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Abstract

This work aims to evaluate the potential of continuum polarization measurements to
determine the underlying magnetic field morphology involved in different stages of the
star formation process.
Magnetic fields are crucial for the formation and evolution of stars and planets. In additi-
on, dust grains play also a central role from the thermodynamics of collapsing molecular
clouds to the polarization of light. Dust grains partially align with the direction of the
magnetic field. As a result, previously depolarized light will gain polarization perpendi-
cular and parallel, respectively, to the magnetic field lines. This makes multi-wavelength
polarization measurements on multiple scales a promising tool to complete our picture
about the fundamental physics of the star formation process. Revealing the underlying
magnetic field morphology with the help of polarization measurements requires conti-
nuum dust radiative transfer calculations in arbitrary 3D geometries taking the impact
of partially aligned dust grains into account. In this thesis, we follow the approach to
post-process complex magnetic field, temperature, and density distributions as well as
velocity fields resulting from analytical models and MHD simulations of collapsing mo-
lecular clouds to create synthetic polarization maps.
To constrain the role of magnetic fields during star formation we newly developed the
3D radiative transfer code POLARIS suitable for dust heating and multi-wavelength po-
larization simulations. The code solves the radiative transfer problem combined with the
polarization effects of dichroic extinction, thermal re-emission, and scattering acting on
stellar light and background radiation.
The physical principles accounting for dust grain alignment are still a matter of debate.
To predict the impact of imperfectly aligned dust grains on polarization measurements
we combine radiative transfer and polarization algorithms with state of the art dust grain
alignment theories. The optical properties of the dust materials are pre-calculated by ap-
proximating the shape of the dust grains with a distinct number of dipoles on the basis
of the laboratory data of astro-silicate and graphite.
This approach allows to constrain the impact of grain alignment on the resulting polari-
zation pattern and, subsequently, to determine the magnetic field morphology. We apply
the POLARIS code to models of different stages of star formation. We start with a sphe-



rical density model in combination with an analytically modeled magnetic field and fo-
cus on the question, if projection effects and low inclination angles allow to distinguish
between different field morphologies. Then, we determine the potential of polarization
measurements to trace the magnetic field morphology in circumstellar disks. Here, we
compare theoretical predictions and observational data with synthetic polarization maps.
Later, we create polarization maps emerging from a cloud model and analyze the uni-
que patterns associated with different grain alignment theories. Finally, we post-process
a MHD collapse simulation. Here, we are following the question about the potential of
multi-wavelength polarization measurements to probe distinct characteristic parts of a
larger connected magnetic field structure.



Zusammenfassung

Magnetische Felder stellen einen entscheidenden Einfluss in verschiedenen Stadien der
Sternentstehung dar. Die genaue Bedeutung magnetischer Felder konnte jedoch noch
nicht abschließend geklärt werden. Der wichtigste Grund hierfür ist, dass sich diese
Felder der direkten Beobachtung entziehen. Informationen über die Feldstärke und die
Morphologie der Feldlinien können nur auf indirekte Weise durch die Beobachtung von
polarisiertem Licht gewonnen werden.
Jedoch kann über den Staub die magnetische Feldmorphologie beobachtet werden. Da-
bei wird angenommen, dass sich rotierende, nicht sphärische Staubteilchen entlang des
magnetischen Feldes ausrichten. Diese ausgerichteten Staubteilchen führen nun zu ei-
ner Polarisation des beobachtbaren Lichtes. Durch Polarisationsmessungen lassen sich
daher Rückschlüsse auf die Magnetfeldmorphologie ziehen. Die Interpretation von Be-
obachtungsdaten wird allerdings dadurch erschwert, dass eine umfassende Theorie der
Staubkornausrichtung gegenwärtig noch nicht verfügbar ist.
Die Zielsetzung dieser Doktorarbeit ist es nun das Potential von Kontinuumspolarisa-
tionsmessungen zur Bestimmung der Magnetfeldmorphologie in Sternentstehungsge-
bieten zu evaluieren. Der Ansatz hierbei ist das Erzeugen von künstlichen Intensitäts
und Polarisationskarten mit Hilfe von Strahlungstransportsimulationen ausgehend von
Modellen. Diese Modelle entsprechen astrophysikalischen Systemen in verschiedenen
Stadien der Sternentstehung und resultieren sowohl aus analytischen Modellierungen
als auch aus selbstkonsistenten magneto-hydrodynamischen Simulationen.
Die Herausforderung bei diesem Ansatz stellt die Lösung der Strahlungstransportglei-
chung unter Berücksichtigung verschiedener Polarisations- und Staubkornausrichtungs-
mechanismen dar. Diesem Problem wird durch Zuhilfenahme der Monte-Carlo Metho-
de, einem numerischen Verfahren basierend auf Zufallszahlen und Wahrscheinlichkeits-
verteilungen, begegnet. Implementiert wurde dieses Verfahrenen in einem eigens für
diese Arbeit entwickelten Computerprogramm POLARIS. Strahlungstransportsimula-
tionen können dadurch unter Berücksichtigung der Heizprozesse und der Polarisati-
onsmechanismen, die mit ausgerichteten Staubteilchen einhergehen, in den komplexen,
räumlichen Dichte- und Magnetfeldverteilungen durchgeführt werden. Außerdem ge-
hen in diese Simulationen auch die optischen Eigenschaften von Staubteilchen, wie sie



im interstellaren Medium vermutet werden, mit ein. Zusätzlich werden in den Strah-
lungstransportsimulationen die aktuellen Theorien der Staubkornausrichtung, wie der
Ausrichtung durch Gasströme, der Ausrichtung durch anisotrope Strahlung sowie der
Ausrichtung durch paramagnetische Dissipation, separat berücksichtigt.
Eine der grundlegenden Fragen ist, wie sich Projektionseffekte auf die Beobachtbarkeit
komplexer, räumlicher Felder auswirken. In dieser Arbeit wird deshalb mit Studien von
magnetischen Feldern in analytischen und sphärischen Dichteverteilungen begonnen.
Die Staubtemperatur wird dabei unter Berücksichtigung des interstellaren Strahlungs-
feldes errechnet. Auf diese Weise werden die Bedingungen für die Beobachtbarkeit und
die eindeutige Unterscheidbarkeit für verschiedene magnetische Feldstrukturen ermit-
telt.
Theoretische Vorhersagen und Beobachtungen widersprechen sich nun darin, ob von
circumtellaren Scheiben ein detektierbares Polarisationssignal ausgeht. Die Studien
werden daher mit einer analytischen Modellierung von circumstellaren Scheiben fortge-
setzt. Hierbei wird untersucht, ob die Staubkornausrichtung durch anisotrope Strahlung
in solch einer Umgebung effizient ist und ob sich durch ausgerichtete Staubteilchen die
magetische Feldstruktur in diesen Scheiben eindeutig bestimmen lässt.
Die Frage nach dem dominanten Ausrichtungsmechanismus von Staubteilchen konnte
bisher noch nicht abschließend geklärt werden. Aus diesem Grund werden Polarisa-
tionskarten einer Molekülwolke erstellt, um die Einflüsse verschiedener Ausrichtungs-
theorien separat zu untersuchen. Die Analyse der simulierten Polarisationskarten erlaubt
die Eigenheiten einer jeden Ausrichtungstheorie zu identifizieren und zu unterscheiden.
Abschließend wird das Potential von Multiwellenlängen-Polarisationsmessungen ermit-
telt, inwiefern sich diese eignen, spezifische Teile einer größeren Magnetfeldstruktur ge-
trennt zu identifizieren. Als Ausgangspunkte für diese Strahlungstransportsimulationen
werden hierbei komplexe räumliche Dichte-, Temperatur- und Magnetfeldstrukturen ei-
ner magneto-hydrodynamischen Kollaps-Simulation mit verwendet. In dieser Kollaps-
Simulation haben sich einerseits zwei Ausflüsse mit eingebettetem toroidal gewunde-
nen Magnetfeld und andererseits sechs Sterne gebildet. Mit den daraus resultierenden
Polarisationskarten wird konkret der Frage nachgegangen, unter welchen Bedingungen
sich die toroidale Feldkomponente in den Ausflüssen getrennt von dem umgebenden
Medium identifizieren lässt. Die Beobachtbarkeit der Magnetfeldstruktur erfolgt dabei
wellenlängenabhängig unter der Berücksichtigung der verschiedenen Ausrichtungsme-
chanismen, der Inklination der Ausflüsse und den verschiedenen Staubparametern.
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Chapter 1

Introduction

The presence of matter between the stellar systems of our galaxy has been discovered
about a century ago. This interstellar medium (ISM) consisting of gas and dust provi-
des a reservoir of materials necessary for the formation of stars. Magnetic fields in the
ISM affect astrophysical processes associated with star formation in various environ-
ments and scales in a crucial way. However, the exact contributions of magnetic fields
to regulate the star formations process is still a topic of ongoing research (Mouschovi-
as & Ciolek, 1999; Elmegreen, 2000; McKee & Ostriker, 2007). Currently, the models
of what drives star formation by means of magnetic support (Mouschovias & Ciolek,
1999) or turbulence (Klessen et al., 2004) make different predictions about the resulting
magnetic field geometry.
For the magnetically supported model of star formation a characteristic hourglass field
is predicted by theory (e.g. Galli & Shu, 1993) and magneto-hydrodynamic simulati-
ons (e.g. Banerjee et al., 2006). An originally parallel magnetic field morphology turns
into a well ordered hourglass morphology since the tension of the bent magnetic field
lines provides support. Self-gravitating clouds have long been believed to reduce sup-
port against collapse by magnetic support and triggering star formation (Mouschovias
& Ciolek, 1999) with time scales of collapse is up to 10 Myr assuming ambipolar diffu-
sion (Falgarone et al., 2008; Girart et al., 2009; Crutcher et al., 2010). This indicates a
significant influence of magnetic fields on the star formation process.
The turbulent model, in turn, predicts a magnetic field that is too weak to resist the de-
formation by the local turbulent ISM environment. In this case, the magnetic field lines
have an irregular and chaotic structure. Indeed, this model is supported by observations
since molecular clouds seem to be much shorter lived and the cloud collapse is con-
trolled by turbulence with negligible magnetic contribution (Elmegreen, 2000; Klessen
et al., 2004).
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1.1 Why dust?
Indeed, in the ISM both magnetic fields and turbulence are involved in the star formation
process each of them resulting with a characteristic prediction concerning the magnetic
field properties. However, to identify the exact contributions of both effects a detai-
led comparison of observational data and numerical calculations is required. A variety
of observational techniques are available to determine the magnetic field strength such
as the Chandrasekhar-Fermi method (Chandrasekhar & Fermi, 1953; Crutcher et al.,
2004) and Zeeman measurements (e.g. Crutcher et al., 2008). Focusing on the aspect of
the magnetic field morphology, this quantity can be inferred by polarization measure-
ments. This method takes advantage of the fact that non-spherical rotating dust grains
tend to align with the magnetic field direction inside the ISM (e.g. Girart et al., 1999;
Lucas et al., 2004; Tang et al., 2010). Historically, the alignment of non-spherical dust
grains was first identified in Hiltner (1949), Hall & Mikesell (1949), andHall (1949) as a
promising explanation for the observed polarization of starlight. Previously depolarized
light will be polarized by dichroic extinction in the near-infrared (NIR) and thermal dust
re-emission from far-infrared (FIR) to sub-millimeter (sub-mm) wavelengths (e.g Frau
et al., 2011) perpendicular and parallel, respectively, to the magnetic field lines. This
makes multi-wavelength observation on multiple scales a powerful tool completing our
understanding of the fundamental physics of the star formation processes. However,
from an observational point of view, the difficulty is that the reliability of polarization
measurements and their interpretation depends on a wide range of physical parame-
ters that are still discussed. So far, the main factors limiting an accurate interpretation
of continuum polarization measurements are the current uncertainties concerning dust
composition and size distribution as well as an incomplete theory of grain alignment.

1.2 The problem of partially aligned dust grains
Since the discovery of aligned dust grains, progress in the understanding of the funda-
mental grain alignment physics has been made to develop a consistent theory. Existing
theories of grain alignment (see Lazarian, 2007; Andersson, 2015, for review) agree that
rotating non-spherical dust grains align with their shorter axis parallel to the magnetic
field direction. However, a comprehensive theory of grain alignment is still missing. The
available theories of dust grain alignment can be divided into three three major classes.

i) The classical theory of imperfect Davis-Greenstein (IDG) alignment (Davis &
Greenstein, 1951) to account for the alignment of non-spherical dust grains with
the magnetic field direction as reference frame is based on the paramagnetic dis-
sipation inside the grain material itself. In IDG alignment random gas-dust col-
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lisions are important for the dust grain to be spun up in the first place. However,
these collisions also reduce the alignment efficiency. This mechanism provides
an explanation for the alignment of small dust grains. As shown by observations
(Clayton et al., 1992, 1995; Martin, 2007) the alignment of small dust grains is
necessary to account for the polarization of starlight in the ultraviolet (UV) wave-
length regime.

ii) In order to account for the observed polarization a mechanism was originally pro-
posed by purely mechanical means of non-spherical dust grains without the consi-
deration of any magnetic field interactions. In the 1950s the presence of magnetic
fields strong enough to orient dust grains in a certain direction and the compositi-
on of the dust grains itself were speculative at best. In Gold (1952) it was assumed
one can explain the measured dust polarization by mechanical alignment alone.
To account for the gas stream in Gold (1952) cloud-cloud collisions in the galaxy
are offered as an explanation. This result was put into doubt by Davis (1955) sin-
ce the supersonic condition between gas and dust could not hold over a distance
longer than ≈ 0.1 ly, making dust grain alignment by means of mechanical ali-
gnment implausible.
The theory of mechanical grain alignment was later extended by Lazarian (1994,
1995) to incorporate the presence of a magnetic field. The dust grains in this
magneto-mechanical alignment theory gains rotational energy by a directed su-
personic gas stream. However, the preferential direction of alignment remains the
magnetic field line. Magneto-mechanical alignment is grain size independent and
might explain the rotation of alignment in supersonic environments as reported in
Rao et al. (1998). Additionally, supersonic gas streams as a result of Alfenic ve-
locities are larger than the sound velocities over large regions in space for typical
conditions in the ISM (Falgarone et al., 1986; Myers, 1987). Hence, mechanical
alignment may still account to the overall grain alignment under certain conditi-
ons.

iii) It was first suggested by Dolginov & Mitrofanov (1976a) that irregular shaped
dust grains with a helicity might react differently to right and left circular po-
larized radiation. This effect would induce a radiative torque (RAT) on the dust
grain. Since then, the spin up of dust grains by radiative pressure was also sup-
ported by laboratory experiments (Abbas et al., 2004). The development of the
DDSCAT code (Draine & Flatau, 1994) made it possible to calculate numerically
the effects of RATs on dust grains with the help of the discrete dipole appro-
ximation (DDA) (see Sect. 2.3) method. In Draine & Weingartner (1996, 1997)
a first numerical study with irregular dust grains was presented to quantify the
parameters of RAT alignment. This preliminary work confirmed the findings of
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Dolginov & Mitrofanov (1976a). RATs were shown to be a common phenome-
non for irregular grains and the dust grain alignment with respect to the magnetic
field was demonstrated. However, the numerical studies suffered from the limited
amount of investigated irregular grain shapes and dust grain sizes. The challenge
was to find a mathematical description for RAT alignment in view of the com-
plexity of radiation-dust interaction and dust grains with arbitrary and complex
shapes. The theoretical frame work for RAT alignment was developed in Hoang
& Lazarian (2007) where the numerical finding of Weingartner & Draine (2003)
was reproduced with an analytical model. This analytical model (AMO) of RAT
alignment handles the dust grain as an oblate spheroids with a mirror attached at
certain distance from the grain’s surface. The mirror mimics a helicity and scatte-
red radiation can transfer an angular momentum to the oblate dust grain. Despite
this enormous simplification the analytical results are in good agreement with
that of the numerical simulations performed with the DDSCAT code. The RAT
alignment could account for the alignment of large dust grains (Kim & Martin,
1995) in regions with a high radiation field (Andersson & Potter, 2010).

Each class of dust grain alignment theory comes with its characteristic effects making
synthetic polarization maps highly dependent on the choice of considered grain ali-
gnment mechanism. Consequently, the lack of an unifying grain alignment theory is
acting as an additional factor of ambiguity in the interpretation of polarization measu-
rements.
In chapter 3 we introduce the parameters of the dust predominant in the ISM. Later
in this chapter, we deliver the mathematical framework of the grain alignment theories
considered in this thesis.

1.3 The potential of synthetic polarization maps

Furthermore, the expedient comparison between the magnetic field morphology pre-
dicted by different models of star formation with observational data requires to link
the intrinsic problem of radiative transfer (RT) with the polarization effects of non-
spherical dust and the physics of grain alignment. In idealized scenarios, the problem
can be solved by using analytical RT techniques (e.g. Ivezic et al., 1997; van Zadel-
hoff et al., 2002; Steinacker et al., 2006). Environments with ongoing star formation,
however, are regions where gas, dust, and magnetic fields form complex structures and
their values cover several orders of magnitude. The Monte-Carlo (MC) method is well
suited for performing radiative transfer simulations independent of complexity. Here,
photon packages are sent along probabilistic pathways to obtain numerical solutions to
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RT problems. Despite, the increasing complexity of magneto-hydrodynamic (MHD) si-
mulations, MC RT simulations in turn remain still among the outstanding challenges in
computational astrophysics. The recent progress in technology and available computa-
tional equipment has become powerful enough to apply the MC RT method to complex
astrophysical models with a growing variety of physical effects. For this reason a num-
ber of several codes has been developed to cover the distinct problems of astrophysical
importance such as heating of dust by stellar radiation, photo ionization, line radiati-
ve transfer, and the calculation of polarization because of scattered light (Juvela, 1999;
Wolf et al., 1999; Whitney & Wolff, 2002; Niccolini et al., 2001; Ercolano et al., 2003;
Wolf, 2003; Steinacker & Henning, 2003; Min et al., 2009; Whitney, 2011; Baes et al.,
2011; Dullemond, 2012; Robitaille, 2013; Harries, 2014). Over the years the heating of
dust and polarization of scattered light on spherical grains became a standard feature in
most MC RT codes. However, despite the great success of RT MC simulations in astro-
physics, the aspect of grain alignment has been mostly ignored so far. With instruments
like Scuba II (Bastien et al., 2005) and Sharc II (Novak et al., 2004) and the upcoming
observational equipment of HAWC+ (Dowell et al., 2013) and ALMA (Brown et al.,
2004) the need for accurate and expedient MC RT polarizations simulations is rising.
Hence, we developed a new RT code from scratch and fully incorporated radiative trans-
fer, dust heating, and polarization algorithms with state of the art dust grain alignment
theories.
In the first part of this thesis, we review the basic concepts of RT and of the MC approach
in chapter 2. In chapter 4 we present the newly developed MC RT code POLARIS. Here,
we combined the concepts introduced in chapter 2 and the physics of interstellar dust
grains as presented in chapter 3 with MC optimization techniques. We provide test sce-
narios to demonstrate the accuracy of the code in chapter 5. In order to investigate the
potential of polarization measurements because of grain alignment we start to apply the
code to astrophysical models later in chapter 5. Here, we look for observable features of
the magnetic field morphology by means of synthetic maps of intensity and polarization
dependent on grain alignment theory.
In general, the advantage of synthetic polarization maps is that the spatial distribution of
the physical input parameters is known in advance. Careful examination of the resulting
synthetic intensity and polarization maps on multiple scales will help to disentangle the
contributions of different dust parameters and grain alignment theories. In particular,
this will allow to determine the constrains of projection effects and to identify the regi-
ons that contribute to the net polarization by means of a careful line of sight analysis.
Finally, the evaluation of the potential of multi-wavelength polarization measurements
as a tool to determine the magnetic field morphology will furthermore bridge the gap
between observation and predictions of numerical simulations.
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Chapter 2

Radiative transfer (RT): Basic concepts
and numerical solutions

In this chapter we present the RT problem and introduce the related physics essential
for this thesis. A number of methods for solving the RT problem have become standard
features in RT codes over the years. Here, we present selected numerical features with
regard to the propagation of radiation in a general manner. Later, we focus on the heating
and polarization of dust grains covered in this thesis. Finally, we discuss a numerical
approximation method for calculating the optical properties of non-spherical dust grains
in detail.

