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unfortunately we are far away from that still …
the sky as seen by Planck
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Polaris website in Kiel: http://www1.astrophysik.uni-kiel.de/~polaris/

— MC dust heating: Combined heating  
     algorithm of continuous absorption and  
     immediate temperature correction

— grid: octree-grid with adaptive refinement

— polarization mechanism: Dichroic extinction,  
     thermal reemission, and scattering

— dust grain alignment mechanisms:

    — Imperfect Davis-Greenstein (IDG) 

    — Radiative torques (RAT)

    — Mechanical alignment (GOLD)

    — Imperfect internal alignement

    — Independent dust grain composition

— optimization: Enforced scattering,  
     wavelength range selection, and modified  
     random walk
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polarized radiative transfer

Reissl et al. (2016, A&A, 593,87)
Reissl et al. (2019, ApJ, 885, 15)ga
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Polaris 1 

modeling Faraday rotation

Radiative transfer with POLARIS. II. 3

nal MHD data. Furthermore, HAMMURABI is highly
specialised to model the Milky Way alone for an observer
placed within the model.
In turn POLARIS3 (Reissl et al. 2016) is a well-tested

RT OpenMP parallelised code working on numerous
grids (adaptive octree, spherical, cylindrical, and native
Voronoi). The code is completely written in C++ and
provides the standard features of dust heating and po-
larisation by dust scattering. Beyond that, POLARIS
comes with a state-of-the art treatment of dust grain
alignment physics (Reissl et al. 2016, 2017; Seifried et al.
2018; Reissl et al. 2018) as well as line RT including the
Zeeman e↵ect (Brauer et al. 2016, 2017b,a), all wrapped
into a collection of supplementing python scripts for
plotting, statistical analysis, and MHD data conversion.
Driven by the observational capabilities of

new telescopes, such as WMAP, Planck, VLT,
ALMA, or SKA, as well as the vastly increas-
ing complexity of MHD simulations, there is a
need for a new and versatile RT tool that is able
to combine all aspects of the physics of electro-
magnetic waves traveling to complex media. To
achieve this we add a new C++ class to PO-
LARIS and connected the code to the broader
framework of Galactic disc modeling.
The paper is structured as follows. In Section 2 we

describe basic quantities of the RT problem and discuss
the RT with thermal electron and cosmic ray (CR) elec-
trons in Section 2.1 and Section 2.2, respectively. We
introduce the applied Milky Way model in Section 3
and discuss the ways to modify this model by an addi-
tional turbulent magnetic field component in Section3.1
and a CR electron distribution in Section 3.2. In Section
4 we present the comparison of synthetic maps and ac-
tual observations. This includes the similarities of di↵er-
ent profiles of the turbulent magnetic field and electron
distributions of the Galactic model and the Milky Way
to quantify the predictive capability of the POLARIS
code. This is followed by the evaluation of Galactic all-
sky maps and extragalactic observations in Section 4.2
and Section 4.2, respectively. Finally, we summarise our
results in Section 5.

2. THE RADIATIVE TRANSFER (RT) PROBLEM

The polarisation state of radiation along its path can
be conveniently quantified by the four-parameter Stokes
vector

~S = (I,Q, U, V )T , (1)
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where the parameter I represents the total intensity, Q
and U describe the state of linear polarisation, and V
is for circular polarisation. It follows from the Stokes
formalism that the linearly polarised fraction of the in-
tensity is determined by

Pl =

r
U2 +Q2

I2
. (2)

The total polarisation is defined as

pt =
p

U2 +Q2 + V 2 . (3)

Typically pt ⌧ I, while pt = I means totally po-
larised radiation. The position angle of linear
polarisation � as observed on the plane of the
sky is

� =
1

2
tan�1

✓
U

Q

◆
. (4)

POLARIS solves the RT equation in all four Stokes
parameters simultaneously (Reissl et al. 2016). In the
most general form this problem can be expressed as (e.g.
Martin 1971; Jones & Hardee 1979):

d

d`
~S = �K̂ ~S + ~J . (5)

Here, ~J is the emissivity and the quantity K̂ is the
4⇥4 Müller matrix describing the extinction and absorp-
tion, respectively. Both K̂ as well as ~J are defined by
the characteristic physics of radiation passing through a
medium.
Dependent on the physical problem some of the co-

e�cients can be eliminated by rotating the polarised
radiation from the lab reference frame into the target
frame meaning the frame of the propagation direction
(see Figure 1). From the definition of the Stokes vector
follows for the rotation matrix

R̂(') =

0

BBB@

1 0 0 0

0 cos(2') � sin(2') 0

0 sin(2') cos(2') 0

0 0 0 1

1

CCCA
, (6)

where ' is the angle between the x-axis of the
target frame and the magnetic field direction
projected into the plane perpendicular to the
propagation direction of the radiation (see Fig-
ure 1). Note that R̂�1(') = R̂(�'). Consequently,
POLARIS rotates the Stokes vector into the target
frame when entering each individual grid cell and back
when escaping it.

