similarly as discussed inBord

§ 4. In this model for and ,1.6 1.6P ! 0.7B /AB S n 1 n p p 2.2L ord rnd m

so that to reproduce the optical detection.1.6 1.6 !1.5B /AB S ! 10ord rnd

Interestingly for , . If such2/3 2/3ñ ! n K n P p 0.5B /AB S ! 0.1V m L ord rnd

a high at is detected, it will be an evidence for˜P n ! n K nL V m

the presence of .Bord

Only upper limits have been obtained so far for the radio
polarization from GRB afterglows (Granot & Taylor 2005).
From bright GRB 030329, is measured in the opticalP ! 2%L

band (Greiner et al. 2003), whereas 3 j limits ! 1% are derived
at 8.4 GHz. Such a low degree at radio may be attributed to
the source being optically thick, since is estimated as !19na

GHz (Taylor et al. 2005).
If a large number of thermal electrons are left behind, i.e.,

, the afterglow energy of GRBs should be ,# !1f ! 1 E p Ef
where E is the afterglow energy estimated by the modelf p 1

and typically inferred to be !1051.5 ergs with jet collimation
correction (Panaitescu & Kumar 2002; Yost et al. 2003). The
association of GRBs with supernovae suggests that !1.5f 1 10
is a conservative lower limit. The energy of prompt g-ray emis-
sion is typically similar to E, and some of the models of early-
time afterglows imply that the efficiency of the g-ray emission
is !90% (e.g., Ioka et al. 2006; Toma et al. 2006; Granot et
al. 2006; Fan & Piran 2006). If the external shock model with

is applicable to early-time afterglows, the g-ray efficiencyf ! 1
problem would be solved.

Mundell et al. (2007) have reported a 2 j upper limit !8%
on the optical polarization in the early-time afterglow of GRB
060418 ( s), and argued that the presence of a large-t ! 200
scale ordered field in the GRB jet is ruled out. However, the
rotation frequency for a typical reverse shocked ejecta withnV

ordered field is !1015 Hz, so that the low level of polarization
degree would result from the Faraday depolarization (see Sagiv
et al. 2004).

It is suggested that there are electrons well coupled to protons
at some nonrelativistic collisionless shocks, that is, e $ 0.5e

(e.g., Markevitch 2006). However, the fraction f of total elec-
trons that are coupled to protons has not been discussed seri-
ously. Recently, Spitkovsky (2008) has reported the results of
two-dimensional particle-in-cell simulations of relativistic col-
lisionless shocks in electron-proton plasma with a realistic
value of wherein and were realized. How-m /m e $ 0.5 f $ 1p e e

ever, it is too early to interpret the results conclusively, since
long-term three-dimensional simulations with good resolution
have not been done and it has not been understood whether
the heated electrons are accelerated into the power-law energy
spectrum. The late-time radio polarimetry may be an important
test for more realistic simulations and theories.
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This work is supported by Grants-in-Aid 18740147 (K. I.),
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AGN (jets)

• See Massardi/Laing talks



Some modeling 
options



ARTIST 
Adaptive Radiative Transfer Innovations 

for Submillimeter Telescopes

on behalf of the ARTIST team:

 Jes JØrgensen1, Michiel Hogerheijde2, Josep Miquel Girart3, 
Cristian Brinch1, Wouter Vlemmings4, Frank Bertoldi,5 Attila Juhasz2, Marco 
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Sterrewacht Leiden, Leiden

Institut de Ciències de l’Espai, Barcelona
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1) An innovative radiative transfer code using adaptive gridding that allows 
simulations of sources with arbitrary (3D) structures, ensuring rapid 
convergence - even for molecules with a complex level structure, e.g., H2O

2) Tools for modeling the polarization of line and dust emission, information that 
will come with standard ALMA observations

3) A Python-based comprehensive interface with Graphcal User Interface 
connecting these packages and providing links to extrernal codes

The ARTIST components

4) A library of pre-coded common models (e.g., Shu collapse model) for the 
user to browse.



Theoretical input models
E.g., analytical collapse, magnetic field, chemical network

Dust radiative transfer
Self-consistent (dust) temperature distribution 

Line excitation
Chemistry: abundances
Dynamics: velocity field

Line polarization
magnetic field model

Zeeman splitting

Raytracer
Images in molecular lines, continuum and polarization

Integration of images into data analysis software, e.g. CASA
Constraints on density, temperature, velocity field, magnetic field, chemistry

Continuum polarization
Grain alignment efficiency dependent on 

density/temperature 
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Components: Line excitation / Raytracing

Brinch & Hogerheijde, 2010

LIME is a new and innovative non-LTE spectral line radiation transfer code for 
3D models in arbitrary geometries.

Instead of a 2D regular mesh (e.g. nested AMR) Lime transports photons along 
the edges of a 3D unstructured Delaunay-grid (Ritzerveld & Icke 2006)

Grid points are placed semi-randomly but grid point distribution is well controlled  
=> grid is very flexible

Visualization with VTK

Image data are written in FITS 
format that can be used in 
directly in CASA (simdata).



Components: Continuum polarization

Dustpol (Padovani et al. 2012, in press.)

Calculates Stokes parameters on the basis of Lee & Draine 1985, Padoan 2011

Grain alignment efficiency (function of density/temperature)
3D magnetic field structure

=> Synthetic stokes vectors



Line polarization (Kuiper et al. in prep) is in the testing/benchmarking phase 

Full stokes radiative transfer using a modified version of LIME

Goldreich-Kylafis effect (Unequal population of magnetic-substates in an 
anisotropic velocity/radiation field)

Components: Line polarization
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Conclusions

• ALMA will provide breakthrough 
polarization science
• while likely throwing up some new puzzles

• Several applications will require:
• Extended polarization mapping with ACA and TP

• Stable polarization across primary beam

• Stable polarization characteristics with time

• at least ~0.1% accuracy after calibration (preferably 
better)