2.1 Theory of radiative transfer
In the field of astrophysics the objects of interest and their properties are mostly out of
reach for direct measurements considering the enormous distances in outer space. Al-
most all of our knowledge about the universe is based on the observation of electroma-
gnetic radiation. While laboratory experiments and computer simulations are essential
to complete our picture of astrophysical phenomena only by imaging and analyzing of
radiation we can test our models and theories against reality. This makes observations
one of the most important tools in astrophysics. However, the interpretation of obser-
vational data requires a detailed understanding of the physics of light emission and the
alteration of the radiation within the medium it propagates.

2.1.1 The radiative transfer problem
The theory of radiative transfer provides the equations necessary to describe the change
in specific intensity Iλ for a distinct wavelength λ along its path. In the stationary case



8
CHAPTER 2. RADIATIVE TRANSFER (RT): BASIC CONCEPTS AND

NUMERICAL SOLUTIONS

the quantity Iλ := Iλ (~r,~k) is a function of position~r and the wave vector~k = 2π

λ
defines

the direction of propagation. The amount of energy dελ per wavelength range λ + dλ

passing trough an infinitesimal small area dA within a solid angle dΩ in direction of θ

with respect to the surface normal of the area and per time dt the specific intensity is
defined to be

Iλ =
dελ

cos(θ)dAdtdλdΩ
. (2.1)

Along the distance dl the specific intensity is modified by the loss because of extinction
while the radiation passes a medium and the contribution of the released energy by the
medium. The extinction is characterized by absorption of light and scattering inside the
medium itself. In order to take care of the decrease in intensity because of extinction
we introduce the sink term −κλ Iλ which is proportional to the intensity itself with the
extinction coefficient κλ and the source therm with the emissivity jλ . In its general form
the radiative transfer equation becomes

dIλ

dl
=−κλ (~r)Iλ + jλ (~r). (2.2)

Both coefficients κλ and jλ govern the radiative transfer through a medium on a ma-
croscopic level. The relations to the quantities of distinct particles on the microscopic
level are κ = ∑i niCi(λ ) and j = ∑i niεi(λ ), where ni is the number of particles of spe-
cies i per volume, Ci(λ ) is the wavelength dependent cross section of extinction and ε

is the emission coefficient per particle. The cross section C is defined to be

C = πa2×Q (2.3)

where a is the radius of the particle and Q is a material dependent efficiency factor.
Introducing the quantity of the optical depth with

τλ =
∫ l′

0
κλ (~r)dl (2.4)

allows the formal solution of the radiative transfer equation as

Iλ (~r)
dτ

= Iλ (~r)−Sλ (~r) (2.5)

with

Sλ (~r) =
jλ (~r)
κλ (~r)

(2.6)



2.1. THEORY OF RADIATIVE TRANSFER 9

as the source function. Here the limiting case with τ >> 1 is defined as optically thick
and the case with τ >> 1 as optically thin. The solution of Eq. 2.5 is straightforward if
the source function

Iλ (τ
′) = Iλ (0)e

−τ ′+
∫

τ ′

0
Sλ (τ)e

−τdτ (2.7)

is known in advance.

2.1.2 Local Thermodynamic Equilibrium (LTE)

The energy absorbed is usually re-emitted at a different wavelength dependent on the
characteristic properties of the medium. When the amount of absorbed energy is in
balance with the amount of re-emitted energy the medium is in thermodynamic equili-
brium. In this case the re-emission of a medium with temperature T is that of a black
body and the source function can analytically be expressed as a characteristic spectral
distribution of energy with Sλ = Bλ (T ) where

Bλ (T ) =
2hc2

λ 5
1

exp(hc/λkBT )−1
(2.8)

is the Planck function. Using the definition of the source function (see Eq. 2.6) we get
for the emissivity per mass

jλ (T ) = nCabs,λ Bλ (T ). (2.9)

However, the assumption of a strict thermodynamic equilibrium is a simplification
which cannot hold under more realistic conditions where the temperature is not con-
stant within the system.
The distance light travels between two points of interaction on average inside the me-
dium is defined as the mean free path length. When the radiation interacts very ineffi-
ciently with the medium the mean free path length is large and vice versa. The inverse
of the coefficient κ

−1
λ

in the RT equation quantifies the distance a photon travels on ave-
rage. For sufficiently small values of κ

−1
λ

the mean free path length becomes very small
compared to the temperature gradient. On such small scales the assumption of a ther-
modynamic equilibrium can locally be assumed and the medium has still a re-emission
behavior like a black body. This simplification is referred to as local thermodynamic
equilibrium (LTE) and often applied to dense astrophysical systems.(to do ref).
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Figure 2.1: Representation of the same electric field vector in three different coordinate systems.
Here, the quantity χ is the orientation angle as observed on the plane of the sky.

2.1.3 The Stokes Vector

The polarization state of radiation along its path can be quantified by the 4-component
Stokes vector ~S = (I,Q,U,V )T where the I parameter is the total intensity (see Bohren
& Huffman, 1983, for details). Each ensemble of polarized radiation can be decompo-
sed in vector components in different coordinate systems (see Fig. 2.1). The projection
of the electric field vector ~E on the axis of a fixed orthonormal coordinate system gives
the ~Ex and ~Ey field components. The electric field components ~E45 and ~E−45 are defined
as projections on the axis of a second coordinate system rotated by 45◦ with respect
to the first one. Decomposing ~E in two clockwise and counterclockwise rotating waves
gives the components ~Ecw and ~Eccw, respectively. With the decomposition of the elec-
tromagnetic wave in the different components the Stokes vector is completely defined
by

~S =


I
Q
U
V

=


|Ex|2 +

∣∣Ey
∣∣2

|Ex|2−
∣∣Ey
∣∣2

|E45|2−|E−45|2

|Ecw|2−|Eccw|2

 . (2.10)

The parameters Q and U describe the state of linear polarization in vertical and diago-
nal direction for a given coordinate system. According to the Stokes formalism, linear
polarization is determined by the degree of linear polarization Pl with

Pl =
Ip

I
=

√
U2 +Q2

I
(2.11)
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and 0 ≤ Pl ≤ 1 where Ip is the polarized intensity and the position angle χ as observed
on the plane of the sky is defined by

tan(2χ) =
U
Q
. (2.12)

The parameter V describes the degree of circular polarization Pc with

Pc =
V
I

(2.13)

and −1 ≤ Pc ≤ 1. Here, Pc = 1 stands for circular polarization with the electric field
vector rotating clockwise and Pc = −1 stands a rotation counter clockwise towards the
observer. The definition of the Stokes vector requires the parameters to follow the rela-
tion

I2 ≥ Q2 +U2 +V 2 (2.14)

where equality of right hand side and left hand side indicate complete polarization.

2.2 The Monte-Carlo Method (MC)
The MC method (also Monte-Carlo simulation or Monte-Carlo technique) was named
after the city in Monaco famous for its gambling. Applications of the MC method range
from complex climate model calculations to the interaction of high energetic radiati-
on with the upper atmosphere. Originally considered as too time consuming the MC
method has become increasingly popular to tackle the radiative transfer problem nume-
rically within reasonable accuracy and timescales. As is gambling, the MC method is
based on chance albeit it is not random but governed by statistical sampling from known
probability distributions. Hence, the accuracy of MC simulations rely on an explicit re-
presentation of the probability distributions associated with physical processes.
Modeling the propagation of radiation in matter is a high dimensional problem. In most
circumstances, the radiative transfer problem can only be solved numerically. The great
advantage of the MC method is, that it simulates actual events. In particular, the radiative
transfer of polarized radiation can easily be implemented by mimicking nature. Instead
of propagating single photons the radiation is represented by a package of photons with
identical wavelengths. The astrophysical system of interest is represented by a grid with
a number of discrete grid cells. Each cell represents a region of the system with constant
physical quantities.
The life cycle of a photon package can be described by the following three steps:
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i) Emission: The photon package is emitted by a source in a predefined model
space. The source represents an astrophysical object, usually a star. Energy and
wavelength of the photon package are statistically sampled from the characteristic
spectral emission of the source.

ii) Propagation: The photon package propagates through the grid until the optical
depth exceeds a certain critical value. At this point the photon package interacts
with the particles in that particular cell, meaning the photon scatters or becomes
absorbed. Here, the desired physical quantities such as temperature or polarization
state by the photon package are adjusted. This step is repeated until the photon
package passes the borders of the grid.

iii) Detection: The photon package leaking from the grid are collected on a detector
in order to calculate synthetic maps of intensity and polarization.

2.2.1 Error estimation of MC simulations
In contrast to analytical solutions the MC method remains an approximation and comes
with an inherent error which manifests itself as noise in the output data. The level of
noise inherent in RT MC simulations can usually be reduced by increasing the number
Nph of photon packages. However, a higher amount of photon packages comes with an
increase in calculation time. Furthermore, the noise in the resulting output data does not
linearly scale with Nph but follows approximately a Poisson distribution (see Bevington,
1969, p. 40). Independent of the applied MC method of photon transfer, this error in
MC simulations can be quantified with the standard deviation

σ ∝
1√
Nph

. (2.15)

Subsequently, the reduction of noise scales slowly with the number of applied photon
packages.

2.2.2 Sampling of optical depth
In the RT MC run each photon package propagates a path length l between two points
where particles and the radiation interact. Here, interaction means scattering or absorp-
tion and re-emission. The net optical depth τΣ of a photon package can be calculated by
adding up the contributions of each cell

τΣ = ∑
i

Cext,ind,ild,i (2.16)
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where Cext,i, nd,i, and ld,i are the cross section of extinction, the dust number density, and
the path length passed in each cell, respectively. The optical depth and, subsequently,
the path length l follows a probabilistic distribution. The maximal optical depth τmax up
to the next point of interactions can be sampled from (see Wolf, 2003, for details)

τmax =− ln(1− z). (2.17)

Finally, the next point of interaction is determined by the criterion τΣ ≥ τmax.

2.2.3 The radiation field
A common problem in RT MC simulations relates to the calculation method used for the
local radiation field. The calculation of many physical quantities (especially dust tempe-
rature and grain alignment efficiency) by a MC simulation have their basis in a detailed
knowledge of the local radiation field. Commonly the radiation field is calculated by the
local estimation method (Lucy, 1999) by absorbing not just at the next point of interac-
tion, but also along the path each photon package passed along. Photons travel through
a distinct cell with volume V up to the next cell wall or the next point of interaction. In
LTE the radiation loses energy because of absorption but the same amount of energy is
re-emitted at longer wavelengths. Since we control the number N1,2 of photons in each
packet we can calculate with a constant energy ε0 before (1) and after (2) absorption and
re-emission independent of wavelength with N1

hc
λ1

= N2
hc
λ2

. The quantity that connects
the energy of the photon packages ε0 to the specific radiation field is the mean intensity

Jλ =
1

4π

∫
Ω

Iλ~ndω (2.18)

where Ω is the solid angle in steradians and~n is the direction of propagation of the light
ray with specific intensity Iλ . By incorporating the energy of the photon packages as it is
defined in Eq. 2.1, the mean intensity can be rewritten as a sum of Nph photon packages

Jλ =
ε0

4π∆t

Nph

∑
n=1

1
|cos(θi)|dAdλ

(2.19)

passing a certain region of space. An alternative interpretation of the mean intensity
is that it represents the energy per time deposited by each photon packet in a region
with distinct volume V . This allows to calculate the mean intensity J integrated over
wavelength by means of accumulation of all Nph path lengths l of passed photons with

J =
ε0

4πV ∆t

Nph

∑
n=1

l. (2.20)

The mean intensity J is the essential parameter for subsequent dust temperature and
grain alignment efficiency calculations.
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2.2.4 Scattering on spherical particles
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Figure 2.2: Geometrical configuration of scattering on spherical particles. The scattered light
is redirected along the scattering plane by an angle of ψ . In order to apply the Müller matrix
M̂(ψ), the target coordinate system (~p,~s,~r) has to be transformed in the lab coordinate system
(~v,~h,~r) along the angle α .

The scattering of radiation on spherical particles is among the most common features
in MC RT codes. However, it increases the complexity of the RT problem since scatte-
ring is anisotropic and requires the evaluation of additional probability functions. The
probability for a scattering event is quantified by the albedo of the particle

a =
Csca

Cext
, (2.21)

the measurement of the fraction of light deflected from the incident beam. Here, Cext and
Csca are the cross sections of extinction and scattering, respectively. For each radiation-
particle interaction a random number 0 < z ≤ 1 is chosen. In the case of z > a we
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have a scattering event. Rather than converting the radiation to internal energy, it emits
the same amount of energy in a different direction and the polarization state of light
becomes altered where as the wavelength remains the same. When describing polarized
light at the physical level of radiative transfer theory, the change in the Stokes vector can
be calculated with the help of the Müller matrix or scattering matrix M̂(ψ) (see van de
Hulst, 1981; Bohren & Huffman, 1983, for details). The elements of the Müller matrix
are dependent and for spherical particles we get

M̂(ψ) =


M11 M12 0 0
M12 M11 0 0

0 0 M33 M34
0 0 −M34 M33

 . (2.22)

Note that the scattering matrix elements are also a function of material, particle size,
wavelength and scattering angle. The parameters of the Stokes vector before ~S and after
~S′ each scattering event is determined by the Müller matrix with ~S′ ∝ M̂(ψ)~S. The di-
rection of propagation~r′ after the scattering defines the so called scattering plane with
the original direction of radiation~r. The coordinate system of the Stokes vector (~r,~h,~v)
is usually defined with respect to an external coordinate system. Here, ~v is parallel to
the z-axis of the external coordinate system and perpendicular to the direction of propa-
gation~r with~h =~v×~r. In order to apply the Müller matrix the Stokes vector has to be
transformed into the same coordinate system as the scattering plane (~p,~s,~v) where ~p is
in the scattering plane and~s = ~p×~r. The rotation angle α is defined to be between the
vectors~s and~h and the scattering angle ψ between~r′ and~r is defined by

cos(ψ) =~r′~r. (2.23)

Since the Stokes parameters I and V are invariant under transformation, the rotation
matrix that transforms the Stokes vector into the coordinate system of the scattering
plane is:

R̂(α) =


1 0 0 0
0 cos(2α) −sin(2α) 0
0 sin(2α) cos(2α) 0
0 0 0 1

 . (2.24)

After the scattering event, the stokes vector is in the new coordinate system (~r′,~h′,~v′).
In order to align the new coordinate system again with the external coordinate system,
the Stokes vector has to be rotated by an angle of α ′. Finally, the change in the Stokes
vector because of scattering can be calculated with

~S′ = R̂(−α)M̂(ψ)R̂(α ′)~S′. (2.25)
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After each scattering event a new direction of the photon package has to be determined.
The phase function describes the probability of each propagation direction after the
scattering event. The choice of the parametrization of the analytical phase functions or
the use of numerical phase functions can be chosen dependent on the required accuracy
and available computational equipment (Hong, 1985; Draine, 2003; Sharma & Roy,
2008).

2.2.4.1 Isotropic scattering

In the case of isotropic scattering each direction after the scattering event has the same
probability. The sampling process is the same as by thermal remission. The new direc-
tion~r′ is sampled from a uniform distribution of points on the surface of a unit sphere
and depends on the three parameters u = 1−2z1, t = 2πz2, and r =

√
1−u2 and can be

calculated by

~r′ = (r cos(t),r sin(t),u)T . (2.26)

Here, the quantities z1 and z2 are random numbers.

2.2.4.2 Anisotropic scattering

In contrast to isotropic scattering, anisotropic scattering is characterized by a preferen-
tial scattering direction. The spatial distribution of scattering directions is highly depen-
dent on the size parameter

x =
2πa
λ

. (2.27)

Here, a is the radius of the particle. In the limit of 1 ' x , the Henyey-Greenstein (HG)
phase function (Henyey & Greenstein, 1941) is the most widely used parametrization
of the phase function and provides a good single-parameter approximation with

F(ψ) =
1

4π

1−g2

[1+g2−2∗ cos(ψ)]
3
2
. (2.28)

This phase function depends on scattering angle ψ and the asymmetry parameter
g ∈ [−1,1] where g = 0 means isotropic scattering, g = −1 backward scattering, and
g = 1 forward scattering, respectively. The anisotropy parameter g can analytically be
calculated with

g =< cos(θ)>=

∫ 4π

0 F(θ ,φ)cos(θ)dΩ∫ 4π

0 F(θ ,φ)dΩ
. (2.29)
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In the case of λ ≈ x for homogenous and spherical particles a solution to this problem
can be found with Mie scattering theory (Mie, 1908; Debye, 1909). Here, the phase
function of scattering can be expanded in terms of an infinite series of associated Le-
gendre polynomials (Mie, 1908; Wolf & Voshchinnikov, 2004). The coefficients of the
series can be calculated with the refractive index of the particles material.

2.2.5 Dust grain heating
In the specific case of the ISM, the particles of interest are dust grains with different
sizes and materials. Under the prevalent conditions in the ISM, these dust grains can
be assumed to be in radiative equilibrium with its environment. Dust grains re-emit an
equal amount of energy absorbed in the optical wavelength regime as infrared radiati-
on. The mean intensity Jλ per wavelength can be calculated by a RT MC simulation.
A number of Nph photon packages are sent through the grid and interact with the dust
component in each cell. For an albedo with z > a we have an absorption event. In this
case, the photon package stops and a new photon package starts with a different wave-
length. The condition of LTE allows to determine the dust temperature in each cell with
Cabs the cross section of absorption implicitly by solving∫

∞

0
CabsBλ (T ) dλ =

∫
∞

0
CabsJλ dλ . (2.30)

2.2.5.1 Immediate re-emission method

The method of immediate re-emission corrects the dust temperature for each absorption
event. For the re-emitted dust photon a new wavelength will be sampled in such a way
that the dust grain remains in LTE. The dust temperature Td is the essential parameter
for thermal radiation. The new dust temperature Td can then be calculated for a number
Nabs of absorbed photon package (Bjorkman & Wood, 2001) with

Td =
Nabs

Nph

L
4σCp(Td)

. (2.31)

Here, L is the luminosity of the photon package emitting source, σ is the StefanBoltz-
mann constant, and Cp(Td) is the mean absorption cross section weighted over the
Planck function with

Cp(Td) =
∫

∞

0
CabsBλ (Td) dλ . (2.32)

Eq. 2.31 can be numerically solved by an iterative approach. In order to achieve an in-
crease in computational time the mean absorption cross section Cp(Td) can alternatively



18
CHAPTER 2. RADIATIVE TRANSFER (RT): BASIC CONCEPTS AND

NUMERICAL SOLUTIONS

be pre-calculated. The strength of this method is that it operates with the correct spec-
tral wavelength distribution of the photon packages. The temperature is corrected after
each absorption event. This means the dust re-emitted photons with the wrong spectrum
Bλ (Td,i−1). The index i indicates the number of absorptions. In order to correct this er-
ror the wavelength of the new photon package has to be sampled from the spectrum
of Bλ (Td,i)−Bλ (Td,i−1). In the continuous case the new wavelength λi can be sampled
with a random number z from

z =

∫ λi
0 Cabs,λ

dBλ (Td,i)
dT dλ∫

∞

0 Cabs,λ
dBλ (Td,i)

dT dλ

(2.33)

where dBλ (Td,i)
dT is the derivative of the Planck function after the temperature. The disad-

vantage of this technique is a poor convergence because the temperature of the dust is
updated just at each point of absorption.