Stokes formalism:

I = total intensity

Q,U = linear polarization

V = circular polarization
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into a collection of supplementing python scripts for
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Driven by the observational capabilities of
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ing complexity of MHD simulations, there is a
need for a new and versatile RT tool that is able
to combine all aspects of the physics of electro-
magnetic waves traveling to complex media. To
achieve this we add a new C++ class to PO-
LARIS and connected the code to the broader
framework of Galactic disc modeling.
The paper is structured as follows. In Section 2 we
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trons in Section 2.1 and Section 2.2, respectively. We
introduce the applied Milky Way model in Section 3
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where ' is the angle between the x-axis of the
target frame and the magnetic field direction
projected into the plane perpendicular to the
propagation direction of the radiation (see Fig-
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fraction of linear polarization
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specialised to model the Milky Way alone for an observer
placed within the model.
In turn POLARIS3 (Reissl et al. 2016) is a well-tested

RT OpenMP parallelised code working on numerous
grids (adaptive octree, spherical, cylindrical, and native
Voronoi). The code is completely written in C++ and
provides the standard features of dust heating and po-
larisation by dust scattering. Beyond that, POLARIS
comes with a state-of-the art treatment of dust grain
alignment physics (Reissl et al. 2016, 2017; Seifried et al.
2018; Reissl et al. 2018) as well as line RT including the
Zeeman e↵ect (Brauer et al. 2016, 2017b,a), all wrapped
into a collection of supplementing python scripts for
plotting, statistical analysis, and MHD data conversion.
Driven by the observational capabilities of

new telescopes, such as WMAP, Planck, VLT,
ALMA, or SKA, as well as the vastly increas-
ing complexity of MHD simulations, there is a
need for a new and versatile RT tool that is able
to combine all aspects of the physics of electro-
magnetic waves traveling to complex media. To
achieve this we add a new C++ class to PO-
LARIS and connected the code to the broader
framework of Galactic disc modeling.
The paper is structured as follows. In Section 2 we

describe basic quantities of the RT problem and discuss
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where ' is the angle between the x-axis of the
target frame and the magnetic field direction
projected into the plane perpendicular to the
propagation direction of the radiation (see Fig-
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total polarization fraction
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Equation of radiative transfer:

K = 4x4 Müller matrix

J = emissivity
4 Reissl et al.

Finally, the set of Stokes RT equations reads:
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(7)
Reliable computation of synchrotron emission and po-
larisation rests on the availability of accurate RT coef-
ficients of absorption and emission in an ionised plasma
(see Heyvaerts et al. 2013, for review). An exact solution
of the synchrotron RT problem requires to solve inte-
grals over modified Bessel functions (see e.g. Rybicki &
Lightman 1979; Huang & Shcherbakov 2011; Heyvaerts
et al. 2013, for details). Because of the high compu-
tational cost of RT simulations in media with complex
density and magnetic field structure, the implementa-
tion in POLARIS follows the approach of applying fit
functions approximating the integral solutions in order
to increase the performance. These are highly accu-
rate for typical ISM-like conditions and can e�ciently
be evaluated during the RT simulation (for the exact
errors and limitations we refer to Appendices A and B).
Finally, POLARIS solves Equation 7 along a particu-
lar line of sight (LOS) by means of ray-tracing using a
Runge-Kutta solver (see e.g Ober et al. (2015) and Ap-
pendix B). In the ray-tracing mode of POLARIS the
rays can be either parallel for an observer placed outside
the grid or they start at a HEALPIX4 sphere converging
at the observer position. The later case is for simulat-
ing all-sky maps. POLARIS uses a sub-pixeling scheme
where rays are split into sub-rays as long as neighbour-
ing rays do not pass the same cells along their individual
LOS. This ensures a accurate covering of gird structures
smaller than the defined detector resolution.
The individual coe�cients of the emissivity vector ~J

and the Müller matrix K̂ follow from the physics of
radiation-electron interaction in an ionised plasma. For
a comprehensive approach for accurate synchrotron RT
in complex astrophysical environments, one needs to
consider two di↵erent species of electrons: CR electrons
and thermalised relativistic electrons (Jones & Odell
1977; Jones & Hardee 1979; Heyvaerts et al. 2013; Beck
2015; Pandya et al. 2016; Dexter 2016). Synchrotron in-
tensity as well as linear and circular polarisation emerges
mostly from CR electrons whereas thermal electrons
dominate Faraday rotation (FR) and Faraday conver-
sion (FC) (e.g. Beck 2015; Enßlin et al. 2017).