2.2.5.2 Continuous absorption technique

A more efficient way to calculate the dust temperature by means of a RT MC simulation
is the method presented in Lucy (1999). As shown in Sect. 2.2.3 the mean intensity can
be calculated by adding up the contributions to the energy of radiation deposited in each
cell. This is particularly advantageous in optically thin regions where the probability
of a dust-radiation interaction is low. The method of continuous absorption allows to
calculate the rate Ȧ of absorbed energy per time and mass with

Ȧ =
ε0

4πV ∆t

Np

∑
n=1

Cabsl. (2.34)

Since, we assume LTE the rate of absorbed energy is equal to the rate of re-emitted
energy (Ȧ = Ė) and the dust temperature can be determined by

Ė = 4πV
∫

Cabs,λ (a)Bλ (Td)dλ . (2.35)

The temperature correction occurs here after several separate MC RT simulations until
the temperature converges. This means, that the final dust temperature has to be calcu-
lated by means of iterating. After each RT MC simulation the temperature is corrected
in the entire grid. At each point of absorption the new wavelength is sampled from

z =

∫ λi
0 Cabs,λ Bλ (Td,i)dλ∫
∞

0 Cabs,λ Bλ (Td,i)dλ
(2.36)

which represents the false spectral distribution of wavelengths as shown in Sect. 2.2.5.1.
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2.3 The discrete dipole approximation (DDA)
The mathematical tools available to calculate the optical properties of dust grains such
as the extinction, absorption, and scattering cross sections as well as the scattering pha-
se function are limited. For the interpretation and fitting of observational data the shape
of the dust grains are usually assumed to be spherical. Indeed, the spherical model of
interstellar dust grains is promising for the interpretation of extinction and fitting of
observational data based on scattered light. Considering the growth of dust grains by
means of coagulation the dust grains can be expected to have irregular shapes rather
than symmetrical ones. Furthermore, non-spherical dust grains are also required to ac-
count for the observed polarization of starlight and the materials of interstellar dust,
especially graphite, are highly anisotropic. Therefore, Mie theory is of limited use for
the determining the parameters required by the specific radiative transfer problem in the
ISM.
In order to get the optical properties of dust grains with arbitrary shapes the discrete
dipole approximation (DDA) can be applied. Originally a version of the DDA accurate
for grains far smaller than the wavelength was proposed by DeVoe (1964). Later, the
DDA was extended by Purcell & Pennypacker (1973) to study interstellar dust grains.
A consistent formulation of the DDA method was presented in Draine (1988) and later
implemented in the DDSCAT code Draine & Flatau (1994).
The basic idea behind this method is to approximate the required arbitrary dust grain
shape by a periodic lattice with a limited number of N dipoles. Each lattice position~rj
is associated with a dipole moment of

~p(~rj, t) = ~p(~rj,0)exp(−iω0t) = αj~Ej (2.37)

where αj is the polarizability. The polarizability is a symmetrical tensor and can be
written as a series (Draine & Flatau, 1994) with the real and imaginary part of the
complex refractive index m(ω) = ε(ω)+κ(ω) of the dust grain material as parameter.
The components of the electromagnetic field for the j-th dipole can be written as a sum
of an incident and scattered wave with

~Ej = ~Einc,j +~Esca,j (2.38)

and

~Bj = ~Binc,j +~Bsca,j. (2.39)

In order to calculate the dipole moments at each position~rj of the lattice, the radiation
field for each dipole inside the dust grain must be determined by adding up the contribu-
tions of the dipoles at distance~rjl =~rj−~rl. Assuming plane waves with the direction of
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propagation n̂ and the wave vector~k = 2π

λ
n̂ gives the electric and magnetic components

with

~Einc,j = ~Einc,0 exp
(

i~k~rj− iωt
)
, (2.40)

~Esca,j = e(−iωt)
N

∑
j=1,l=1; j 6=l

exp
(

i~k~rjl

)
r3

ij

[
k2~rjl× (~pl×~rjl)+

1− ikrjl

r2
jl

(
3~rjl(~pl~rjl− r2

jl~pl

)]
,

(2.41)

~Binc,j = ~Binc,0 exp
(

i~k~rj− iωt
)
, (2.42)

and

~Bsca,j = e(−iωt)
N

∑
j=1,l=1; j 6=l

k2
exp
(

i~k~rjl

)
r3

jl
(~pl×~rjl)

(
1− 1

ikrjl

)
, (2.43)

respectively. The DDA allows to obtain an approximate description of the interior ra-
diation field of the dust grain. The associated net force acting on each dipole is due to
the gradient in the electric field and the Lorentz force on the currents induced by the
magnetic field

~Frad =
N

∑
j=1

ℜ(~pj∇j)ℜ(~Ej)+ℜ

(
d~pj

dt

)
×ℜ(~Bj). (2.44)

This equation applies to the incident and the scattered radiation alike and the net force
is ~Frad = ~Finc + ~Fsca. Because of anisotropic radiation the force ~Frad produces a torque
~Γrad = ∑

N
j=1~rj×~Fj on the dust grain. Averaged over time the torque is defined by the

energy density urad of the incident radiation and the effective dust grain radius a with

〈
~Γrad

〉
= ~Qγπa2

4π

∣∣∣~Einc,0

∣∣∣2
kc

=
1
2

a2uradλ ~Qγ . (2.45)

Here, the dimensionless parameter QΓ =
∣∣∣~Qγ

∣∣∣ is the alignment efficiency and depends
on the orientation of the dust grain and its angle with respect to the incident light. Since
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the solution for each dipole moment in the lattice is known within the limits of numerical
precision this allows to calculate the extinction efficiency of the entire grain with

Qext =
4k

a2
∣∣Einc,0

∣∣2 N

∑
j=1

ℑ

(
~E∗inc,j~pj

)
(2.46)

by considering the amount of radiation that is lost in the direction of an external incident
wave using the optical theorem. The extinction efficiency can be separated by the part
of incident radiation that is lost because of scattering and the part that is absorbed from
the grain material: Qext = Qabs +Qsca. The scattering efficiency Qsca can be calculated
by means of a far field approximation. By averaging the amount of radiation scattered
in each direction ~nsca over the solid angle Ω the scattering efficiency can be calculated
by

Qsca =
k4

πa2
∣∣Einc,0

∣∣2
∫ N

∑
j=1

[
~pj−~nsca,j

(
~nsca,j~pj

)]
exp
(
−ik~nsca,j~rj

)
dΩ. (2.47)

A similar calculation can be performed for the scattering asymmetry parameter g (see
Sect. 2.2.4.2) to quantify the probability distribution of the scattering directions. The
parameter g can be written as

g = 〈cos(θ)〉= k3

πa2Qsca

∫
~nsca,j~kj

∣∣∣∣∣ N

∑
j=1

[
~pj−~nsca,j

(
~nsca,j~pj

)]
exp
(
−ik~nsca,j~rj

)∣∣∣∣∣
2

dΩ

(2.48)

where θ is defined to be the angle between incident and scattered radiation.
Absorption in the dust grain takes place because of dissipation of energy in each of the
dipoles in the lattice. The sum over the rate of energy dissipation gives the absorption
efficiency with

Qabs =
k4

πa2
∣∣Einc,0

∣∣2
∫ N

∑
j=1

[
~pj−~nsca,j

(
~nsca,j~pj

)]
exp
(
−ik~nsca,j~rj

)
dΩ. (2.49)

A plane wave with arbitrary direction of polarization can be dissected in its components
parallel and perpendicular to the symmetry axis. Each component suffers a different
phase lag which means they are no longer in phase after passing a dusty region on a
path with length l. Consequently, the incident wave becomes circular polarized as long
as the direction of polarization is not parallel or perpendicular to the symmetry axis of
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the dust grain. The phase lag is defined to be the angle δφ in radians at which a plane
wave is out of phase compared with the incident light and can be written as

δφ = πa2ndQphal (2.50)

where nd is the number density of dust grains and Qpha is the phase lag efficiency.
It is obvious, that the precision of the DDA increases with a higher number N of applied
dipoles in the lattice. However, the DDA requires the distance between neighboring
dipoles to be small compared to the structure of the dust grain surface and the considered
wavelength. The range at which the DDA is valid can be estimated by

a < 5
λ

|m|

(
N

106

) 1
3

. (2.51)

Consequently, the use of the DDA is mostly limited by the complex refractive index |m|
and the computational efforts to calculate optical properties towards larger dust grains
grow with N3.



Chapter 3

The alignment of dust in the ISM

The polarization of starlight depends on the efficiency and direction of dust grain ali-
gnment, the material properties, the size distribution, and the shape of the dust. All
these quantities are poorly constrained. Furthermore, grain alignment is not an isolated
process but highly dependent on the complex interplay of the dust with the interstellar
medium (ISM) and the interstellar radiation field (ISRF).
In order to quantify this interplay, in this chapter we introduce first the ISM and ISRF
in which the dust grains are embedded. Then we focus on the dust component and the
available theories developed so far to account for the alignment of dust grains with the
local magnetic field in the ISM. Finally, we shortly discuss alternative alignment me-
chanisms and reasons why they are not considered in this thesis.

3.1 The interstellar medium (ISM)
Although the ISM has been investigated intensively since its discovery, some of its
physical properties remain still unknown. The ISM is permanently enriched with heavier
elements from stellar ejections and supernovae as well as dust forged in the atmospheres
of red giants. However, its main constituent remains hydrogen. The component of the
ISM can be classified by the thermal phases of hydrogen (e.g. McKee & Ostriker, 1977;
Ferrière, 2001).

• Cold molecular gas: The molecular phase accounts for approximately 50 % of
the ISM. Since, molecular hydrogen cannot sustain photo-disassociation because
of interstellar ultra-violett (UV) radiation, it can only be found in dense regions
with a gas typical gas number density ng of 1012 m−3 - 1015 m−3. The tempera-
tures in this phase are in the order of 10 K because dense regions are shielded by
surrounding gas and therefore no heating processes by radiation can take place.



24 CHAPTER 3. THE ALIGNMENT OF DUST IN THE ISM

• Neutral gas: The neutral atomic hydrogen emits and absorbs at a characteristic
21 cm line. This component can be found in a cold and a warm phase. The cold
phase has a cloudy structure with temperatures of about 100 K and a number
density of 20× 1010 m−3 - 50× 1010 m−3. The warm phase is diffuse and less
dense with ng ≈ 109 m−3 and temperatures of 103 K−104 K.

• Warm ionized gas: This phase can be found in HII regions around O-type and
B-type stars where the gas is ionized by stellar radiation and planetary nebula.
Since, this regions are centered around stars they extend up to a few 100 pc. The
densities range typically 1010 m−3 - 1013 m−3 with a temperature below 104 K.

• Hot ionized gas: This gas phase is supported by supernovae ejections. The ejected
gas expands supersonically in the surrounding ISM and heats the gas up to 106 K.
Typically densities and scales are 106 m−3 and 10 pc, respectively.

The mass of the ISM ranges up to 10 % of the total baryonic mass in a galaxy.

3.2 The interstellar radiation field (ISRF)
The space between the stars is also filled by electromagnetic radiation (Kaplan & Pi-
kel’Ner, 1970). This radiation field originates from three major sources:

• Cosmic microwave background (CMB): The background of microwave radia-
tion with a temperature of 2.7 K is a remnant of the big bang and is evenly dis-
tributed in the universe. This cosmic microwave radiation manifests itself in a
maximum at ≈ 1 mm in the spectrum of the ISRF.

• Heated dust: The dust in the ISM is heated by nearby stars and the ISRF itself. In
molecular clouds, HI, and HII regions the dust temperature is in the order of 10 K
- 50 K. Higher temperatures in the range of 200 K - 500 K can be found for very
small dust grains heated by UV radiation and dust heated by M types stars. The
distribution of dust temperature lead to a maximum in the spectrum of the ISRF
at 100 µm.

• Stellar radiation: In the wavelength regime of 0.1 µm - 10 µm the ISRF is
dominated by the stellar radiation. Here, the spectrum is dominated of O/B stars
with characteristic maximal values of about 1 µm.

The distribution of radiation of the ISRF inside the galaxy varies greatly dependent on
the local distribution of stars and is expected to be larger toward the galactic center. For
all MC RT calculations considering the contributions of the ISRF we use the data of
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Moskalenko et al. (2006) modeled with the parameters of stellar populations and high
energy γ-rays typical in our local galactic neighborhood as well as the CMB contribution
(see Fig 3.1). The model was extrapolated in the mm regime of wavelength. Here, we
assumed the CMB to be a perfect black body radiator with a temperature of TCMB =
2.7 K (Fixsen, 2009).
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Figure 3.1: Spectral intensity distribution of the local ISRF. The plotted data was adapted from
Moskalenko et al. (2006) and extrapolated.

3.3 Interstellar dust
The dust in the ISM is a compound of dielectric and refractive materials with a distinct
size distribution and complex shapes. The formation of dust starts primarily in the ex-
panding atmospheres of luminous red giants. Solid grains can be formed by nucleation
of abundant elements. The exact chemical composition is determined by the elements
available in the stellar atmosphere. Hence, the expected composition of interstellar dust
grains are silicates with inclusions of iron as well as carbonaceous components. Later,
the dust grains grow by the processes of condensation and coagulation in stellar winds,
interstellar clouds and circumstellar disks. Large dust grain populations can be redis-
tributed towards smaller sizes by mean of photo-dissociation or inside the bow shocks
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of outflow lobes. Radiative pressure transports the dust grains away from its birthplace
into the ISM. The amount of dust mass is predicted to be only a few per cent of the total
mass of the ISM. However, dust manifests itself by absorption and scattering of light
from the ultra-violet (UV), the near-infrared (NIR) wavelength regime, and by thermal
re-emission of the absorbed energy in the infrared and sub-millimeter (sub-mm) range.

3.3.1 Mechanisms of dust grain alignment
Commonly, the expression ”dust grain alignment mechanism“ refers to theories pro-
posed to account for the alignment of dust grains in the ISM with the direction of the
magnetic field. However, this alignment theories entail all effects, the ones who can lead
to alignment as well as misalignment of dust grains. Hence, we introduce in this sec-
tion just the relevant two physical effects that result in dust grain alignment and threat
the theories of grain alignment as well as their steady state solutions in the following
sections.

3.3.1.1 The Davis Greenstein (DG) effect
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Figure 3.2: Schematic illustration of the Davis Greenstein effect.

Paramagnetic materials have unpaired electrons which posses no counterpart on its or-
bit and can therefore choose their spin orientation freely. In the presence of a magnetic
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field the unpaired electrons align with the field direction inducing a net magnetic mo-
ment and the dust grain becomes magnetized. In the reference frame of a rotating dust
grain the direction of a constant magnetic field ~B0 changes and the electrons become
contentiously reoriented. Like a spinning top, a rotating dust grain performs a nutation
around its angular momentum ~J. For an angular velocity ω the magnetization ~M(t) as
seen by the dust grain material is modulated with

~M(t) ∝ ~B0
[
χ
′ cos(ωt)+χ

′′ sin(ωt)
]

(3.1)

where χ is the magnetic susceptibility. The susceptibility depends on the magnitude of
the applied field and the properties of the dust material. Rearranging of electron spins
gives rise to a complex component of the susceptibility χ ′′ with χ = χ ′+ iχ ′′. Conse-
quently, the real part χ ′ of the susceptibility is in phase with the rotation of the dust
grains while the imaginary part χ ′′ is phase shifted by π/2. This means that electrons
in the lattice of the dust material cannot follow the change of magnetic field direction
instantaneously and causes vibrations in the lattice. This vibrations are directly corre-
lated to the loss of rotational energy. Thus, the spin-lattice interaction partly leads to a
transfer of rotational energy into internal heat. In order to change its orientation a net
torque has to act on the dust grain. In the reference frame of the rotating dust grain the
magnetic field B is not constant but its orientation becomes a function of time and the
resulting torque ΓDG takes the following form:

~ΓDG =~µ×~B ∝
V~B~ω
ω2

(
χ0−χ

′)(~B×~ω
)
+

V χ ′′

ω

(
~B×~ω

)
×~B. (3.2)

Here, χ0 is the magnetic susceptibility for the stationary case with ω = 0 and V is the
volume of the dust grain defining the magnetic moment ~µ =V ~M.
Since the dust grain is assumed to perform an additional nutation around its rotation
axis, the first term on the left hand side in Eq.3.2 averages out by integrating over the
precession angle Ω and the net torque can simply be expressed as

d~J
dt

〈
~ΓDG

〉
∝

V χ ′′

ω

(
~B× 〈~ω〉

)
×~B (3.3)

where the brackets 〈〉 indicate the averaging. This means the angular velocity 〈~ω〉 and
angular momentum ~J of the rotating dust grain are parallel. Consequently, the direction
of the net torque

〈
~ΓDG

〉
is in the same planes as ~B and 〈~ω〉 and it acts on the dust grain

in a direction perpendicular to the magnetic field (see Fig. 3.2).
In Eq.3.2 the first term is perpendicular to ω and therefore also irrelevant for the cal-
culation of the loss of rotational energy Erot. The change of rotational energy over time
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can now be expressed as

dErot

dt
=
〈
~ΓDG

〉
〈~ω〉=−V χ ′′

ω

(
~B×〈~ω〉

)2
. (3.4)

Since the right hand side of Eq.3.4 is negative the dust grain loses rotational energy as
a result of paramagnetic dissipation as long as 〈~ω〉 possesses a component perpendicu-
lar to ~B. Without external perturbations the net torque

〈
~ΓDG

〉
can act long enough to

steadily decrease the cone angle β and the dust grain becomes perfectly aligned.

3.3.1.2 The Barnett effect

μΣ

ωgrain

μsub
JsubΓB

θ

Figure 3.3: Schematic illustration of the Barnett effect. The cube indicates a subsystem within
the rotating dust grain and the horizontal line is a segment of the subsystem’s orbit.

In Barnett (1917) it was noticed that non-ferromagnetic materials can become magne-
tized without an external magnetic field involved. This effect can be understood in a
classical picture of the magnetic moment of an atom with one electron, a mass m, and
the charge e. The electron is orbiting the core with the angular velocity ω at a distan-
ce r and the system has consequently a magnetic moment of µ = e1

2rω2. The angular
momentum is directly proportional with the magnetic moment and defined as

~J = mr2
ω = 2

mµ

e
. (3.5)
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Considering a subsystem of unit volume in a rotating dust grain the net angular momen-
tum is given by

~Jsub = 2
m
e ∑

i
µi cos(θi). (3.6)

Here, the angle θ is between the angular momentum ~ω of the dust grain and the orbital
path of the subsystem around the rotation axis (see Fig.3.3). As the dust grain rotates an
net torque of

~Γsub =
d~Jsub

dt
= ~ω× ~Jsub (3.7)

acts on each of the subsystems of the grain (see Fig. 3.3). Like a gyroscope the subsy-
stems tend to an equilibrium state with d~Jsub

dt = 0. This forces the magnetic moment of
each subsystem to align with the angular velocity ~ω over time. By sharing its angular
momentum with its subsystems, a rotating dust grain with volume V gains a net magne-
tic moment ~µΣ independent of the presence of an external magnetic field. Considering
an external magnetic field the net torque on a rotating dust grain is ~ΓΣ = ~µΣ×~B. Any
cone angle β > 0◦ would increase the potential energy by Epot =−µΣBcos(β ). Conse-
quently an angle of β = 0◦ represents the favorable energetic state and the dust grain
tends to align with its angular momentum in direction of the magnetic field.

3.3.2 Dust grain alignment theories
The challenge in the development of a consistent dust grain alignment theory is not
so much the question of what aligns the dust grain but what effect spins up the dust
grain in the first place. As shown in the previous section the DG effect as well as the
Barnett effect are well established as the dominant mechanisms to explain the grain ali-
gnment behavior. However, both effects require the dust grains to rotate with an angular
velocity sufficiently fast enough for both alignment mechanisms to work efficiently. A
consistent grain alignment theory, therefore, should entail the mechanism to spin up the
dust grains, quantify the effects that prevents perfect grain alignment and deliver a stea-
dy state solution in order to calculate the long term grain alignment efficiency. Since
the polarization of starlight was an established fact, several theories of grain alignment
were proposed.

3.3.2.1 Imperfect Davis Greenstein (IDG) alignment

To account for the alignment by the DG effect the dust grain requires an initial angular
momentum. The rotation of dust grains is common in the ISM since they are exposed to
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a permanent bombardment by the surrounding gas. However, the tendency of dust grains
to align perfectly with their rotation axis parallel to the magnetic field directions is also
heavily opposed by a random gas bombardment. When the rate of bombardment is too
high compared to the characteristic timescales of the DG effect, the orientation of the
dust grains remains randomized. In a steady state situation both gas bombardment and
grain alignment are in balance. In this case a distribution function for the cone angle β

can be derived. Where as in Davis & Greenstein (1951) a solution based on a corpuscular
point of view was presented later in Jones & Spitzer (1967) a similar solution using a
statistical approach over an ensemble of dust grains using the Fokker-Planck equation
was derived. In general terms, this equation describes the time evolution of a probability
density function taking drag, drift, and diffusion of the system into account. In this
particular case the Fokker-Plank equation takes the form

∂ fi

∂ t
=− ∂

∂Ji
fi 〈∆Ji〉+

1
2

∂ 2

∂J2
i

fi

〈
(∆Ji)

2
〉
. (3.8)

In the reference frame of the magnetic field the angular momentum of the dust can
be decomposed into its Jx, Jy and Jz components and the Fokker-Planck equation
can be solved in each direction independently with i = x,y,z, fi := f (Ji)dJi, and the
fraction of dust grains is within the range Ji - Ji + dJi. Here, the brackets 〈〉 denote
the mean value. Since the change in angular velocity is a result of both random gas
bombardment and the DG effect the mean values are 〈∆Ji〉 = 〈∆Ji〉g + 〈∆Ji〉DG and〈
(∆Ji)

2
〉
=
〈
(∆Ji)

2
〉

g
+
〈
(∆Ji)

2
〉

DG
, respectively.

The number of gas-dust collisions per time is πa2ngv̄g where v̄g is the average gas velo-
city. With each collision a gas particle carries an angular momentum J =−2

3ωia2 away.
With the definition of angular momentum Ji = ωIi and because v̄g follows from the
Maxwell-Boltzmann distribution we get for the coefficients of gas collision

〈∆Ji〉g =
4Jia4ng

√
mgkBTg

3Ii
(3.9)

and 〈
(∆Ji)

2
〉

g
=

8
3

Tda4ng

√
mgk3

BTg. (3.10)

As shown in Sect. 3.3.1.1 the DG effect transfers the angular velocity component per-
pendicular to the magnetic field direction into heat. For this reason the coefficients are
〈∆Jz〉DG =

〈
∆(∆Jz)

2
〉

DG
= 0. Using Eq.3.3 the coefficients for the DG effect can be

written as

〈∆Ji〉DG =−V B2χ ′′

Iiωi
(3.11)
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and 〈
(∆Ji)

2
〉

DG
=

2
ω

kBTdV B2
χ
′′. (3.12)

Solving Eq. 3.11 and Eq. 3.12 for the steady state solution ∂ fi
∂ t = 0 where the DG ef-

fect and the gas bombardment are in balance, the normalized distribution functions of
angular momentum are

fi(Ji) =
1√

2πIikBTav
exp
(
−

J2
i

2IikBTav

)
(3.13)

and for i 6= z

fz(Jz) =
1√

2πIzkBTg
exp
(
− J2

z
2IzkBTg

)
. (3.14)

Here, the average temperature is defined to be

Tav =
Tg +δTd

1+δ
(3.15)

with the parameter

δDG =
〈∆Ji〉DG
〈∆Ji〉i

=
χ ′′B2

2aωng

√
2π

mgkBTg
≈ 8.23×1031 κB2

angTd
√

Tg
[m]. (3.16)

Furthermore, the dimensionless material constant is κ = 2.5× 10−12 (Davis & Green-
stein, 1951), assuming a constant magnetic susceptibility χ(ω) for paramagnetic dust
grain materials. This means that the angular momentum is maxwellian distributed in the
equilibrium state. By defining fDG(β )dΩ as the fraction of grains having an angular
momentum of J within a solid angle of dΩ at the angle β , the cone angle distribution
follows from integrating Eq. 3.13 and Eq. 3.14 and can be written as

fDG(ξ ,β ) =
ξ sin(β )(

ξ 2 cos2(β )+ sin2(β )
) 3

2
. (3.17)

Here, the distribution function depends on the cone angle β and the alignment parameter
ξ . The latter encapsulates all physical quantities and can be written as

ξ
2 =

a+δ0
Td
Tg

a+δ0
(3.18)
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with δ0 = aδDG. The IDG alignment works similar to that of a heat engine. It requires
a significant difference between dust temperature and gas temperature with Td >> Tg.
This becomes apparent in the extreme case where Td = Tg, ξ = 1, and the distribution of
angular momenta follows fDG(1,β ) = sin(β ). In this case the orientation of dust grains
remains randomized. The characteristics of the IDG cone angle distribution function
is that it behaves like a Dirac delta function with lim

ξ→0
fDG(ξ ,β ) = δ (β ), which means

perfect alignment. The parameter δ0 acts as an upper threshold. Dust grains with ef-
fective radii a ≥ δ0 can be considered to be randomized since they do not contribute
significantly to the net polarization (see also Fig. 4.5).

3.3.2.2 Magneto-mechanical (GOLD) alignment
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Figure 3.4: Schematic illustration of dust grain alignment according to Magneto-mechanical
(GOLD) theory. The vectors ex, ey, and ez represent the external reference frame where as the
vectors ax, ay, and az represent the reference frame with respect to the minor axis and the major
axis, respectively.

Gas bombardment increases the angular momentum J of the dust grain and after Nc
collisions. Hence, the net angular momentum increased by

~J(Nc) = ~Jeq + ~Jst = Idωeq +
Nc

∑
n=1

mg~r×~vg (3.19)
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where~r is the radius from the dust grain’s center of mass to the point of impact, Id is
the maximum moment of inertia of the dust grain and mg and ~vg are the mass and the
velocity difference between gas and dust. Although this simple picture does not include
magnetic fields, it shows that this mechanism requires a predominant direction. Ran-
dom gas bombardment alone could not account for grain alignment because the angular
momentum is ~Jst = ∑

Nc
i=1 mg~r×~vg = 0. Hence, the grain orientation is fully determined

by the equilibrium angular momentum Jeq which is randomly orientated. Subsequently,
just in the presence of a directed gas stream the non-spherical dust grains orientate with
their angular momentum perpendicular to the gas stream.
A second condition necessary for the mechanical alignment is the supersonic velocity
of the gas colliding with the dust grains. The random and isotropic gas bombardment
is associated with a thermal temperature Tg ∝ mgv2

g/kB. As shown in Eq. 3.19 the an-
gular momentum increases with each gas-dust by Nc collision up to Ncvgmgr. However,
random bombardment by gas with a thermal velocity vT and dust rotation reach an
equilibrium state and the maximum amount of mean angular velocity ωd of the dust
grain can be estimated from Idω2

d ∝ kBTg. In order for the net angular momentum to
orient with the gas the contribution of the stream has to be dominant Jst >> Jeq and
consequently the velocity of the gas stream has to be supersonic to exceed the thermal
velocity vst >>

√
md/mgvth.

The orientation of the angular momentum ~J is dependent on both the angle Θd in the
reference frame of the dust grain and the angle Θg in the reference frame of the gas,
whereas the distribution function fg(n,~x) for the precession angle is defined by new
variables. These variables are n, the number of gas-dust collisions over time and the
pseudo vector components are x1 = J, x2 = cos(Θd), and x3 = cos(Θg) (see Fig. 3.4).
The change in angular momentum for each single collision event is considerably small
and the distribution function follows also the Fokker-Planck equation with

∂ fg(n,~x)
∂n

=
2

∑
i=0

ai(~x)
∂ fg(n,~x)

∂xi
+

2

∑
i=0

2

∑
j=0

bij(~x)
∂ 2 fg(n,~x)

∂xi∂xj
. (3.20)

The coefficients ai and bij determine the change in angular momentum with

a0 =

〈
∆x2

∂∆x1

2∂∆x2
+∆Φ2

∂∆x1

2∂∆Φ1
−∆x1

〉
, (3.21)

ai =

〈
∆x1

∂∆xi

2∂∆x1
+∆xi

∂∆xi

2∂∆xi
+∆Φi

∂∆xi

2∂∆Φi
−∆xi

〉
, (3.22)
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and

bij =
〈
∆xi∆xj

〉
. (3.23)

Here, the brackets 〈〉 stand for the averaging over the dust grain surface. As a conse-
quence, the angles Φ1 and Φ2 average out. The exact solution of Eq. 3.20 is straight
forward and is performed in Dolginov (1974) in great detail. For an ellipsoidal dust
grain with its major and minor semi-axis la and lb, respectively, the resulting distributi-
on function can be expressed as

fg(n,~x) ∝ n−
3
2 exp

[
−

J2 (1+gcos2(Θ2)+ scos2(Θ1)
)

2nl2
b p2 (1+ s+g)

]
(3.24)

with the normalizing constant C. Here, the parameter

s =−1
2

(〈
p2〉−3

〈
p2

z
〉

〈p2〉−〈p2
z〉

)
(3.25)

is defined to be the external flux anisotropy and

g =
1

2l2
b
(2l2

a −2l2
b) (3.26)

is the grain non-sphericity. Both s and g are in the same range of [−0.5,∞] where g < 0
stands for an oblate dust grain and g> 0 for a prolate one. The squared momentum p2 of
a single collision is averaged over time and is

〈
p2〉 6= 0 for an anisotropic gas flux. The

final distribution function of Eq. 3.24 represents an approximate solution in the case of
where Jst >> Jeq obtained under the condition that the quantities cos(θ1)←→ cos(θ2)
and g←→ s are simultaneously interchangeable. For this reason the distribution func-
tion is just valid for ellipsoidal shaped dust grains. In this thesis we refer to magneto-
mechanical alignment furthermore simply as GOLD alignment.
It was suggested that dust grains with a helicity can also spin up to a super thermal
rotation in the presence of sub-sonic velocity streams. However, the possible mecha-
nical alignment of helical dust grains in sub-sonic environments is currently discussed
(Lazarian & Hoang, 2007) but not yet finally confirmed.

3.3.2.3 Imperfect internal alignment (II)

Originally, it was assumed that the Barnett effect aligns the angular momentum J per-
fectly with the maximum moment of inertia I|| of the dust grain. It was first noted by
Purcell (1979) that two internal mechanisms can cause the dust grain to rotate around
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all the axis of inertia leading to an additional precession of J around I||. Inelastic dis-
sipation in the dust grain material as a result of stress is caused by a sudden change in
the dust grain’s angular velocity. However, for thermally rotating dust grains, the Bar-
nett dissipation can be considered to be the major effect of imperfect internal alignment.
Since the dust grain material posses a temperature, the lattice of the dust grain is subject
to thermal fluctuations. As shown by Jones & Spitzer (1967) the DG effect can transfer
rotational energy into heat. A similar coupling between magnetic moments and lattice
of the dust grain material can also transfer heat into rotational energy. Consequently,
the magnetization of the dust grain remains not constant because of thermal fluctuations
resulting in a rotation with respect to all three body axis of the dust grain.
Assuming the dust temperature to be constant the distribution function of internal ali-
gnment follows the Boltzman distribution. In a steady state where the dust grain ex-
changes no energy with its environment, the distribution function of dust grains with an
opening angle ζ between I|| and J (see Lazarian & Roberge, 1997a) is

fII(J,ζ ) = exp
(
−α

[
1+δ sin2(ζ )

])
(3.27)

with α = J2/2I||kBTd and δ = I||/I⊥−1.

3.3.2.4 Radiative torque (RAT) alignment

Paramagnetic alignment and magneto-mechanical alone cannot explain the full range of
observational data. A significant degree of linear polarization in subsonic ISM environ-
ments and the discovery of very large aligned dust grains suggested that the understan-
ding of grain alignment is incomplete (see Andersson, 2015, for review). In Dolginov &
Mitrofanov (1976a) the Barnett effect was first identified to induce a magnetic moment
large enough to make the magnetic field direction the dominant axis of dust grain pre-
cession. The rotation of the dust grains is a result of different absorption and scattering
cross sections for right and left circular polarized radiation. This may result in a net
torque ΓRAT acting on the dust grain. For dust grains that undergo many absorption and
scattering events this radiative torque (RAT) can spin up dust grains and subsequently
increase the aliment efficiency. Since this effect depends primarily on the grain shape,
the dust can effectively spun up over a long period of time. An analytical model (AMO)
of grain alignment was presented by Hoang & Lazarian (2007) in excellent agreement
with the numerical studies of Draine & Weingartner (1996, 1997) and Weingartner &
Draine (2003). Later in Hoang & Lazarian (2007) the effect of thermal fluctuations
within the dust grain material and the contributions of gas-dust collisions were incorpo-
rated in the AMO.
In the AMO the dust grain alignment is determined by the time evolution of angular
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momentum

dJ
dt

= MH− J(t) (3.28)

and the angle ε , β , and ϕ can be expressed with the angles between external reference
frame and the reference frame of the wobbling dust grain (see Fig. 3.5 left panel) with

dε

dt
= M

F
J

(3.29)

and

dϕ

dt
=

M
sin(ε)

G−ΩB. (3.30)

The quantity M is a collection of physical parameters with:

M =
γuλa2tgas

2I||
. (3.31)

Here, uλ is the energy density of the radiation field at wavelength λ , ΩB is the Larmor
precession rate, Jth the thermal angular momentum because of gas bombardment, and
tgas (see Eq. 3.33) is the gas dumping time. The radiative torque ΓRAT is decomposed
into the components H (spin-up torque), F (alignment torque) and G projected on the
axis of the reference frame of the dust grain. For the stationary solution with dJ

dt = 0 the
AMO predicts attractor points in the parameter space under the condition of dF

dϕ
< 0.

Consequently the dust grains align at two attractor points (see Fig. 3.5 right panel). One
with H < 0 where the angular momentum is thermal (low-J) and another one with H > 0
with super-thermal angular momentum (high-J). Most dust grains drift to the unstable
low-J attractor, where they are prone to thermal fluctuations and are subsequently par-
tially misaligned. Here, gas bombardment can increase the grain alignment efficiency
because dust grains become lifted from the low-J to the high-J attractor point. In order
to align stably at the high-J attractor point the torque acting on the dust grain needs to
be dominated by radiation and not random gas bombardment. Hence, the AMO deman-
ds as a criterion of stability: ωrad > 3×ωth. With increasing effective dust grain radius
a, RATs become more efficient and the dust grains get supra-thermally spun up. The
effective radius aalg at which the dust grains start to align stably can be calculated as
presented in Bethell et al. (2007) with(

ωrad

ωth

)2

=
aρd

δmH

[∫
QΓ(ε)λγλ uλ dλ

ngkBTg

1

1+ tgas
trad

]2

. (3.32)
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Figure 3.5: Left panel: Schematic illustration of dust grain alignment according to RAT theory.
The vectors ex, ey, and ez represent the external reference frame where as the vectors ax, ay, and
az represent the reference frame with respect to the minor axis and the major axis, respectively.
Right panel: Exemplary trajectory map with data adapted from Hoang & Lazarian (2007). Dust
grains settle over time either on the high-J attractor point A with parallel alignment or at the
low-J attractor point B with anti-parallel alignment with respect to the magnetic field direction.

Here, γλ and uλ are the local anisotropy and the mean energy density, respectively, of
the radiation field. For the local anisotropy of the radiation field γλ = 0 means isotropic
radiation and no net torque ΓRAT acts on the dust grain and γλ = 1 means all radiati-
on approaches the dust grain from only one direction. In the later case RAT alignment
work most sufficiently. The parameter QΓ(ε) is the alignment efficiency of the RAT
which depends on the angle ε between the predominate direction in the radiation field
and the magnetic field direction. The efficiency QΓ(ε) is also a function of grain size,
wavelength, and grain composition. The shape dependent parameter δ is introduced in
Draine & Weingartner (1996, 1997) in detail. The characteristic time scales of gas bom-
bardment tgas and radiation trad acting on the dust grains can analytically be calculated
following Draine & Weingartner (1996) with

tgas =
πρda

3ng
√

2πmHkBTg
(3.33)

and

trad = 7.8489
k2

B

h̄2c

ρda3T 2
d

u〈Qabs〉
, (3.34)

respectively. Here, ρd is the density of the dust grain material itself, and 〈Qabs〉 is the ef-
ficiency of absorption weighted over the spectral distribution of the mean energy density
uλ with
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〈Qabs〉=
1
u

∫
uλQabs,λ

dλ (3.35)

and

u =
∫

uλ dλ . (3.36)

Consequently, to check for supra-thermal conditions requires also information about the
local anisotropy γλ and the mean energy density uλ of the radiation field. This can be
achieved by means of a RT MC simulation.