2.1. RT with thermal electrons

4
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Figure 1. Sketch of the lab frame of reference (~ex,~ey,~ez) and
the target target frame (~e0x,~e

0
y,~e

0
z) where the ~e0x corresponds

to the +Q Stokes parameter and ~e0y corresponds to �Q. The

direction of light propagation ~k is parallel to ~e0z. The angle #
is defined to be between the magnetic field direction ~B and
~k whereas ' is between ~e0x and the magnetic field vector ~B0

projected on the ~e0x~e
0
y plane.

Thermal electrons follow a Maxwell Jüttner distribu-
tion (a relativistic Maxwellian energy distribution). In
the notation of Shcherbakov (2008) this distribution can
be expressed with the dimensionless electron tempera-
ture

⇥ =
kBTe

mec2
(8)

as parameter, where kB is the Boltzmann constant, Te is
the electron temperature, c is the speed of light, and me

is the electron mass. The Maxwell Jüttner distribution
can then be written as a function of the Lorentz factor
� = (1� �2)1/2 and � = v/c as

Nth(�) =
nth�2� exp (��/⇥)

⇥K2 (⇥�1)
(9)

normalised such that
R
Nth(�)d� = nth. The quantities

nth andK2(⇥�1) are local thermal electron number den-
sity and second-order modified Bessel function, respec-
tively. The electrons emit at a characteristic wavelength
corresponding to the radius of their cyclotron orbit,

�c =
2⇡mec2

eB
. (10)

Here, e is the electron charge and B is the magnetic field
strength. Examining the exact solution to this problem
(see e.g. Heyvaerts et al. 2013; Pandya et al. 2016; Dex-
ter 2016, for further details) it follows that the contri-
bution of thermal electrons to emission and absorption
is minuscule for ⇥ ⌧ 1. Considering the typical ISM

with appropriate rotation of coordinate direction  
to simplify system in each cell
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magnetic waves traveling to complex media. To
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framework of Galactic disc modeling.
The paper is structured as follows. In Section 2 we

describe basic quantities of the RT problem and discuss
the RT with thermal electron and cosmic ray (CR) elec-
trons in Section 2.1 and Section 2.2, respectively. We
introduce the applied Milky Way model in Section 3
and discuss the ways to modify this model by an addi-
tional turbulent magnetic field component in Section3.1
and a CR electron distribution in Section 3.2. In Section
4 we present the comparison of synthetic maps and ac-
tual observations. This includes the similarities of di↵er-
ent profiles of the turbulent magnetic field and electron
distributions of the Galactic model and the Milky Way
to quantify the predictive capability of the POLARIS
code. This is followed by the evaluation of Galactic all-
sky maps and extragalactic observations in Section 4.2
and Section 4.2, respectively. Finally, we summarise our
results in Section 5.
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most general form this problem can be expressed as (e.g.
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Here, ~J is the emissivity and the quantity K̂ is the
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the characteristic physics of radiation passing through a
medium.
Dependent on the physical problem some of the co-
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where ' is the angle between the x-axis of the
target frame and the magnetic field direction
projected into the plane perpendicular to the
propagation direction of the radiation (see Fig-
ure 1). Note that R̂�1(') = R̂(�'). Consequently,
POLARIS rotates the Stokes vector into the target
frame when entering each individual grid cell and back
when escaping it.

position angle:
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temperatures we assume jI,Q,U = 0 and ↵I,Q,U = 0 for
our Galactic modeling.
In contrast to polarised RT with non-spherical

dust grains (see e.g. Reissl et al. 2016) with its
transfer between Q and U parameters, the syn-
chrotron RT matrix K̂ has additional coe�cients
that link the Stokes components I and V . Here,
we make only use of the low temperature regime
with ⇥ ⌧ 1, meaning Te ⌧ 1010 K, which is rea-
sonable for the ISM. Hence, the Faraday coe�-
cients given in Huang & Shcherbakov (2011) and
Dexter (2016) converge to

Q (�,#) =
1
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nthe4B2
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e
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�3 sin2(#) , (11)

where Q is referred to as the FC coe�cient and the
corresponding FR coe�cient is defined as
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�2 cos(#) . (12)

These equations also coincide with the coe�cients given
in Enßlin (2003). Here, the angle # is between the di-
rection of light propagation and the magnetic field (see
Fig .1).
Polarised radiation passing ionised and magnetised re-

gions change their position angle � (see Equation 4) and
the actually observed orientation becomes