3.4 Discussion
That dust grains align with the magnetic field direction cannot just occur by paramagne-
tic means. Indeed, it was first proposed by Martin (1971) that a magnetic moment can
also be induced by charged rotating dust grains. This magnetic moment would result
in grain precession with an orientation either parallel or perpendicular with respect to
the magnetic field direction. This effect was thought to be a promising explanation for
the observed large scale grain alignment of dust grains. Although, this effect completes
the list of effective grain alignment mechanisms the contribution of charged dust grains
is miniscule. As pointed out in Dolginov & Mitrofanov (1976a) the Barnett effect is a
much more efficient mechanism for inducing a magnetic moment in the dust grain ma-
terial. Hence, the charge of a dust grain is a parameter that can be neglected for most
dust grain alignment considerations.
Initially, the DG effect with its analytical treatment seemed to be the most promising to
explain large scale grain alignment. Later, numerical studies of Purcell (1969) the DG
in its original form seems to be too slow to account for a significant grain alignment in
the ISM. This is mostly because of the expected thermal rotation of dust grains spun up
only by gas-dust collisions. The resulting angular momentum is too low for the galactic
magnetic field (≈ 5 nT) to be the dominating direction of grain alignment. However, the
critical parameters here are related to the dust composition. In Jones & Spitzer (1967) it
was already noted, that dust grains could have encapsulated clusters of iron. The abun-
dance of ferromagnetic inclusions in dust grains is supported by observations (Martin,
1995) and laboratory experiments (Bradley, 1994). The critical parameter here is δDG
(see Eq. 3.16). Ferromagnetic inclusions would increase the imaginary part χ ′′ of the
magnetic susceptibility by a factor of 10−100. Consequently, the upper threshold δDG
would be shifted towards higher values and more dust grain species could effectively
align. Another explanation for a higher efficiency of the DG mechanism is to consider
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an ice component in the dust grain composition. Over time, H2O molecules can stick on
the grains surface forming an ice mantle. As a result of the unknowns of the exact dust
composition inside the ISM, the parameter δDG can be assumed to be a free parameter
over several orders of magnitude.
An alternative to boost grain rotation was proposed by Purcell (1975). Dust grains can
act as a catalyst for the formation of H2 molecules. Ionized hydrogen sticks to the dust
grain surface because of permanent collisions. The captured particles wander along the
dust grain surface because of thermal fluctuations and quantum tunneling. Finally, two
H ions can overcome their potential barrier on the grain surface and a H2 molecule gets
emitted. Here, the emitted H2 molecule acts similar to a rocket thruster by means of
the transfer of energy from the H2 formation into rotational energy. In principle this
pinwheel torque as a result of H2 emission can also spin up the dust grain to super-
thermal rotation. In order to expect a net torque acting on the dust grain, the formation
of a H2 molecule has to occur on fixed positions on the dust grain surface. The dust
grain surface can always be expected to have irregularities giving rise to special active
side where hydrogen particles can be trapped. However, this active side has to be long
lived. Otherwise the dust grain can even be slowed down when an active site relocates
its position on the grain surface. The effective increase of the IDG alignment by the
pinwheel effect was shown in Purcell (1979). Later, the influence to a higher alignment
efficiency was also demonstrated for RATs in Hoang & Lazarian (2007) by a numerical
approach. However, the active sites required by the Purcell mechanism are expected to
change positions by formation of heavier elements and can even disappear completely
over time (Hoang & Lazarian, 2007). Additionally, a fraction of hydrogen has to be io-
nized to provide a reservoir for the Purcell mechanism to work at all. This means the
pinwheel torques can not account for super-thermally rotating dust grains in dark mo-
lecular clouds. Furthermore, the influence of pinwheel torques to grain alignment has
to be calculated by means of a numerical approach e.g. a time evolution model using
a Runge-Kutta method. This would push a MC RT simulation beyond reasonable time
scales making the pinwheel torques of minor practical use for the purposes of this thesis.
A mechanism to spin up dust grains similar to that of Purcell’s pinwheel torques was
suggested by Sorrell (1995). Here, it was speculated that the evaporation of grain mant-
les by cosmic radiation might spin up dust grains to super-thermal angular velocities.
However, it is evident that the evaporating grain mantles provide just thrust over a li-
mited amount of time not long enough to account for long-term grain alignment. The
expected flux of cosmic radiation is also expected to be several orders of magnitude to
low (Lazarian & Roberge, 1997b) for this mechanism to be of relevance. Hence, the
effect of evaporating grain mantles is also not considered in this thesis.
The alignment of dust grains even in dark cores of molecular clouds can be explained by
RATs. Simultaneously, the RAT alignment mechanism is not sufficient for the alignment
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of small dust grains. The alignment of small dust grains can be accounted by IDG theo-
ry. Both, RAT and IDG, predict the dust grain alignment with the angular momentum
parallel to the magnetic field direction. However, this seems not to hold in general. In
contradiction to the expected behavior of RAT and IDG alignment observational fin-
dings (Rao et al., 1998; Cortes et al., 2006) indicate that the grain alignment might also
occur with an angular momentum perpendicular to the magnetic field. Indeed, molecular
outflows can provide the necessary supra-sonic environment for the GOLD alignment
to work. For this reasons, the focus of this thesis lies on the IDG, RAT, and GOLD
alignment theories combined with the effects of imperfect internal alignment to study
the effects of aligned dust grains as a tool to observe the magnetic field morphology in
various ISM environments.



Chapter 4

The POLARIS MC RT code

The astronomical objects of interest are manifold, from single stars over molecular
clouds to galaxies and galaxy clusters. Measurements of radiation are the dominant tool
in astronomy to investigate the fundamental physical processes in such objects. Howe-
ver, the big drawback of observations is that the detection of radiation on the plane of
the sky can only deliver a projected view of objects with complex spatial density and
temperature distributions. Consequently, the interpretation and analysis of observational
data requires a detailed RT modeling to deal with projection effects.
In this chapter we introduce the major features of POLARIS (POLArized RadIation
Simulator) a 3D MC RT code newly developed from scratch and capable of dust heating
and polarization calculations. First, in order to account for the effects of non-spherical
partially aligned dust grains we have to extend the basic concepts of MC and the phy-
sics RT introduced in chapter 2. For the considered theories of IDG, RAT, and GOLD
alignment as well as the reduced grain alignment efficiency because of II alignment,
the calculation of grain alignment efficiency comes with the computational burden of
solving integral equations. To perform MC RT simulations within acceptable time sca-
les in the order of days we present the analytical solutions and applied approximations.
The required calculation time of the MC RT simulation can be furthermore reduced by
MC optimization techniques. Finally, we present a dust database with pre-calculated
parameters of dust grains allowing to simulate the effects of dust grain alignment on
synthetic observational data.

4.1 Major features and specifications
POLARIS is a 3D MC continuum RT code designated to post-process complex density,
temperature, and magnetic field distributions resulting from multi-scale MHD simulati-
ons. The aim is to calculate synthetic polarization maps to investigate the observability
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of different MHD scenarios. POLARIS can make use of the full parameter set (density,
temperature, velocity and magnetic field distributions, sources of radiation ) delivered
by MHD simulations to perform dust heating and complex polarization RT calculations.
The code is platform independent and completely written in C++ in a strict object ori-
entated manner.
The code works in three independent main operation modes:

i) Dust heating: In a first MC RT simulation, the dust grains are self-consistently
heated. Here, a model of an astrophysical object can include an arbitrary number
of radiation sources all contributing to the dust grain heating calculation.

ii) Calculation of the overall radiation field: Once, the dust temperature has been
calculated a second MC RT simulation is started. Here, the spectral mean energy
density uλ and local anisotropy factor γλ of the radiation field is determined to
calculate the parameters for radiative torque (RAT) alignment (see Sect. 3.3.2.4).
This mode is similar to the dust heating mode, except that the sources that emit
the radiation are stellar sources as well as the heated dust itself.

iii) Synthetic observational data: Finally, calculations of spectral energy distributi-
ons (SEDs), synthetic multi-wavelength intensity, and polarization maps as well
as statistical analysis data are created.

To access the full functionality the code POLARIS parses script files. Predefined com-
mands in a pseudo XML style implemented in the code allows the user to create scripts
with sequences of operation modes.

4.2 The octree grid
In MC RT simulations the photon packages propagate in grids with cells of constant
physical parameters (e.g. density or temperature). One of the difficulties of MC RT
simulations is the partition of complex distributions of physical parameters adequately
in a grid structure. Linear grids with a uniform resolution are to memory intensive in
order to resolve huge gradients. The choice of the grid geometry and the coordinate
system can be made by exploiting the symmetry of certain astrophysical systems (e.g. a
spherical coordinate system for RT simulations of disks). However, this would limit any
code to the simulations of special cases.
In order to make RT simulations possible for a broad variety of astrophysical systems,
all RT simulations are performed on an adaptive octree grid. Such a grid starts with
a cube which represents the entire volume of the model. If the gradient of a certain
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128 x 128 cells

Figure 4.1: Left panel: Exemplary color coded density distribution of the center plane of a MHD
shock simulation in arbitrary units. The grid refinement was performed according to both criteria
presented in Sect. 4.2. As a result of refinement the ratio of remaining cells to maximal possible
cells is≈ 1/200. Right panel: Schematic illustration of light ray propagation through the octree.
The neighboring cell can most efficiently be found with an pointer running up and down through
the grid levels.

parameters is still not adequately matched by the current resolution, each cube can now
be divided into eight sub-cubes. The criterion of grid refinement are as follows:

i) χi,l > A× l χ

ii) χi,l
χk,l

> B, j 6= k.

Here, χi,l can be any physical quantity in the i-th cell or k-th cell, respectively, on the l-
the grid level. The first criterion compares the quantity χ with the average χ of the entire
grid multiplied by a constant A and the number of levels l. This ensures that quantities
with high values are in areas of the grid with a better resolution. The second criteria
deals with high gradients. As long as the fraction of χ in neighboring cells is higher
than some constant B the grid will be refined until the cubes are sufficiently small.
The choice of an octree grid structure for the MC RT calculations provides major ad-
vantages:

• In the octree grid each cell is either a leaf and contains a set physical parameters
or is a branch and is divided into eight sub cells. This allows to represent the grid
in a tree like structure. The time required to find the neighboring cell for a photon
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package penetrating a cell wall scales with the order of levels (O(l)). This means
that the photon package can propagate efficiently. Furthermore, it allows for par-
allel computing since several photon packages can propagate within an octree grid
independently, each on a separate processor. Consequently, the calculation time
approximately scales then with the number of processors.

• For highly complex distributions of physical parameters and in a non adaptive
grid the refinement has to be increased in the entire grid to match high gradients
in certain areas. This leads to an unnecessary high memory requirement. In an
octree grid areas with high gradients can be refined while cells with a similar or
identical set of parameters can be combined to a single cell.

• Modern MHD codes (e.g. Fryxell et al., 2000) make already use of adaptive grid
refinements and the original grid structure can be maintained by the octree grid.
This means no artificial information is introduced into the MHD data by means
of a conversion process to another grid structure.

4.3 Radiation emitting sources
The photon package starts its life cycle in a MC RT simulation with a characteristic
spatial emission, energy, wavelength, and an initial degree of linear and circular polari-
zation mimicking a certain type of emitting source. In order to cover the broad variety of
radiating objects in the ISM that we provide several classes of photon emitting sources
in POLARIS.

• Point source: In our simulations we consider the spatial extension of a star to
be small compared to the cell size. Hence, no possible irregularities associated
with the surface of the star such as sun spots or limb darkening is taken into
consideration and a star is considered to be a simple point source. The direction
of each photon package is calculated similar to the procedure of Sect. 2.2.4.1.
The distribution of wavelengths is determined by the spectral luminosity of the
star and can hence be sampled from

z =
∫

λi
0 Lλ (R∗,T∗)dλ∫
∞

0 Lλ (R∗,T∗)dλ
. (4.1)

Here, R∗ and T∗ are the radius and the surface temperature of the star, respectively.
Each newly created photon package carries an energy per unit time of

Ė =
L(R∗,T∗)

Nph
(4.2)
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away.

• Diffuse source: The diffuse source is intended to mimic a spacial extended source
such as a molecular cloud surrounding a star or an entire starfield located in a
region small in comparison to the entire model space. This source is similar to the
point source. However, the photon packages start not from a single point but from
a position inside a sphere with a certain radius. The positions follow a Gaussian
distribution meaning that the probability to start at a position toward the center of
the sphere is higher.

• ISRF source: Even in the absence of stars the dust has a certain temperature.
This can be due to heating by the ISRF. The ISRF contributes also to the overall
radiation field inside the model space and is therefore of relevance for the calcu-
lation of the RAT alignment efficiency. As for the point source the ISRF source
sends photon packages in random direction. However, the starting point is from
the surface of a sphere which surrounds the model space. The SED is defined by
an external file. So far, we use exclusively the ISRF model from Moskalenko et al.
(2006) as introduced in Sect. 3.2. The model data has been interpolated to match
the wavelengths of the dust grain database presented in Sect. 4.6.

• Background source: The background source is designed to simulate objects out-
side the model. This objects are assumed to be far enough behind that the emitted
light rays entering the model can assumed to be parallel. The background source
is defined by a pixel matrix where each pixel has its characteristic SED, intensity,
and state of linear and circular polarization.

• Dust source: Since dust with a certain temperature contributes also to the radia-
tion field in the model space, each dust containing cell is considered as a separate
photon package emitting source. The photon package starts from a random posi-
tion evenly distributed in the entire cell volume. Since, the dust is assumed to be a
black body radiator the wavelengths of the photon packages can be sampled from
Eq. 2.33. The energy per unit time of an individual photon package is determined
by the dust properties with a modified black body spectrum

Ė =
4πNd

Nph

∫
∞

0
Cabs,λ Bλ (Td,i)dλ (4.3)

where Nd is the number of dust grains in the cell volume. The resulting probability
distribution function for different dust temperature is shown in Fig. 4.2.

Besides the propagation of photon packages inside the model space in order to perform
dust heating calculations or to determine the overall radiation field, the detection of
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Figure 4.2: PDF of re-emitted wavelengths for different dust grain temperatures. The PDF was
calculated according to 2.33 and the dust grain model as presented in Sect. 4.6 with astro-silicate
as material and a maximal dust grain size of amax = 250 nm.

radiation is a vital process. Similar to a CCD camera the detector in POLARIS consists
of a pixel matrix array to store the intensity and the polarization state of the photon
packages leaving the grid towards the observer. An arbitrary number of detectors can be
positioned with POLARIS each for a specific orientation and wavelength.

4.4 Optimization techniques

A 3D MC RT simulation is challenging concerning run time and the capabilities of
available computational equipment. However, in complex environments provided by
MHD simulations, the physically well motivated dust models, and alignment mecha-
nisms require a huge parameter space to solve the RT problem including polarization.
For this reason POLARIS is equipped with several optimization algorithms to perform
RT calculations on a reasonable time scale in the order of days.
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4.4.1 The modified random walk (MRW)
The number of absorption and scattering events increases with optical depth (see Sect.
2.2.2). This can slow down a MC RT simulation significantly, especially when a source
is embedded in a high density region. In order to propagate photon packages in regions
with extreme optical depth more efficiently we implemented the MRW, a technique that
uses a diffusion approximation instead of a MC approach (Min et al., 2009; Robitaille,
2010) for optically thick regions. Hence, several MC steps can be combined in a single
calculation. In regions where the mean free path length is much smaller than the density
gradient, the energy is transported by the diffusion of photons. In the stationary case the
photon diffusion of dust temperature Td follows the equation

∇(DR∇T 4
d ) = 0 (4.4)

where

DR =
1
3

1
ndCr

(4.5)

is the diffusion coefficient. The calculation of the Rosseland mean extinction cross sec-
tion Cr is similar to that of the mean absorption cross section in Eq. 2.32. Here, Cext is
weighted over the temperature derivative of the Planck function:

Cr(T )−1 =

∫
∞

0 C−1
ext

dBλ (T )
dT dλ∫

∞

0
dBλ (T )

dT dλ

. (4.6)

The criterion for the MRW is such that the closest wall distance RMRW has to be larger
than the diffusion coefficient times some constant c:

RMRW > c×DR. (4.7)

When the constant is chosen to be small, the MRW does not increase the MC RT simula-
tion significantly whereas larger values come with a higher error. If the MRW criterion
is fulfilled, the photon package propagates to a random position on the surface of a
sphere of radius RMRW. In a MC RT simulation this distance would have been much
longer to reach the same point. However, in optically thick regions propagation of pho-
ton packages are similar to a random walk where the passed distance follows a statistical
distribution. Solving Eq. 4.4 leads to the following relation:

lMRW =−ln(y)
(

RMRW

π

)2 1
DR

. (4.8)
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Here, lMRW is the average distance a photon package would have passed to the surface
of the sphere in a MC simulation and the quantity y can be sampled with a random
number z from the series:

z = 2
∞

∑
n=1

(−1)n+1yn2
,y ∈ [0;1]. (4.9)

The relation between z and y can be pre-calculated and interpolated to decrease the
calculation time even more. This means that the photon package travels at each MRW
step a distance RMRW. However, for the overall radiation field the contribution of the
photon package along the distance lMRW is considered.
For the MRW, we agree with the a values of c = 7 for the constant as suggested in
Min et al. (2009) because of MC RT test simulations of dust in artificial test scenarios.
As expected by the results of Min et al. (2009) the MRW slightly overestimates the
dust temperature in the order of a few percent. Similar test scenarios reveal, that the
MRW cannot be applied for the calculation of the RAT alignment. While the mean
energy density is correctly approached, the MRW leads to a loss of information about
the anisotropy of the radiation field.

4.4.2 Forced first scattering
A different problem emerges in optically thin regions. An interaction between dust and
radiation is very unlikely and a significantly high amount of photon packages can escape
the grid without any interaction. In order to compensate the increase in signal-to-noise
ratio one requires a higher amount of photon packages. As a solution, each photon
package is forced to interact at least one time (Cashwell & Everett, 1959). For each
photon package newly emitted by a source, an optical depth τesc is calculated to the
boundaries of the grid along the current direction. A new optical depth τforced to the first
interaction point is then randomly selected from

τforced =−log(1− z(1− fe)) (4.10)

with a random number z and the factor fe = exp(−τesc). In order to compensate for the
forced interaction the photon package p0 has to be split in two packages p1 and p2 with
their energy adjusted by E1 = (1− fe)E0 and E2 = feE0 at the forced interaction point.
From this point on each photon package follows independently the usual propagation
scheme of Sect. 2.2 to the boundaries of the grid.

4.4.3 Ray-tracing
At longer wavelengths scattering becomes increasingly insignificant and a ray-
tracing algorithm can be applied. The criterion for this approach is an albedo of
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a =Csca/Cext << 100. Instead of a MC approach in the ray-tracing technique the pho-
ton packages follow a straight line between a background source and the detector. Here,
we simply add up all contributions in each cell because of extinction and re-emission
along the line of sight. Compared to a RT simulation with scattering, the ray-tracing
approach is more time efficient and allows to achieve an excellent signal-to-noise ra-
tio (e.g. Robitaille, 2010; Dullemond, 2012) in the synthetic images of intensity and
polarization.

4.4.4 Peel-off technique

The simplest approach to create intensity and polarization images of scattered light is
to collect the photon packages leaving the grid in a certain direction on a detector. Ho-
wever, most of the photon packages do not leak from the grid with directions towards
the observer and a huge amount of information is lost. This results in a bad signal-to
noise ratio. In order to overcome this weakness the peel-off technique was developed by
Yusef-Zadeh et al. (1984). Here, at each scattering point a fraction of light is scattered
in direction of the detector. The energy of the peel-off photon package Epo has to be
adjusted by

Epo = EppF(ψ)exp(−τdet) (4.11)

where the probability of scattering in direction of the detector is determined by the
phase function F(ψ) and the angle ψ is between direction of propagation of the photon
package and detector orientation. The optical depth τdet is integrated along the line of
sight between the position of the scattering event and the detector position. Although,
the optical depth towards the observer has to be calculated for each scattering event,
the peel-off technique results in synthetic images with an excellent signal-to-noise ratio
even with a reduced number of photon packages.

4.4.5 Wavelength range selection

Stars and starfields emit photons in the full wavelength range of its black body SED
which depends on their characteristic temperature. However, wavelengths at both ends
of the SED can be neglected since they do not contribute significantly to the total emitted
energy of the source. This reduces the number of wavelengths to be considered and
subsequently the computational efforts.
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4.5 Radiative transfer with non-spherical dust grains

4.5.1 RT equation for polarization
Even though the total ISM mass is mostly due to gas mass than dust, the contribution
of dust to extinction is many orders of magnitude larger than that of the gas. In order
to incorporate the full range of possible polarization mechanisms in the ISM we extend
the contribution to light polarization because of scattering by the effects of dichroic
extinction and re-emission of compact elongated dust grains aligned with the magnetic
field lines. In contrast to spheres, irregular dust grains have different cross sections for
light polarization parallel (C||) and perpendicular (C⊥) to the particles alignment axis
resulting in linear polarization and circular polarization. Previously unpolarized light
can now additionally gain polarization by passing irregular grains due to preferential
extinction and thermal re-emission, respectively. Therefore, the polarized light carries
with it the information about the projected configuration of the magnetic field and the
local dust parameters along the line of sight.

B

-Q

+Q

Bp

φθ

k

CC

Figure 4.3: Geometrical configuration of the dust grains for the case of perfect alignment. The
angle ϕ is defined by Bp the projection of B into the Q coordinate system of the Stokes vector
and the inclination angle ϑ is made by the direction of propagation k and the plane of rotation
perpendicular to B.
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The analytical approach to calculate those contributions is to apply the Stokes vector
formalism to the RT equation (see Sect. 2.1.1 and Sect. 2.1.3). Subsequently, one obtains
for the extinction a system of equations in matrix form as presented in Martin (1974)
with:

d
dl


I
Q
U
V

=−nd


Cext ∆Cext 0 0

∆Cext Cext 0 0
0 0 Cext ∆Ccirc
0 0 ∆Ccirc −∆Cext




I
Q
U
V

+ndBλ (Td)


Cabs

∆Cabs
∆Cabs

0

 . (4.12)

In this chapter X denotes the averaging over grain size distribution and 〈X〉 over orien-
tation. The matrix is similar to that of the scattering problem but contains now the cross
sections of extinction Cext and absorption Cabs, the cross sections for linear polarization
because of extinction ∆Cpol and thermal re-emission ∆Cabs as well as the cross sections
for circular polarization ∆Ccirc. For the definition of the cross section of circular polari-
zation see Sect. 2.3.
Here, the characteristic of the re-emitted light is dependent on the magnetic field di-
rection, the absorption properties and the geometry of the dust grains. The angle of
maximum re-emission is perpendicular to the magnetic field. In contrast to scattering as
introduced in Sect. 2.2.4 the reference frame is now determined by the magnetic field.
For this reason, the coordinate system of the Stokes vector has to be aligned with the
magnetic field direction for every interaction event by applying the rotation matrix (see
Eq. 2.24).
The matrix of cross sections in Eq. 4.12 consists of two sub-matrices. Hence, the RT
problem of polarization can be separated into two independent equation systems (Whit-
ney & Wolff, 2002). For the definition of the angle ϕ see Fig. 4.3. The first equation
system can simply be solved by substitution and it describes the resulting Stokes pa-
rameters of intensity I′ polarization Q′ by dichroic extinction and thermal re-emission
after each radiation-dust interaction with

I′ = (I +Q)e−ndl(Cext+∆Cext) +ndlBλ (Td)
[
Cabs +∆Cabs cos(2ϕ)

]
(4.13)

and

Q′ = (I−Q)endl(∆Cext−Cext)−ndlBλ (Td)
[
Cabs +∆Cabs cos(2ϕ)

]
. (4.14)

The second system of equations can be solved with a complex eigenvalue approach and
describes the resulting transfer of linear polarization into circular polarization and vice
versa with

U ′ = e−ndlCext
[
U cos(ndl∆Ccirc)−V sin(ndl∆Ccirc)

]
+

+ndl∆CabsBλ (Td)sin(2ϕ)
(4.15)



52 CHAPTER 4. THE POLARIS MC RT CODE

and

V ′ = e−ndlCext
[
U sin(ndl∆Ccirc)−V cos(ndl∆Ccirc)

]
. (4.16)

Consequently, un-polarized light can just gain circular polarization in the case of non-
parallel magnetic field lines along the line of sight. For parallel magnetic field lines,
light accumulates just polarization in the Q′ parameter while U ′ and V ′ remain zero.
Consequently, the degree of circular polarization is a measurement for the turbulence of
the magnetic field morphology.
In Eq. 4.12 the required matrix of cross sections depends on grain size, orientation, and
wavelength. The matrix elements are determined by the values along the minor axis
(C⊥) and major axis (C||) of the dust grain. In the case of perfectly (PA) aligned dust
grains the cross sections of extinction and linear polarization of oblate dust grains are
only dependent on the two angles defined by the direction of the incident light ϑ and
the orientation of the coordinate system ϕ of the Stokes vector both with respect to the
direction of the magnetic field ~B (see Fig. 4.3) and can be calculated for each dust grain
size by

Cext =
1
2
[
Cext,⊥+Cext,||+

(
Cext,⊥−Cext,||

)
cos2(ϑ)

]
(4.17)

and

∆Cext =
Cext,⊥−Cext,||

2
sin2(ϑ). (4.18)

However, PA of the dust grains does not take into consideration the wobbling of grains
because of the local physical conditions of the ISM and remains an ideal approximation
which would result in an unrealistically high degree of linear polarization. Usually this
problem is circumvented by modeling cross sections of the dust and the alignment effi-
ciencies by a single parameter to adjust the degree of linear polarization to observational
data (e.g. Fiege & Pudritz, 2000). However, this is without any physical motivation. The
Rayleigh reduction factor R (see Sect. 4.5.2) is a measurement for the grain alignment
efficiency and for realistic situations the cross sections have to be adjusted by

Cx = 〈Cext〉+
1
3

R×
(
C||−C⊥

)
(4.19)

and

Cy = 〈Cext〉+
1
3

R×
(
C||−C⊥

)(
1−3sin2(ϑ)

)
(4.20)

where x and y stand for the directions perpendicular and parallel to the magnetic
field lines and 〈Cext〉 is the contribution of randomly aligned dust grains. For oblate
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dust grains, the cross sections can simply be calculated by Cext = 0.5(Cext,x +Cext,y),
∆Cext = 0.5(Cext,x−Cext,y), and 〈Cext〉 =

(
2Cext,||+Cext,⊥

)
/3. Because of its sin2(ϑ)

dependency, the dust grain appears to be spherical for an inclination angle of ϑ = 0◦

and the cross section of extinction disappears. Consequently, the magnetic field mor-
phology can not be deduced from polarization measurements in areas where the line of
sight is parallel to the magnetic field direction.
So far, the cross sections are calculated for a single dust grain species with a distinct
size. Dependent on the considered astrophysical environment the dust is a composition
of dust grain sizes following a size distribution n(a) with a minimal dust grain size amin
and a maximal dust grain size amax. Finally, in order to calculate the average dust grain
cross sections of extinction and linear polarization one has to weight the dust grains
accordingly over the grain size distribution n(a) with

Cext = ∑
i

χi×
∫ amax

amin

Cextn(a)da (4.21)

and

∆Cext = ∑
i

χi×
∫ amax

amin

∆Cextn(a)da (4.22)

where χi is the fraction of the different dust grain materials. Exactly the same calcula-
tions apply for the cross sections of absorption and circular polarization. This means,
that the cross sections in Eq. 4.12 are fully determined once the dust grain properties are
defined and the Rayleigh reduction factor R is calculated.
In each cell of our model space we have the two opposing effects of dichroic extinction
and thermal re-emission adding to the linear polarization perpendicular to each other.
In the reference frame of the magnetic field the dichroic extinction provides a negative
contribution to the Stokes Q parameter while thermal re-emission contributes positively
. It is possible to determine the exact conditions for the 90◦ flip in a single cell of the
model space. Unfortunately, a threshold for this effect does not exist along the entire
line of sight. In this orientation the U and V parameter remain zero. If we solve equa-
tion 4.14 for the Qi+1 parameter, we can calculate the conditions when the two effects
cancel each other out:

Qi+1 = e−ni×liCext,i
[
Qi cosh(nili∆Cext,i)− Ii sinh(nili∆Cext,i)

]
= 0. (4.23)

The contribution of thermal re-emission is determined by the temperature of the dust
Td, the number density nd, the cross sections for absorption ∆Cabs, Cabs and the path
length l. Inside each cell all the parameters and functions nd, l, ∆Cabs, Cabs, Cext, Bλ (T )
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are positive and constant, so one can solve Eq. 4.23. As we can see from Eqs. 4.13 and
4.14, the contributions of Ii and Qi in a single cell are as followed:

Ii = ni× liCabs,iBλ (Ti) (4.24)

and

Qi = ni× li∆Cabs,iBλ (Ti). (4.25)

For a wavelength of λ > 7 µm one can approximate Cabs,i ≈Cext,i. By introducing the
optical depths for extinction

τext,i = ni× liCext,i (4.26)

and polarization

τpol,i = ni× li∆Cext,i (4.27)

we can derive an inequality for the Q parameter to change its sign as a function of the
inverse hyperbolic tangent:

1 ≶
1

τext
tanh−1

(
τpol

τext

)
. (4.28)

If the right-hand side is larger than unity, the polarization process is dominated by ther-
mal re-emission and, in the reverse case, by dichroic extinction. However, in the calcu-
lated synthetic polarization maps the observed flip of 90◦ for the orientation of linear
polarization depends on all the physical quantities along the entire line of sight and
cannot be determined with this inequality.

4.5.2 Grain alignment: Analytical solutions and approximations
The Rayleigh reduction factor R (Greenberg, 1968) was introduced as a measurement
to quantify the imperfect alignment of dust grains and is defined as:

R =
〈
G
(
cos2(β )

)
G
(
cos2(ζ )

)〉
. (4.29)

As introduced before, ζ is the angle between the axis of the largest moment of iner-
tia I|| and the angular momentum ~J and represents the II alignment (see Sect. 3.3.2.3).
Furthermore, β is the angle between ~J and magnetic field ~B and is determined by the
applied grain alignment theory, while G(x) = 1.5x−0.5. The Rayleigh reduction factor
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is in R ∈ [−0.5;1] where positive values correspond to an alignment with the longer
grain axis perpendicular to the magnetic field direction and for negative values vise ver-
se. Note that the Rayleigh reduction factor can also be a function of wavelength and
effective radius and is dependent on the considered grain alignment mechanism. Hence,
grain alignment and, subsequently, polarization is completely determined by first order
moments weighted over a distribution function f (x) so that

〈
cos2(x)

〉
=
∫

f (x)sin(x)dx.
Unfortunately, grain alignment and the corresponding internal alignment do not work in-
dependently. For exact solutions a simultaneous integration over both distribution func-
tions ( f (β ) and f (ζ )) is required. However, exact calculations are required for each
photon-dust interaction resulting in a further burden because numerical integration is
one of the challenges to perform MC RT simulations in reasonable time. Dependent on
the considered grain alignment mechanisms, the distribution functions in turn are also
functions of density, temperature, magnetic field strength, velocity and direction of the
incident light (see Sect. 3.3.2.1, Sect. 3.3.2.2 and Sect. 3.3.2.1). Because of this enor-
mous parameter space, the reduction in polarization can not be pre-calculated without
loosing an enormous amount of precision. Therefore, we approximate

〈G(X)G(Y )〉 ≈ 〈G(X)〉×〈G(Y )〉(1+ fc) (4.30)

with a correlation factor fc where fc = 0 stands for no correlation (see Roberge & La-
zarian, 1999; Hoang et al., 2014). Since the correlation factor is of minor influence for
physical parameters typical for the ISM, we apply a value of fc = 0.6 in this thesis.
Once, the Rayleigh reduction factor is decoupled, the challenge is to determine the ana-
lytical solution of each grain alignment mechanism separately.

4.5.2.1 Analytical solution of II alignment

Analytical solution for IDG and GOLD alignment are available. However, the II requi-
res still numerical integration over angular momentum J and cone angle β . Taking the
effects of gas-grain collisions into consideration, a solution to this problem can be found
with an approach using the Focker-Planck equation. However, the coefficients need to
be numerically calculated for each new set of parameters. This approach is therefo-
re not suitable for MC RT simulations in reasonable time scales. Lazarian & Roberge
(1997a) presented an approximation by estimating the average angular momentum of
a dust grain for a given set of parameters with J = γJeff. The parameter γ adjusts the
approximation solution to the results of the numerical calculations. As it turns out a
value of γ = 1 is in good agreement with the numerical solution throughout the enti-
re parameter space. The exact value of Jeff, however, is dependent on grain alignment
theory and must be calculated individually. This approach delivers reliable values in the
limit of thermal equilibrium (Td/Tg = 1), however, slightly underestimates the internal
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alignment for s < 0.5 and Td/Tg < 0.2 (see Fig. 4.4 left side). Once the effective angular
momentum Jeff is known, the distribution function of II alignment can be rewritten as
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Figure 4.4: Left panel: First order moment of the imperfect internal alignment angle ζ as a
function of dust temperature Td to gas temperature Tg. The numerical solution is the black line
while the γ = 1 - approximation is marked with blue crosses. Right panel: Rayleigh reduction
factor RII of the internal alignment over the substituted parameter η for different aspect ratios.

fII(ζ )≈ exp
(
−η
[
1+δ sin2(ζ )

])
(4.31)

with

η = J2
eff/2I||kBTd. (4.32)

The quantity δ is defined by the moment of inertia and, subsequently, the aspect ratio s
with:

δ = I||/I⊥−1 = h−1 =
2

1+ s2 . (4.33)

In order to calculate the contribution of internal alignment one has still to solve the
integration over internal alignment angle ζ with

RII = 〈G(ζ )〉=
∫

π

0 G(ζ )sin(ζ ) fII(ζ )dζ∫
π

0 sin(ζ ) fII(ζ )dζ
(4.34)

at each point of interaction. However, with the substitution of x = η×δ the integral can
be solved and the degree of internal alignment can then exactly be calculated with the
use of the complex error function erfi(x):〈

G
(
cos2(ζ )

)
)
〉
(x) =

ex
√

πx× erfi(
√

x)
− 1

2x
(4.35)
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The complex error function can easily be pre-calculated and interpolated.
Obviously, limx→+∞

〈
G
(
cos2(ζ )

)〉
(x) = 1 when internal alignment is taken into ac-

count. This is consistent with physics because in the supra-thermal regime (J2 >> J2
th ≈

2I||kBTd) and for disk like dust grains (δ → 1) internal alignment becomes irrelevant
(see Lazarian, 1996; Lazarian & Roberge, 1997a). For x→ 0 the first order moment〈
G
(
cos2(ζ )

)〉
(x) remains positive and polarization vectors can also not change their

sign in IDG or RAT alignment as a result of imperfect internal alignment (see also Fig.
4.4 left side).

4.5.2.2 Analytical solution of IDG alignment

By comparison of the ratio of the characteristic timescale of paramagnetic relaxation
and gas-dust collisions a distribution function for IDG alignment was found solving the
Fokker-Planck equation (see Spitzer & McGlynn, 1979) as shown in Sect. 3.3.2.1. Later,
an analytically solution for the first order moment

〈
cos2(β )

〉
was derived in Aannestad

& Greenberg (1983). This allows to calculate

〈
cos2(β )

〉
=

(
1−

√
ξ 2(a)

1−ξ 2(a)

)
arcsin

√
1−ξ 2(a)

1−ξ 2(a)
(4.36)
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and subsequently the Rayleigh reduction factor. The IDG can not flip the polarizati-
on angle since cos2(β ) > 1/3 for any combination of physical parameters. In order to
calculate the internal alignment we use the approximation from Lazarian & Roberge
(1997a) for the angular momentum

J2
eff ≈

√
(1+0.5s−2)

(
1+Td/Tg

)
× J2

th (4.37)

where J2
th ≈ 2I||kBTg is the angular momentum obtained from gas-dust collisions and s

is the aspect ratio of the grains.

4.5.2.3 Analytical solution of GOLD alignment

A distribution function for the cone angle β was derived by Dolginov & Mitrofanov
(1976a). For spheroidal dust grains, the first order moment

〈
cos2(β )

〉
is completely

defined by the anisotropy in the gas stream s and the grain non-sphericity g (see Eq.
3.25 and Eq. 3.26). In the case of oblate dust grains g is negative (Lazarian, 1994) and

〈
cos2(β )

〉
=


√
−garcsin(

√
−s/(1+g))

sarctan
√

sg/(1+s+g)
−1/s if s < 0

√
−gsinh−1(

√
s/(1+g))

s tanh− 1(
√
−sg/(1+s+g))

−1/s if s > 0
. (4.38)
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Here, the Rayleigh reduction factor is independent of wavelength and grain size. The
polarization can change sign for an angle α between magnetic field and predominant
gas stream lower as 54◦ (see Fig. 3.4). For other grain shapes we refer to Lazarian
(1996).
Following Lazarian (1997) for the internal alignment, the effective angular momentum
can be approximated by

J2
eff ≈ kBI||(2/h+1)

(
Tg +Td

2
+

µmHv2
g

6kB

)
(4.39)

with the mass µmH of a gas molecule and h = I||/I⊥.

4.5.2.4 Approximation of RAT alignment

For the RAT alignment mechanism to work, the dust grains must be able to rotate super
thermally (see Sect. 3.3.2.4). To determine the parameters of supra-thermal rotation it is
necessary to calculate the anisotropy factor γλ .
The values of the anisotropy factor γλ and the mean energy density uλ of the radiation
field are acquired by a RT MC approach where we store the energy density direction~uλ

in each cell. Here, we consider all radiation sources including thermal dust re-emission.
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Following Lucy (1999) for the mean energy density per path length and wavelength we
use Eq. 2.20. This allows to calculate the mean energy density in the case of discrete
wavelength

uλ =
Nph

∑
i=1

∣∣~uλ ,i
∣∣ (4.40)

and the anisotropy parameter determined by

γλ =

∣∣∣∑Nph
i=1~uλ ,i

∣∣∣
∑

Nph
i=1

∣∣~uλ ,i
∣∣ ∈ [0;1] . (4.41)

At the current stage of its development no analytical function for the distribution of the
cone angle β is available. While PA can be assumed at both high-J and low-J attractor
points, internal alignment is just given for supra-thermally rotating grains. At low-J
the angular momentum can be assumed to be thermal (Hoang & Lazarian, 2009). This
means that Jth ≈

√
2I||kBTd and the distribution of internal alignment (see Eq. 3.27)

becomes a function of grain geometry alone because of the parameter η = 1 (see Eq.
4.32).
Now, for the Rayleigh reduction factor only the moment

〈
Glow−J

(
cos2(ζ )

)〉
remains

of relevance. When we consider fhigh−J to be the fraction of dust grain aligned at the
high-J attractor point the Rayleigh reduction factor is:

R =

{
(1− fhigh−J)

〈
Glow−J

(
cos2(ζ )

)〉
+ fhigh−J if a≥ aalg

0 if a < aalg
. (4.42)

So far, fhigh−J can not exactly be determined (Hoang & Lazarian, 2007) and remains a
free parameter.
For oblate dust grain with an aspect ratio of s = 0.5 the lower limit of the Rayleigh
reduction factor is determined by

〈
Glow−J

(
cos2(ζ )

)〉
≈ 0.67. Consequently, the internal

alignment of RAT theory is completely determined by parameters related to the dust
grain geometry.

4.5.3 Combined effects of dust grain alignment
So far, none of the proposed alignment theories have observationally definitely been
confirmed. Most likely all the considered processes resulting in grain alignment are not
independently at work inside the ISM. To investigate this scenario POLARIS allows to
combine several grain alignment mechanisms in a single 3D RT simulation. In order
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to calculate a composite polarization map we use the approach suggested in Lazarian
(1995) and generalize it to handle three different alignment mechanisms acting simulta-
neously on the dust grains:

RΣ ≈
RIDG +RRAT +RGOLD +RIDGRRAT +RIDGRGOLD +RRATRGOLD +3RIDGRRATRGOLD

1+2RIDGRRAT +2RIDGRGOLD +2RRATRGOLD +2RIDGRRATRGOLD
.

(4.43)

Here, it needs to be emphasized that its approach remains a first approximation and the
accuracy of this approach is not yet confirmed. However, this estimated measure of a
combined Rayleigh reduction factor RΣ allows defensively a qualitative statement about
the dominant mechanism of grain alignment and subsequently about the net polarizati-
on.