�obs = �+ �2 ⇥RM . (13)

The quantity
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Z
nthB||d` (14)

is the rotation measure, closely connected to the FR
coe�cient via dRM = ��2Vd` where B|| = B cos(#) is
the LOS magnetic field component (see also Figure 1).
The FR of the polarisation angle � may have

a severe impact on the observed polarisation of
a synchrotron source. The Stokes Q and U com-
ponents can change sign or even completely depolarise.
The Faraday depolarisation DP can be quantified by

DP =
I�1 ⇥ Pl,�1

I�2 ⇥ Pl,�2

✓
�1
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, (15)

where Pl,�1 and Pl,�2 are the polarisation frac-
tions at any two di↵erent wavelengths �1 and �2

and where ↵ is the spectral index. More pre-
cisely, DP = 1 means no depolarisation, whereas
DP = 0 corresponds to total depolarisation. For
synchrotron radiation the spectral index is di-
rectly connected to the power-law exponent p
(see Eq. 16) via ↵ = (p � 1)/2. The advantage
of the quantity DP is that it removes all depo-
larisation e↵ects other than FR depolarisation.

2.2. RT with CR electrons

Polarised synchrotron emission results from acceler-
ated CR electrons in the presence of a magnetic field.
The distribution of CR electrons is usually modeled as
a power-law
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:
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min
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⌘
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0 otherwise
,

(16)
with

R
NCR(�)d� = nCR and sharp cut-o↵s at �min and

�max, respectively. Here, nCR is the CR electron den-
sity and p is the power-law index. For the coe�cients
of emissivity and absorption we implemented approx-
imate solutions as presented in Pandya et al. (2016)
(their equations in our notation). Polarised synchrotron
emission is defined by the coe�cients of total emission
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Here � is the gamma function. Tests of this approach
against the exact integral solutions implemented in the
SYMPHONY5 code can be found in Appendix A.Note
that jU is not required because of the rotation
introduced in Section 2. It follow that the maxi-
mal possible degree of linear polarisation is directly con-
nected to the power-law index p (see also Rybicki &
Lightman 1979), since

max (Pl) =
|jQ|
jI

=
p+ 1

p+ 7/3
. (20)

In contrast to thermal electrons, the CR electron can-
not be considered in thermal equilibrium with their en-
vironment. Hence, Kirchho↵’s law does not apply here.
Solutions of absorption by CR electrons are derived in

5
https://github.com/AFD-Illinois/SYMPHONY
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Here � is the gamma function. Tests of this approach
against the exact integral solutions implemented in the
SYMPHONY5 code can be found in Appendix A.Note
that jU is not required because of the rotation
introduced in Section 2. It follow that the maxi-
mal possible degree of linear polarisation is directly con-
nected to the power-law index p (see also Rybicki &
Lightman 1979), since
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In contrast to thermal electrons, the CR electron can-
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vironment. Hence, Kirchho↵’s law does not apply here.
Solutions of absorption by CR electrons are derived in

5
https://github.com/AFD-Illinois/SYMPHONY

with Faraday rotation measure

Radiative transfer with POLARIS. II. 5

temperatures we assume jI,Q,U = 0 and ↵I,Q,U = 0 for
our Galactic modeling.
In contrast to polarised RT with non-spherical

dust grains (see e.g. Reissl et al. 2016) with its
transfer between Q and U parameters, the syn-
chrotron RT matrix K̂ has additional coe�cients
that link the Stokes components I and V . Here,
we make only use of the low temperature regime
with ⇥ ⌧ 1, meaning Te ⌧ 1010 K, which is rea-
sonable for the ISM. Hence, the Faraday coe�-
cients given in Huang & Shcherbakov (2011) and
Dexter (2016) converge to

Q (�,#) =
1

4⇡2

nthe4B2

m3
e
c6

�3 sin2(#) , (11)

where Q is referred to as the FC coe�cient and the
corresponding FR coe�cient is defined as

V (�,#) =
1

2⇡

nthe2B

m2
e
c4

�2 cos(#) . (12)

These equations also coincide with the coe�cients given
in Enßlin (2003). Here, the angle # is between the di-
rection of light propagation and the magnetic field (see
Fig .1).
Polarised radiation passing ionised and magnetised re-

gions change their position angle � (see Equation 4) and
the actually observed orientation becomes

�obs = �+ �2 ⇥RM . (13)

The quantity

RM =
1

2⇡

nthe2

m2
e
c4

Z
nthB||d` (14)

is the rotation measure, closely connected to the FR
coe�cient via dRM = ��2Vd` where B|| = B cos(#) is
the LOS magnetic field component (see also Figure 1).
The FR of the polarisation angle � may have

a severe impact on the observed polarisation of
a synchrotron source. The Stokes Q and U com-
ponents can change sign or even completely depolarise.
The Faraday depolarisation DP can be quantified by

DP =
I�1 ⇥ Pl,�1

I�2 ⇥ Pl,�2

✓
�1

�2

◆↵

, (15)

where Pl,�1 and Pl,�2 are the polarisation frac-
tions at any two di↵erent wavelengths �1 and �2

and where ↵ is the spectral index. More pre-
cisely, DP = 1 means no depolarisation, whereas
DP = 0 corresponds to total depolarisation. For
synchrotron radiation the spectral index is di-
rectly connected to the power-law exponent p
(see Eq. 16) via ↵ = (p � 1)/2. The advantage
of the quantity DP is that it removes all depo-
larisation e↵ects other than FR depolarisation.

2.2. RT with CR electrons

Polarised synchrotron emission results from acceler-
ated CR electrons in the presence of a magnetic field.
The distribution of CR electrons is usually modeled as
a power-law

NCR(�)=

8
<

:
nCR�p(p� 1)

⇣
�p�1

min
� �p�1

max

⌘
if �min< �< �max

0 otherwise
,

(16)
with

R
NCR(�)d� = nCR and sharp cut-o↵s at �min and

�max, respectively. Here, nCR is the CR electron den-
sity and p is the power-law index. For the coe�cients
of emissivity and absorption we implemented approx-
imate solutions as presented in Pandya et al. (2016)
(their equations in our notation). Polarised synchrotron
emission is defined by the coe�cients of total emission

jI (�) = �1�p
min

1

�c

nCRe23
p
2 (p� 1) sin(#)

2(p+ 1)
⇣
�1�p
min

� �1�p
max

⌘⇥

�

✓
3p� 1

12

◆
�

✓
3p+ 19

12

◆✓
�c

� sin(#)

◆� p�1
2

,

(17)

linearly polarised emission

jQ (�) = jI (�)

✓
� p+ 1

p+ 7/3

◆
, (18)

and circularly polarised emission

jV (�) = jI (�)

 
�171

250

�cp
1
2

3� tan(#)

!
. (19)

Here � is the gamma function. Tests of this approach
against the exact integral solutions implemented in the
SYMPHONY5 code can be found in Appendix A.Note
that jU is not required because of the rotation
introduced in Section 2. It follow that the maxi-
mal possible degree of linear polarisation is directly con-
nected to the power-law index p (see also Rybicki &
Lightman 1979), since
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In contrast to thermal electrons, the CR electron can-
not be considered in thermal equilibrium with their en-
vironment. Hence, Kirchho↵’s law does not apply here.
Solutions of absorption by CR electrons are derived in
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Finally, the set of Stokes RT equations reads:
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(7)
Reliable computation of synchrotron emission and po-
larisation rests on the availability of accurate RT coef-
ficients of absorption and emission in an ionised plasma
(see Heyvaerts et al. 2013, for review). An exact solution
of the synchrotron RT problem requires to solve inte-
grals over modified Bessel functions (see e.g. Rybicki &
Lightman 1979; Huang & Shcherbakov 2011; Heyvaerts
et al. 2013, for details). Because of the high compu-
tational cost of RT simulations in media with complex
density and magnetic field structure, the implementa-
tion in POLARIS follows the approach of applying fit
functions approximating the integral solutions in order
to increase the performance. These are highly accu-
rate for typical ISM-like conditions and can e�ciently
be evaluated during the RT simulation (for the exact
errors and limitations we refer to Appendices A and B).
Finally, POLARIS solves Equation 7 along a particu-
lar line of sight (LOS) by means of ray-tracing using a
Runge-Kutta solver (see e.g Ober et al. (2015) and Ap-
pendix B). In the ray-tracing mode of POLARIS the
rays can be either parallel for an observer placed outside
the grid or they start at a HEALPIX4 sphere converging
at the observer position. The later case is for simulat-
ing all-sky maps. POLARIS uses a sub-pixeling scheme
where rays are split into sub-rays as long as neighbour-
ing rays do not pass the same cells along their individual
LOS. This ensures a accurate covering of gird structures
smaller than the defined detector resolution.
The individual coe�cients of the emissivity vector ~J

and the Müller matrix K̂ follow from the physics of
radiation-electron interaction in an ionised plasma. For
a comprehensive approach for accurate synchrotron RT
in complex astrophysical environments, one needs to
consider two di↵erent species of electrons: CR electrons
and thermalised relativistic electrons (Jones & Odell
1977; Jones & Hardee 1979; Heyvaerts et al. 2013; Beck
2015; Pandya et al. 2016; Dexter 2016). Synchrotron in-
tensity as well as linear and circular polarisation emerges
mostly from CR electrons whereas thermal electrons
dominate Faraday rotation (FR) and Faraday conver-
sion (FC) (e.g. Beck 2015; Enßlin et al. 2017).