4.5.4 Limitations on magnetic field strength and velocity stream

Once, a dust grain starts to tumble in the presence of a magnetic field a Larmor preces-
sion acts on the grains due to the Barnett effect. For the RATs to work, the magnetic
field strength has to be sufficiently high to resist misalignment by gas-dust interactions.
This requires the characteristic time scale for Larmor precession (tL) to be lower than
the gas dumping time (tgas): tL < tgas which gives us a limit of

∣∣∣~B∣∣∣> 4.1×10−9a
ng
√

TgTd

s2 [T] (4.44)

for the magnetic field strength (Hughes et al., 2009; Hoang & Lazarian, 2009). This
limitation is similar in nature to that of Eq. 3.16. Since the coupling mechanism with
the magnetic field is also the Barnett effect, the same limitation for the field strength is
applied to RT simulations with GOLD alignment.
For the supersonic velocity condition required by GOLD we locally calculate the Mach
number in each cell

M =
v√

kBTg/µmH
(4.45)

and demand M > 1. Otherwise, the GOLD alignment is considered to be insufficient to
contribute to the net polarization.
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Figure 4.8: Plots of the scattering matrix component M11 of an oblate averaged sized wobbling
dust grain (a ∈ [5 nm− 250 nm]) as a function of incident angle ϑ corresponding to two dif-
ferent Rayleigh reduction factors (R = 0.9 in red lines and R = 0.5 in blue lines). Scattering is
in forward direction (ϑ ′ = 0◦, ϕ ′ = 0◦). Dotted lines are approximated by Eq. 4.46. The M11
component of a randomly orientated dust grain is shown in dark yellow. Solid lines are exact
solutions integrated over the IDG cone angle distribution with Eq. 4.48.

4.5.5 Scattering on partially aligned dust grains

For scattering from one direction to a new direction the Stokes vector S is modified via
a scattering matrix (see Sect. 2.2.4). The calculation of the new direction after the scat-
tering event requires wavelength and grain size dependent asymmetry factor g for the
HGphase function or, alternative, the M11 element of the scattering matrix. Both possi-
bilities are fully supported by POLARIS.
The scattering matrix elements and the asymmetry factor g can be calculated with the
assumption of either spherical dust grains with Mie theory or with DDSCAT for sphe-
roidal but PA dust grains. Here, we face the same problem as for the calculation of cross
sections in Sec. 2.3. For imperfectly aligned wobbling dust grains the angles of incident
light (ϑ ,ϕ) and the scattering angles (ϑ ′,ϕ ′) are now functions of the alignment angles
β and ζ , respectively. This which increases the dimensionality of the scattering pro-
blem dramatically. In order to obtain a scattering matrix for an average sized dust grain
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one has to integrate the functions f (β ) for alignment, f (ζ ) for internal alignment, and
the size distribution n(a) over β , ζ as well as a simultaneously. The exact distribution
function for RAT alignment is still missing and solving the exact integrals for GOLD
or IDG alignment would push exact 3D RT MC simulations again beyond accessibili-
ty for current computer equipment. In order to take care of scattering on non-spherical
imperfectly aligned dust grains we apply the following approximation:

M̂ij(λ ,R,a,ϑ ,ϕ,ϑ ′,ϕ ′)≈
R× M̂ij(a,λ ,ϑ ,ϕ,ϑ ′,ϕ ′)+(1−R)

〈
M̂ij(a,λ ,ϑ ′,ϕ ′)

〉
.

(4.46)

The same approximation is used for the orientation and sizedependent asymmetry para-
meter g of the HGPhase function (see Eq. 2.28):

g(λ ,R,a,ϑ ,ϕ)≈
R×g(a,λ ,ϑ ,ϕ)+(1−R)〈g(a,λ ,ϑ ,ϕ)〉

(4.47)

where the brackets 〈〉 indicate randomly aligned dust grains. With increasing efficiency
in dust grain alignment the Rayleigh reduction factor reaches unity and the dust grains
and the contribution of randomly aligned dust grains diminish. POLARIS uses this ap-
proximation at each scattering event.
In Fig. 4.8 we show a comparison of an exact averaging calculation and the approxima-
tion of Eq. 4.46 in the exemplary case of IDG alignment and the M̂11 component of the
scattering matrix. The averaging calculations over grain size and opening angle were
performed according to Voshchinnikov & Das (2008) and Das et al. (2010) with

M̂ij(λ ,R,a,ϑ ,ϕ,ϑ ′,ϕ ′)=
4

π2

∫ amax

amax

∫ π

2

0

∫ π

2

0
M̂ij(a,λ ,ϑ ′,ϕ ′)n(a) fDG(ξ (a),β )dΩdβda

(4.48)

where the Rayleigh reduction factor is implicitly in this equation by averaging over the
cone angle distribution function fDG(ξ (a),β ) (see Eq. 3.17 and compare Fig. 3.2). He-
re, the internal alignment was considered to be perfect. This result is quite similar for
applying GOLD alignment theory. The approximated solutions can deviate from the ex-
act solution by up to 20 %. However, this is an improvement in accuracy in comparison
with the common approach of considering scattering on partially aligned dust grains to
be randomly orientated dust grains.
In POLARIS we use optionally the inverted phase function as presented in Henyey &
Greenstein (1941).

cos(ϑ ′) =

{
1
2g

[
1+g2−

(
1−g2

1−g+2g×z

)]
if g 6= 0

1−2× z if g = 0
(4.49)
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ϕ
′ = 2π× z (4.50)

The probability distribution of scattering is described by one parameter, the anisotropy
g = 〈cos(ϑ ′)〉 ∈ [−1,1], g = 0 means isotropic scattering, g =−1 backward scattering,
and g = 1 forward scattering, respectively. The anisotropy parameter is pre - calculated
with DDSCAT (Draine & Flatau (2013), see also Eq. 2.48) and is a function of grain si-
ze, grain orientation and wavelength. Although alternative phase functions are currently
discussed (see Sharma & Roy, 2008), the HG phase function still provides a good ap-
proximation for the scattering probability. During all dust heating calculations, the dust
grain orientation is assumed to be random.

4.5.6 Radiative heating of non-spherical dust grains
In POLARIS we use a hybrid approach to calculate the temperature of the dust grains.
The dust temperature is calculated by the energy radiation deposited in a cell per unit
time along its path by use of the continuous absorption technique (see Sect. 2.2.5.2).
However, we apply no iteration but correct the temperature after each absorption event
immediately as introduced in Sect. 2.2.5.1. The photon package is then re-emitted in a
random direction calculated similar to 2.2.4.1 with a wavelength sampled by Eq. 2.33
to remain in thermal equilibrium. POLARIS handles the dust parameter of each dust
component separately. Each component has its own characteristic sublimation tempera-
ture where the dust grain starts to evaporate. This sublimation temperature is material
dependent. When the dust temperature exceeds the sublimation temperature of a certain
material, this component will be removed from the cell and will also no longer be con-
sidered in the following dust heating and polarization MC RT simulations.
The challenge of RT dust heating is that for the input data a temperature can already
have been calculated. With temperatures resulting from MHD simulations we have to
deal with two effects of dust heating: The RT heating because of radiation sources and
the MHD heating because of compression and gas-dust interaction (for details we refer
to Banerjee et al., 2006; Krumholz et al., 2007). However, both temperatures are equal-
ly physically well-motivated and cannot simply be added up. Originally, the algorithm
of the continuous absorption technique assumes the energy content of a certain cell to
be empty at the beginning of the radiative heating process. As a first step the rate of re-
emitted energy (see Eq. 2.35) for the entire ensemble of dust grain sizes is pre-calculated
and interpolated as a function of dust temperature. Using

Ė =
ε0

∆t ∑
i

Cabs,λi
(a)× li +∆Ė (4.51)
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we extend the equation of continuous absorption with an offset ∆Ė (see Eq. 2.35) in the
absorbed energy. Since the cross sections of absorption Cabs are completely defined by
the applied dust model, we make use of a reverse calculation to determine ∆Ė for an
ensemble of dust grains with the help of the pre-calculated values of j(a,Td) and, sub-
sequently, the initial dust temperature. We refer to this method as ”offset dust heating“
in the following.
The consideration of both temperatures leads to a shift in the profitability distribution of
the wavelengths of re-emission (see Eq. 2.33 and Fig. 4.2) towards shorter wavelength.
In this regime of wavelength the absorption of radiation is more effective because of
higher cross sections of absorption Cabs,λ (see Fig. 4.9 top row). This results in a net
temperature higher than the single temperatures alone which would not have been the
case by simply adding up the temperatures resulting from RT and MHD simulations.

4.6 Dust grain database

Technically, the dust grain database is not part of the POLARIS code. However, it pro-
vides the pre-calculated input parameters necessary for the MC RT calculations. The
interpretation of observational polarization data is usually limited by the parameters of
the underlying dust grain models. A satisfactory model reproducing the galactic extincti-
on curve is the so called MRN (Mathis, Rumpl, & Nordsieck, 1977) model. It is a three
parameter model with a power-law size distribution n(a) ∝ a−q and a dust grain size
range of a ∈ [amax : amax] with values of q =−3.5, amax = 5 nm, and amax = 250 nm ty-
pical for ISM dust. The dust is usually a mixture of materials with 62.5 % astro-silicate
(olivene, (Fe,Mg)2SiO4) and 37.5 % graphite. Later, the upper limit was expected to
be of µm-size (e.g. Clayton et al., 2003; Draine & Li, 2007). The assumption of dust
grains with a range of dust grain radii from about ≈ 10 nm to radii of several ≈ 100 nm
is well constraint for the ISM. However, all the observations show clear evidence that
grains in circumstellar disks and outflow environments differ significantly from grains
in the diffuse ISM. Grain growth in the disk is expected to enrich the surrounding en-
vironment with dust grain sized of up to millimeter-sized dust grains. For dust grains
up to a = 2 µm we used the DDA code DDSCAT 7.3 (Draine & Flatau, 2013) and ap-
proximated oblate shape dust grains by defining a regular lattice with 171,500 distinct
dipoles and an error tolerance of 8.5×10−3. For the astro-silicate and graphite we used
the refractive indices of Weingartner & Draine (2000), and applied the 1/3−2/3 appro-
ximation to take care of the anisotropic graphite structure (Draine & Malhotra, 1993). In
order to overcome the numerical limitations of DDSCAT (see Sect. 2.3) concerning dust
grain size we combined the optical dust properties from DDSCAT with data obtained by
the MIEX code (Wolf & Voshchinnikov, 2004). MIEX is a program that calculates the
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Figure 4.9: Resulting cross sections over wavelength weighted for a size distribution n(a) from
amax = 5 nm to amax = 0.25 µm (left panels) and amax = 0.200 µm (right panels), respectively.

optical properties of spherical dust grains using Mie scattering theory. The cross section
of linear and circular polarization ∆Cext, ∆Cabs, and ∆Ccirc as well as the cross sections
of scattering Csca approach zero for increasing dust grain sizes. Hence, larger dust grains
with radii a > 2µm can be assumed to be insignificant to polarization and scattering. We
pre-calculated the cross sections of extinction Cext and absorption Cabs with the MIEX
for dust grains with radii a ∈ [2 µm : 2 mm]. The efficiency of RAT alignment QΓ(ε)
can not be pre-calculated with MIEX . However, QΓ(ε) follows for λ

a >> 1 a power-law
distribution (Cho & Lazarian, 2007) with

QΓ(ε) = QΓ,max sin(ε) =
(

λ

a

)−ρ

sin(ε) (4.52)

where QΓ,max and ρ are fit parameter for extrapolation. With this additional data from
MIEX we smoothly extend our DDSCAT dust model up to an upper cut-off radius of
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Figure 4.10: Resulting alignment efficiencies according to RAT theory over the ratio of wa-
velength to grain size for astro-silicate (right panel) and graphite (left panel), respectively, as
material. The red line shows the fitted model for large dust grains.

amax = 2 mm for dust grains with 218 effective radii and 120 wavelengths logarithmi-
cally distributed between a ∈ [5 nm : 2 mm] and λ ∈ [90 nm : 3 mm], respectively. The
best fit model is with ρ = 1 for both astro-silicate and graphite (see Fig. 4.10).
Since the grain materials have unique dielectric and paramagnetic properties this should
also result in a difference alignment behavior. As it is shown in the left panel of Fig.
4.10 graphite can be effectively spun up by RATs. However, the analysis of observa-
tional linear polarization and circular polarization data shows that a higher alignment
efficiency is to be expected for silicate grain while carbonaceous grains seem to be un-
affected by the presence of a magnetic field (e.g Martin & Angel, 1976; Mathis, Rumpl,
& Nordsieck, 1977; Mathis, 1986). Therefore, we consider graphite dust grains to be
randomized in all the following MC RT simulations.
The choice of dust grain shape is limited by the considered alignment theories of GOLD,
IDG, RAT, and II alignment, respectively. While the alignment behavior for arbitrary
shapes can be calculated by means of numerical calculation, exact analytical solutions
for the problem of grain alignment are just available for oblate shaped dust grains. Ad-
ditionally, the heating of oblate and spherical dust grains is similar as long as the aspect
ratio of minor axis to major axis is s > 0.1. Higher aspect ratios would result in higher
peak values and more contrast in the maps of linear and circular polarization, but the
dust heating can no longer be calculated by the procedure described in Sect. 4.5 and
Sect. 4.5.6. The same problem arises for small dust grains with radii a < 5 nm. Such
grains can be heated up by UV radiation to very high temperatures. Here, the assump-
tion that dust grains remain in LTE with their environment can no longer be assumed
(Draine & Li, 2001) and the dust temperature must be evaluated for each dust grain size
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separately. Therefore, we chose a constant aspect ratio of s = 0.5 (Aannestad & Purcell,
1973; Hildebrand & Dragovan, 1995) of oblate dust grains and remain in the size limit
of the MRN model with a lower cut-off radius of amax = 5 nm in all simulations. For
the dust-to-gas ratio we assume a constant value of mdust/mgas = 0.01 (Boulanger et al.,
2000) in the entire thesis.



Chapter 5

Synthetic polarization maps of
star-forming regions

In this chapter we investigate the potential of synthetic continuum polarization measu-
rements with aligned dust grains to determine its potential to trace the magnetic field
morphology in star-forming regions. For this purpose we perform MC RT simulations
in artificial environments. Initially, we apply the POLARIS to benchmark tests as well
as complex density and temperature distributions in order to establish the predictive
capability and accuracy of the MC RT code. Later, we apply the POLARIS code to ana-
lytical models as well as a post-processed complex MHD simulation associated with
different stages of the star formation process. Here, we study the impact of different
grain alignment theories on synthetic polarization observations. Thus, we cover the full
spectrum of dust grain parameters, grain alignment theories, and polarization effects
presented so far in this thesis. The resulting synthetic polarization maps will provide
constraints concerning the accuracy, spectral coverage, and spatial resolution required
to determine the magnetic field morphology with aligned dust grains.

5.1 Benchmark and test setups

5.1.1 Offset dust heating

In this section we post-process the dust temperature provided by a MHD collapse simu-
lation in order to validate the accuracy of the offset dust heating feature of the POLARIS
code. The chosen MHD simulation formed an accretion disk with two outflow lobes (see
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Figure 5.1: Dust temperature distribution in the mid-planes of a MHD collapse simulation.
Rows show the results of the same results, but rotated by 90◦. In the left column the dust was
heated by a MC RT simulation alone. The middle column shows the dust temperature distribution
as a result of shock heating in the MHD simulation. The dust temperature combined by offset
dust heating as described in Sect. 4.5.6 is shown in the right column. The length of 1400 AU is
for scale. We applied an upper cut-off of 400 K to the colorbar for better illustration.

Sect. 5.3.1 for a detailed description). The initial dust temperature as well as the positi-
on, stellar radii, and the surface temperatures of the stars were provided by the data of
the MHD simulation itself. As dust model we apply the typical ISM parameters presen-
ted in Sect. 4.6 with an upper cut of radius of amax = 0.25 µm. The resulting highest
temperature in these simulations is below the sublimation temperature of the silicate and
graphite grains, respectively. First, we ignore the MHD dust temperature and performed
a MC RT simulation with the stars as only source of radiation. Then, we adjust the tem-
perature with the method of offset dust heating as described in Sect 4.5.6.
In Fig. 5.1 we show the resulting dust temperature distributions in the center planes
of each MHD simulation. For the MC RT simulations without offset heating (Fig. 5.1
middle column), the dust temperature shows the expected diffuse distribution with the
highest temperature near the stars. Regions with high densities are shielded from stel-
lar radiation and cannot be heated sufficiently. For a dust temperature distribution as
such a signal in intensity and polarization can just be expected near the stars. All the
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information of density distribution is lost in the outer regions of the MHD simulation.
The resulting dust temperature distribution matches the density structure near the disk
region while the outflow regions remain hidden. High density regions, however, gain
temperature by the dynamical processes of shock heating in MHD simulations (Fig. 5.1
left cloumn). The MHD dust temperature resembles the dust density in all regions while
underestimating the temperature in close proximity of the stars. The offset dust heating
gives the correct temperature near the stars and simultaneously allows to make predicti-
ons about the dust density distribution in the outflow lobes (Fig. 5.1 right column) with
the help of synthetic intensity and polarization maps.

5.1.2 Choice of grain alignment and scattering phase function

phase function Rayleigh reduction factor star position in [L]
ISO, HG, MIE R ∈ [0,1] with ∆R = 0.1 (-0.5,-0.5,-0.5),

(0.0,0.0,0.0),
(0.5,0.5,0.5)

Tabelle 5.1: Parameter space of the dust heating study. The side length of the model is L =
5000 AU.