2.1. RT with thermal electrons

4
https://healpix.jpl.nasa.gov/

e'x

ey
e'y

ex

k||e'z
B

φ

ϑ
B'

ez

Figure 1. Sketch of the lab frame of reference (~ex,~ey,~ez) and
the target target frame (~e0x,~e

0
y,~e

0
z) where the ~e0x corresponds

to the +Q Stokes parameter and ~e0y corresponds to �Q. The

direction of light propagation ~k is parallel to ~e0z. The angle #
is defined to be between the magnetic field direction ~B and
~k whereas ' is between ~e0x and the magnetic field vector ~B0

projected on the ~e0x~e
0
y plane.

Thermal electrons follow a Maxwell Jüttner distribu-
tion (a relativistic Maxwellian energy distribution). In
the notation of Shcherbakov (2008) this distribution can
be expressed with the dimensionless electron tempera-
ture

⇥ =
kBTe

mec2
(8)

as parameter, where kB is the Boltzmann constant, Te is
the electron temperature, c is the speed of light, and me

is the electron mass. The Maxwell Jüttner distribution
can then be written as a function of the Lorentz factor
� = (1� �2)1/2 and � = v/c as

Nth(�) =
nth�2� exp (��/⇥)

⇥K2 (⇥�1)
(9)

normalised such that
R
Nth(�)d� = nth. The quantities

nth andK2(⇥�1) are local thermal electron number den-
sity and second-order modified Bessel function, respec-
tively. The electrons emit at a characteristic wavelength
corresponding to the radius of their cyclotron orbit,

�c =
2⇡mec2

eB
. (10)

Here, e is the electron charge and B is the magnetic field
strength. Examining the exact solution to this problem
(see e.g. Heyvaerts et al. 2013; Pandya et al. 2016; Dex-
ter 2016, for further details) it follows that the contri-
bution of thermal electrons to emission and absorption
is minuscule for ⇥ ⌧ 1. Considering the typical ISM
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Figure 6. Left panel: Midplane gas distribution ng of the Auriga Au-6 galaxy (Grand et al. 2017) at z = 0 pc in the x-y plane (top)
and y = 0pc in the x-z plane (bottom). Red dots represent all the sampled cluster positions projected on the plane while the blue dots
with labels indicate the distinct observer positions (see Section 5). Right panel: The same as the left panel, but for the thermal electron
number densities nth as derived in Sect. 3.2 and Sect. 3.3.

Figure 7. Left panel: The same as Fig. 6 for the H↵ emissivity. The cyan lines represent the direction towards the galactic center.
Zoom-in panel: Red dots indicate the sampled cluster positions in the very midplane (|z| < 80 pc). The marked area around the observer
position P01 is the profile of the H↵ emissivity-weighted distance hdH↵ i (see Eq. 11) along the galactic longitude (see Section 5.1.1 and
compare Fig. 15 below). Right panel: The same as the left panel for the [S iii] emissivity. For the pink marked region in the zoom-in
panel see also Fig. 16 below.

emissivity j⌫ and opacity  simply reads

dI⌫
d`

= j⌫ � ⌫I⌫ . (6)

In this paper, we produce synthetic maps of H↵, H� and

[S iii] line emission. All of these lines are optically thin and so
in this case line attenuation is dominated by dust extinction
and  = dust. Here, we apply the canonical ISM dust grain
mixture (Mathis et al. 1977; Draine & Li 2001) with 37.5 %
graphite and 62.5 % silicate grains following a power-law

MNRAS 000, 1–23 (2018)
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Figure 6. Left panel: Midplane gas distribution ng of the Auriga Au-6 galaxy (Grand et al. 2017) at z = 0 pc in the x-y plane (top)
and y = 0pc in the x-z plane (bottom). Red dots represent all the sampled cluster positions projected on the plane while the blue dots
with labels indicate the distinct observer positions (see Section 5). Right panel: The same as the left panel, but for the thermal electron
number densities nth as derived in Sect. 3.2 and Sect. 3.3.

Figure 7. Left panel: The same as Fig. 6 for the H↵ emissivity. The cyan lines represent the direction towards the galactic center.
Zoom-in panel: Red dots indicate the sampled cluster positions in the very midplane (|z| < 80 pc). The marked area around the observer
position P01 is the profile of the H↵ emissivity-weighted distance hdH↵ i (see Eq. 11) along the galactic longitude (see Section 5.1.1 and
compare Fig. 15 below). Right panel: The same as the left panel for the [S iii] emissivity. For the pink marked region in the zoom-in
panel see also Fig. 16 below.

emissivity j⌫ and opacity  simply reads

dI⌫
d`

= j⌫ � ⌫I⌫ . (6)

In this paper, we produce synthetic maps of H↵, H� and

[S iii] line emission. All of these lines are optically thin and so
in this case line attenuation is dominated by dust extinction
and  = dust. Here, we apply the canonical ISM dust grain
mixture (Mathis et al. 1977; Draine & Li 2001) with 37.5 %
graphite and 62.5 % silicate grains following a power-law
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importance of local bubble

see also: Alves et al. (2018, A&A, 611, L5),  
Marechal & Miville-Deschênes (2021, ApJ, 908, 186),  
Krause & Hardcastle (2021, MNRAS, 502, 2807)

local bubble from dust extinction: 

Pelgrims et al. (2020, A&A, 636, A17)

A&A 636, A17 (2020)

Fig. 3. Crosscuts along the planes XY, XZ, and YZ in the L19 3D dust extinction map, with the same conventions as in Fig. 1. The (common) gray
scale shows log (A0v), with A0v in units of magnitude per parsec. The red and green lines mark the inner and outer surfaces of the LB shell (rinner
and router, respectively), as extracted from the L19 map (Sect. 2.2.1). The black dotted, dashed, and solid lines trace our models of the inner surface
(rLB), as obtained through a spherical harmonic expansion up to lmax = 2, 6 and 10, respectively (Sect. 2.2.2).

Fig. 4. Full-sky map of (top) the inner surface of the LB shell (rinner)
as extracted from the L19 3D extinction map (Sect. 2.2.1) and (bottom)
our model of this surface through a spherical harmonic expansion up to
lmax = 6 (Sect. 2.2.2). The maps are in Galactic coordinates, the center
points towards the Galactic center and longitude increases to the left.

features, and to provide a good model of it with a small number
of parameters, we rely on a spherical harmonic expansion. By
limiting the expansion to a maximum multipole degree, lmax, we
can easily adjust the level of complexity of the modeled surface.

We utilize the Python version of the HEALPix package to
handle spherical harmonics. For a given lmax, the routines return
a set of positive spherical harmonic coefficients, from which
we can build a model of the input surface smoothed out to the
desired angular scale.

The expansion in spherical harmonics is meaningful to
describe the shape of the inner surface of the LB shell. Indeed,
the coefficients decay rapidly with increasing l, which indicates
that the spherical harmonic expansion converges for large lmax.
We find that the power spectrum of the 2D map of rinner follows
a power law with index �2.95 up to l = 300.

It is clear that the modeling of the shell inner surface
described above can be biased by the presence of small dust
clouds inside the cavity. To correct for this bias, we proceed
iteratively. We start from the 2D map of rinner extracted from the
L19 3D dust extinction map in Sect. 2.2.1. Then for any chosen
value of lmax, we proceed as follows:
(i) We expand the input map of the shell inner radius, rinner, in

spherical harmonics up to lmax.
(ii) With the retained spherical harmonic terms, we approximate

rinner by a modeled inner radius, rLB.
(iii) For all lines of sight with rLB > router, we reset rinner to rLB.
(iv) We repeat steps (i) to (iii) until the modeled surface does not

change from the previous iteration.
The reason why step (iii) is needed is because the router value

of a line of sight that points towards an intervening cloud is
smaller than the rinner values of the neighboring lines of sight
that avoid the intervening cloud. This iterative procedure should
work as long as the intervening clouds are not too extended in the
sky, such that statistically rLB is indeed determined by the inner
surface of the LB shell. It is, however, clear that this procedure
might mistakenly erase abrupt changes in rinner. This appears to
happen for lmax = 2, 4, because the shape of the modeled inner
surface is too simple compared to the input surface. For these
values of lmax, we find that a total of 10 iterations is a good com-
promise that enables us to skip over intervening clouds, without
artificially scooping out the shell inner surface. On the other
hand, for lmax = 6, 8, 10, only 4, 8 and 10 iterations are required
before the modeled inner surface becomes totally stable.

We visually check that the first and final models are very
close to one another. Moreover, for each lmax, we quantify the
difference between the first and final models by computing the
mean Euclidean distance between the two sets of real-valued
spherical harmonic coefficients, ãlm:
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Figure 1: All-sky Faraday RM map of the Milky Way (top) of OP12 (left) and HR19
(right) compared to the synthetic maps constructed for a cosmological galaxy sim-
ulation (bottom) of the Auriga Au-6 and the modified version of [23] (right). The
synthetic all sky Faraday RM maps employ the same resolution and are based on
placing an observer at an exemplary position (P01) representative for the electron
and magnetic field distribution of our galaxy model.
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ulation (bottom) of the Auriga Au-6 and the modified version of [23] (right). The
synthetic all sky Faraday RM maps employ the same resolution and are based on
placing an observer at an exemplary position (P01) representative for the electron
and magnetic field distribution of our galaxy model.

4

Milky Way

“our” Auriga-6

“observed”

synthetic

ga
la

ct
ic

 c
en

te
r

Fa
ra

da
y 

ro
ta

tio
n 

m
ap

modeling Faraday rotation

all-sky maps



Reissl et al. (in prep.) 
Oppermann et al. (2012, A&A, 542, A93), Hutschenreuther & Enßlin, 2020, A&A, 633, A150)

RM [rad m-2 ]
240 160 80 0 80 160 240

Figure 1: All-sky Faraday RM map of the Milky Way (top) of OP12 (left) and HR19
(right) compared to the synthetic maps constructed for a cosmological galaxy sim-
ulation (bottom) of the Auriga Au-6 and the modified version of [23] (right). The
synthetic all sky Faraday RM maps employ the same resolution and are based on
placing an observer at an exemplary position (P01) representative for the electron
and magnetic field distribution of our galaxy model.

4

Milky Way

“our” Auriga-6

Milky Way

“observed”

synthetic

ga
la

ct
ic

 c
en

te
r

Fa
ra

da
y 

ro
ta

tio
n 

m
ap

modeling Faraday rotation

all-sky maps



Reissl et al. (in prep.) 
Oppermann et al. (2012, A&A, 542, A93), Hutschenreuther & Enßlin, 2020, A&A, 633, A150), Pakmor et al. (2018, ApJ, 783, L20)

RM [rad m-2 ]
240 160 80 0 80 160 240

Figure 1: All-sky Faraday RM map of the Milky Way (top) of OP12 (left) and HR19
(right) compared to the synthetic maps constructed for a cosmological galaxy sim-
ulation (bottom) of the Auriga Au-6 and the modified version of [23] (right). The
synthetic all sky Faraday RM maps employ the same resolution and are based on
placing an observer at an exemplary position (P01) representative for the electron
and magnetic field distribution of our galaxy model.

4

Milky Way

“our” Auriga-6

Milky Way

original Auriga-6

“observed”

synthetic

ga
la

ct
ic

 c
en

te
r

Fa
ra

da
y 

ro
ta

tio
n 

m
ap

modeling Faraday rotation

all-sky maps



Reissl et al. (in prep.) 
Pakmor et al. (2018, ApJ, 783, L20)

RM [rad m-2 ]
240 160 80 0 80 160 240

Figure 1: All-sky Faraday RM map of the Milky Way (top) of OP12 (left) and HR19
(right) compared to the synthetic maps constructed for a cosmological galaxy sim-
ulation (bottom) of the Auriga Au-6 and the modified version of [23] (right). The
synthetic all sky Faraday RM maps employ the same resolution and are based on
placing an observer at an exemplary position (P01) representative for the electron
and magnetic field distribution of our galaxy model.
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Figure 3. RM (left) and pulsar DM (right) in the range 39� < ` < 52�. The new THOR data are shown as magenta squares.
Red dots indicate RM of extragalactic sources from Van Eck et al. (2011), with larger dots representing sources in the latitude
range of THOR. Black dots show data for pulsars in the THOR survey from the ATNF pulsar database (Manchester et al.
2005), updated on-line version http://www.atnf.csiro.au/research/pulsar/psrcat.

observed distribution of RM 
measures in THOR:


- large values

- asymmetry

Shanahan et al. (2019, ApJ, 887, L7) 
Reissl et al. (2020, A&A, 642, A201) 
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Figure 3. RM (left) and pulsar DM (right) in the range 39� < ` < 52�. The new THOR data are shown as magenta squares.
Red dots indicate RM of extragalactic sources from Van Eck et al. (2011), with larger dots representing sources in the latitude
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Figure 1: All-sky Faraday RM map of the Milky Way (top) of OP12 (left) and HR19
(right) compared to the synthetic maps constructed for a cosmological galaxy sim-
ulation (bottom) of the Auriga Au-6 and the modified version of [23] (right). The
synthetic all sky Faraday RM maps employ the same resolution and are based on
placing an observer at an exemplary position (P01) representative for the electron
and magnetic field distribution of our galaxy model.
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