Despite the spatial distribution of radiation sources the propagation of scattered light as
well as the grain alignment efficiency may also be of relevance for the 3D distribution
of the local radiation field and, subsequently, for dust temperature as well as the RAT
alignment efficiency calculated by a MC RT simulation. The scattering behavior of the
dust is highly dependent on the applied scattering phase function as well as the shape
and the alignment efficiency of the dust grains. The assumption of dust grains to be
spherically shaped or PA might be an approximation prone to large errors. In order to
calculate the correct dust temperature with an MC RT simulation, the exact alignment
efficiency has to be known in the first place. A problem arises from the dust temperature
dependency of the considered IDG, RAT, and II alignment theories. The problem may
be resolved by an iterative approach with alternating calculations of radiation field and
grain alignment efficiency in the dust heating mode and the RAT alignment mode until
a convergence criteria is fulfilled.
In this section we study the influence of different grain shapes, alignment efficiencies,
and phase functions on the resulting distribution of dust temperature and RAT alignment
efficiency in an artificial environment. The test model consists of a cube with a side
length of L = 5000 AU and a linear gradient of gas density with ng ∈ [0 m−3,1010 m−3].
Here, the radiation source is a single star at three different positions. The applied para-
meter space is shown in Tab. 5.1. For the dust, we applied the mixture of Sect. 4.6 with
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Figure 5.2: Color coded dust temperature distributions in the mid-plane of an artificial test
scenario. The distributions were calculated with the HG phase function overlaid with the contour
lines of the dust temperature considering spherical dust grains (left panel) and contour lines for
partially aligned oblate dust grains with a Rayleigh reduction factor of R = 0.5 (right panel).
Contour levels are at 0.1 Td,max, 0.2 Td,max, 0.4 Td,max, and 0.6 Td,max calculated with isotropic
scattering (solid white line), the HG phase function (solid cyan line), and Mie scattering (dotted
yellow line) around a central star.

an upper cut of radius of amax = 0.25 µm.
All the results of the different configurations listed in Tab. 5.1 are similar to that shown
in Fig. 5.2 in the entire parameter space without exception. An increase in dust tempera-
ture is expected because of higher density towards the right side. However, the resulting
dust temperature calculated with the HG phase function and Mie scattering are identical
within numerical limits. The exception is isotropic scattering where the dust tempera-
ture is higher towards the center region. The same results appear for the tests with the
distribution of aligned dust grains according to RAT theory. A significant difference bet-
ween HG phase function and Mie scattering cannot be demonstrated.
Consequently, in the dust heating mode and the mode for RAT alignment the scattering
phase function is of minor relevance. Hence, we use in all MC RT simulations the HG
phase function because of its lesser computational efforts to sample the new direction
of the photon package. Only in the MC mode for creating polarization maps, the full
scattering matrix is required to sample the new directions of the photon package and to
calculate the change in the Stokes vector components accordingly.
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5.1.3 Comparison between the MC RT codes MC3D and POLARIS

In order to make predictions about the impact of imperfectly aligned dust grains on
polarization measurements the POLARIS code goes beyond previous approaches in this
field. Its treatment concerning polarization as a result of dichroic extinction and thermal
re-emission combined with state of the art dust grain alignment mechanisms is unique
in that way. Therefore, essential features cannot be tested because of the absence of
standardized benchmark tests. However, dust heating and polarization calculations of
scattering on spherical dust grains are implemented in many codes.
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Figure 5.3: Resulting dust temperature Td for the D03 disk model (see Tab. 5.3). The outer left
panel shows the temperature distribution in a plane perpendicular to the mid-plane of the disk.
The plots show the temperature along the edge of the disk perpendicular to the mid-plane (left)
along the mid-plane of the disk (middle) and the distribution along the disks surface (right). The
red lines show the results from the MC3D code, the blue ones the results from the POLARIS
code, and the gray lines show the error between both codes.
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Figure 5.4: Resulting distribution of the polarized flux Fp for the D03 disk model (see Tab.
5.3). The outer left panel shows the polarized flux distribution as a result of scattered stellar
radiation under an inclination angle of i = 45◦ and a wavelength of λ = 730 nm. The plots show
the polarized flux through the center of the disk along the horizontal direction (left) along the
vertical direction (middle) and the bisecting line (right). The red lines show the results from the
MC3D code, the blue ones the results from the POLARIS code, and the gray lines show the error
between both codes.
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Although, POLARIS is a completely new line of development, we used the established
and well-tested MC code MC3D (see Wolf, 2003) as a reference for light scattering
and dust heating. Here, we confirm the accuracy of POLARIS by comparing the results
of the disk models D03 − D06 (see Sect. 5.2.2 for a detailed description) with the
results of MC3D. In order to provide identical test cases for both codes, we converted
the standard MC3D dust catalog with spherical dust grains in a POLARIS database file
format. We processed the MC3D output of the density distribution to create an octree
grid required by POLARIS. Since, the dust temperature in low density areas amounts to
unrealistically high values and MC3D does not control for the sublimation temperature
of the applied dust materials we considered cells with a dust density of nd < 10−20m−3

to be empty. For the MC calculations of the dust temperature distribution Td and
the polarized flux Fp = P× Fλ with scattering we used the disk parameters of Tab.
5.3. The deviation between the results of both codes was quantified with an error of
e = 100|x1−x2|/max(|x1|, |x2|) where x stands for dust temperature and polarized flux,
respectively.
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Figure 5.5: The same as Fig. 5.4 for the D06 disk model.
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Figure 5.6: The same as Fig. 5.3 for the D06 disk model.

The dust temperature distribution of the disk model D03 resulting from the MC3D code
and POLARIS code is shown in Fig. 5.3. In the outer regions the temperature distributi-
ons match well but the difference in temperature is much higher at the inner edge of the
disk. This difference is a result of the available grid geometries implemented in both co-



5.1. BENCHMARK AND TEST SETUPS 75

des. While MC3D performed the RT calculations on a spherical grid with smaller cells
towards the center, POLARIS uses a cartesian octree grid with a constant minimal cell
size. The geometrical difference in both coordinate systems results also in a different
shaped inner border of the disk. Because of this POLARIS overestimates the tempera-
ture in the inner regions. For the same reason the dust temperature differs in the D06
disk model shown in Fig. 5.6.
Finally, we compare the resulting polarized flux in Fig. 5.4 for the D03 model and in
Fig. 5.5 for the D06 in a distance of 140 pc to the observer. While the overall trend along
the selected lines matches quite well for both codes, the region of deviation remains near
the inner radii in all disk models. The higher resolution in the center region of MC3D’s
grid leads to a layer of higher dust density at the inner edge. Subsequently, more light
is scattered towards the observer. In comparison to MC3D, the synthetic images of the
polarized flux calculated with POLARIS have a higher signal-to-noise ratio because of
the implemented optimizations of the forced first scattering algorithm and the peel of
technique (see Sect. 4.4). However, in all test cases, the results of POLARIS fit those of
MC3D well within the inherent limitations of applied grid geometries.
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5.2 Analytical models

In this section we aim to model the underlying processes that lead to linear and circu-
lar polarization of previously non-polarized light. Here, we investigate the possibility
to detect the morphology of the magnetic field with analytical models assuming ideal
conditions. Although such models cannot account for a small scale turbulent component
in the magnetic field or a complex filamentary density distribution. However, they can
reproduce the effects of grain alignment on large scales.

5.2.1 Bok globules

A Bok globule is a relatively compact small cloud with a typical diameter of 0.1 pc -
0.8 pc and a range of masses 10 M� - 60 M� (Clemens et al., 1991). Their hallmark
is the obscuration of background stars in the UV and visual regime of wavelengths. For
this reason most observed Bok globules are closer than 500 pc. More distant objects are
more difficult to detect because of foreground stars. A Bok globule is relatively isolated
and as such not subject to external disturbances making it a good test object for star
formation theories (Yun & Clemens, 1990).

5.2.1.1 The model setup

Model Alignment Tg[K] Td[K] Morph. Mag. field [T]
BEconst PA 2 - 15 X parallel to z-axis X
BEtoro IDG 2 - 15 12 - 25 toroidal 2×10−17−2×10−8

BEhour IDG 2 - 15 12 - 25 hourglass 2×10−17−2×10−8

BEheli IDG 2 - 15 12 - 25 helical 2×10−17−2×10−8

BEdipl IDG 2 - 15 12 - 25 dipole 2×10−17−2×10−8

BEquad IDG 2 - 15 12 - 25 quadrupole 2×10−17−2×10−8

Tabelle 5.2: Physical parameters of the Bok globule models. The characteristic radius for the
BonnorEbert sphere is rc = 1100 AU. For the PA alignment not all parameters are required.
Parameters irrelevant for the radiative transport calculations are marked with an X.

The model setup is similar to that presented in Reissl et al. (2014). However, in this
section we calculate the dust temperature by a MC RT simulation instead of modeling
it with an analytical function.
Assuming an isothermal cloud with spherical symmetry the radial density ρ(r) follows
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Figure 5.7: 3D plots for the constant (panel a, Eq. 5.2), toroidal (panel b, Eq. 5.4, hourglass
(panel c, Eq. 5.3) helical (panel d, Eq. 5.5), dipole (panel e, Eq. 5.6), and quadrupole (panel f,
Eq. 5.7) magnetic field morphologies.

a Bonnor-Ebert (Ebert, 1955; Bonnor, 1956) profile and can be modeled with

ρ(r) = ρ0
r2

c
r2 + r2

c
(5.1)

where rc is a critical radius controlling the spatial extension of the sphere. In this study
we apply a critical radius of rc = 1100 AU and chose the density ρ0 to result in a total
mass of 10 M� within the sphere. In order to limit the parameter space we consider just
the effects of IDG alignment on the resulting degrees of linear and circular polarization.
Since we have just the ISRF as source of radiation in this scenario RAT alignment cannot
be considered to contribute significantly to the net-polarization in this section because
of a weak overall radiation field. A velocity component of the gas, possible outflows
typical for such objects, a pseudo-disk, or newly born stars as additional sources of
radiation are also not considered in the following Bok globule models.
Existing models of gravitational collapse and the formation of outflows and disks make
predictions of the magnetic field configurations involved. In particular, time-dependent
models predict different magnetic field geometries at different ages, and thus we can try
to match the observationally determined core classes with particular models to establish
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Figure 5.8: Left panel: Dust temperature distribution in the mid-planes of the Bonnor-Ebert
sphere density profile. The temperature was calculated with the ISRF as radiation source. Right
panel: Resulting pattern of linear polarization. The pattern is overlaid with polarization vectors
for the model BEconst at a wavelength of 810 µm and with an inclination angle of i = 45◦.

rough ages. In younger objects, the predicted magnetic fields are expected to be well
ordered and perpendicular to the future disk plane (Tomisaka, 1998) and the field lines
are only slightly contracted. Therefore, we consider the grain alignment to be perfect in
the simplest model BEconst and apply a constant field direction parallel to the z-axis of
the model space with:

~Bconst(x,y,z) =

0
0
1

 . (5.2)

Both, theory (see Mestel, 1966; Seifried et al., 2011) and observation (Crutcher, 1999)
indicate consistently a strong correlation with B ∝ n−κ

g between magnetic field strength
and density over several orders of magnitude. Here, we assume a scaling parameter
Bκ and κ = 0.6 to keep the magnetic field strength between 10−8 T in the center and
10−17 T at the edges of the model space and the the mass-to-flux ratio consistent with
recent observations (Falgarone et al., 2008; Girart et al., 2009; Beuther et al., 2010).
The model label and relevant physical parameters are listed in Tab. 5.2 and a 3D plot of
all considered magnetic field morphologies is provided in Fig. 5.7.
In older objects an hourglass-shaped magnetic field may occur near the a proto-star
as the inflowing gas bends the magnetic field lines by means of ambipolar diffusion
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(Tomisaka, 1998). As predicted by the magnetic support models of star formation the
magnetic field lines are also expected to be smooth, with a regular structure. Despite
available exact physical solutions (e.g. Galli & Shu, 1993) we approximate the hourglass
morphology of the magnetic field by means of an analytical function with

~Bhour(x,y,z) =
Bκ√

1+(αxz)2e−2αz2
+(αyz)2e−2αz2

αxze−αz2

αyze−αz2

1

 (5.3)

where α is a shape parameter to adjust the field geometry. This analytical geometry al-
lows for an accurate and expedient treatment of ambipolar diffusion to demonstrate the
effects of different inclination angles to the maps of linear and circular polarization in
the model BEhour.
Molecular clouds are observed to rotate (e.g. Goodman et al., 1993) and it is expected
for a magnetic field in a rotating cloud to get also bend around the rotation axis. Conse-
quently, the magnetic field direction can obtain a toroidal component as well. This case
is considered in the model BEtoro. A pure toroidal magnetic field morphology can be
modeled by:

~Btoro(x,y,z) =
Bκ√

x2 + y2

 y
−x
0

 . (5.4)

We assumed the axis of rotation to be parallel to the predominant direction of the
hourglass-shaped magnetic field lines in the model BEheliand modeled a helical structure
as a normalized superposition of Eq. 5.4 and Eq.5.3:

~Bheli(x,y,z) =
Bκ∣∣∣~Btoro(x,y,z)+~Bhour(x,y,z)

∣∣∣
(
~Btoro(x,y,z)+~Bhour(x,y,z)

)
. (5.5)

In order to test the accuracy of polarization measurements in determining the magnetic
field morphology we additionally considered a dipole field with

~Bdipl(x,y,z) =
Bκ

(x2 + y2 + z2)5/2

 3xz
3yz

2z2− x2− y2

 (5.6)

for the model BEdipl and a quadrupole field for the model BEquad

~Bquad(x,y,z) =
Bκ

2(x2 + y2 + z2)7/2

 −3x(x2 + y2−4z2)
−3y(x2 + y2−4z2)

3z(−3x2−3y2 +2z2)

 , (5.7)
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respectively, in this study for comparison.
For the dust we apply the MRN model of Sect. 4.6 with an upper cut of radius of
amax = 0.25 µm typical for the ISM. In a first MC RT simulation, the temperature of
all models was calculated considering the ISRF as radiation source (see Sect. 3.2 and
Sect. 4.3) to constrain later the impact of IDG grain alignment and different magnetic
field morphologies on synthetic polarization maps. The resulting dust temperature Td
varies in the range 2 K−15 K with the lower temperature in the center and is shown in
Fig. 5.8 on the left panel. For the relation between dust temperature and gas temperature
we assumed Tg = Td +10 K . This range and distribution of temperatures is within the
expectation of both theory (e.g. Keto & Field, 2005; Sipilä et al., 2011) and observation
(e.g. Launhardt & Henning, 1997).

5.2.1.2 Results
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Figure 5.9: Linear polarization (top row) and circular polarization (bottom row) of model BEtoro
with inclination angles of 3◦ (left column), 45◦ (middle column) and 87◦ (right column) at a
wavelength of 810 µm. We added an offset angle of 90◦ to the vectors of linear polarization to
match the projected magnetic field morphology. The dust particles are aligned according to IDG
theory.
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Figure 5.10: Same as Fig. 5.9 for the BEhour model.

We start our investigation with the simplest case of a well ordered and constant ma-
gnetic field and PA dust grains in order to test the predictability of this model setup.
Here, we apply the morphology of Eq. 5.2. Fig. 5.8 (right panel) shows a selected map
of linear polarization for the inclination angle of i = 45◦ at an exemplary wavelength
of 810 µm. For this wavelength, linear polarization is completely dominated by ther-
mal re-emission. Therefore, the polarization vectors were rotated by 90◦ to match the
projected magnetic field morphology. In this simple case with PA, the vectors of linear
polarization follow the expected pattern with a parallel orientation with respect to each
other.
In the model BEtoro, the direction of the magnetic field lines is always parallel along the
line of sight at an inclination angle of 0◦ as well as 90◦. For this reason light can gain no
circular polarization at all (see Sect. 4.5.1). However, at inclination close to 0◦ or 90◦

we can expect a pattern of circular polarization. Hence, we calculate polarization maps
for a range inclination angles of i ∈ [3◦,87◦] for all models. The pattern in the degree
of linear polarization in the maps follows the theory of IDG grain alignment. The do-
minating factor here is dust density. With increasing dust density towards the center the
characteristic upper threshold of IDG alignment δ0 (see Eq.3.16) is pushed beyond the
maximal dust grain size. As expected, this results in a low degree of linear polarization
in the center region. Since this effect is independent of field morphology, the same holds
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Figure 5.11: Same as Fig. 5.9 for the BEheli model.

for all models.
Figs. 5.10, 5.12 and 5.13 show the degrees of linear and circular polarization for three
different inclination angles for the model setups BEhour, BEdipl, and BEquad. With incre-
asing inclination angle the hourglass morphology, dipole morphology, and quadrupole
morphology (see Fig. 5.7 c, e, and f), respectively, become apparent. However, for an
inclination angle as low as 3◦, the underlying field morphology remains ambiguous. In
all three configurations the vector field of linear polarization shows a similar radial sym-
metric pattern. In this case, the magnetic field morphologies would be indistinguishable
by measurements of linear polarization alone. In contrast to the ambiguities in the pat-
tern of linear polarization, the maps of circular polarization remain unique for each field
morphology, as we show in the right columns in Figs. 5.10, 5.12, and 5.13. Here, we
demonstrate that the hourglass, dipole, and quadrupole fields are distinguishable even
for observations with low inclination angels because of the unique symmetry axis of
each morphology which results in a characteristic pattern of circular polarization.
In Fig. 5.11 we present the degree of circular polarization as well as degree of linear po-
larization overlaid with the normalized position vectors for the model setup BEheli. The
magnetic field morphology in BEheli has no axis symmetry but a point symmetry with
respect to the center of the model space. Hence, crossing magnetic field lines along any
line of sight and pattern of circular polarization would even be present for inclination
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Figure 5.12: Same as Fig. 5.9 for the BEdipl model.

angles of 0◦ and 90◦. Note that the presence of crossing field lines does not necessarily
lead to a low degree of linear polarization. As long as the directions of the field lines are
not perpendicular to each other, they can still contribute to the net polarization due to
dichroic extinction. Furthermore, nearby hot but optically thin regions can also rapidly
build up linear polarization because of thermal remission.
In contrast to other models, the initial symmetric pattern of BEheli in the synthetic li-
near and circular polarization maps becomes distorted while rotating the model space
towards higher inclination angles. Because of its helical symmetry (see Fig. 5.11). We
see toroidal patterns in the top rows of Fig. 5.10 similar to those in Fig. 5.11 for low
inclination-angles. A similar behavior can be found for high-inclination angles in the
model setups BEhour and BEheli, as shown in the bottom rows of Fig. 5.10 and Fig. 5.11.
Although the patterns of linear polarization deviate in both cases, the orientation vec-
tors match quite well, which provide the possibility for misinterpretations under realistic
observational conditions. Again, unique patterns in circular polarization measurements
allow an unambiguous identification of the predicted magnetic field morphology inde-
pendent of inclination angle.
In Fig. 5.14 we present plots of the mean values of the degree of optical depth, nor-
malized linear polarization and normalized circular polarization over wavelength for
different inclination angles. With exception of model BEheli, the plots of all models are
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Figure 5.13: Same as Fig. 5.9 for the BEquad model.

quite similar to each other. Hence, we show just the normalized results of BEhour and
BEheli for comparison. As expected, the optical depth follows exactly the cross secti-
ons of extinction of the dust grain model as presented in Sect. 4.6. The same result can
be seen in the mean values of linear and circular polarization. However, the degree of
circular polarization for the Model BEheli shows an exceptional behavior. While the mi-
nimum and maximum of the mean value shows a symmetrical characteristic for all other
models, the model BEheli is asymmetric with respect to Pc = 0 as a direct result of the
helicity in the magnetic field morphology.

5.2.1.3 Discussion

A polarized emission signal has been detected successfully at a arcsecond scales. The
best example is the measurement of polarized dust emission in the proto-stellar system
NGC 1333 IRAS 4A as it is presented in Girart et al. (2006). This observation reveals
an hourglass magnetic field morphology in accordance with the classical prediction of
star formation. However, observations of an hourglass shaped magnetic field are qui-
te rare. In this section we reported, that an inclination angle can have an unfavorable
influence on observations. Hence, low inclination angles can veil the underlying ma-
gnetic field morphology effectively. The number of already observed systems with an
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Figure 5.14: Resulting mean values of optical depth τ (top left panel), normalized linear pola-
rization (top right panel), and normalized circular polarization (bottom left panel) over wave-
length for different inclination angles for the model BEhour. The normalized circular polarization
of model BEheli is in the bottom right panel.

hourglass shaped magnetic field morphology might actually be higher but not identifia-
ble by means of linear polarization alone.
The interpretation of linear polarization measurements are furthermore hindered, by the
similarity of polarization pattern resulting from distinct projected magnetic field mor-
phologies. This dilemma of ambiguous measurements of linear polarization can poten-
tially be resolved by complementary measurements of circular polarization in order to
identify distinct magnetic field morphologies. Circular polarization measurement as a
promising source of additional information was already mentioned in Dolginov & Mit-
rofanov (1976b). However, the measurement of circular polarization data, so far, is not
obtainable by available observational equipment. It remains also unclear whether the
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predicted low values of circular polarization in the order of 10−8− 10−10 as predicted
by our models are accessible to observational equipment in the near future.
Dust polarization is not a common feature in MC RT codes. The modeling of obser-
vational data is generally performed by an algorithm assuming a constant emissivity
per mass unit and optically thin regions (e.g. Fiege & Pudritz, 2000; Tomisaka, 2011).
In this approach the degree of linear polarization is far to high. Usually dust grain ali-
gnment efficiency as well as the optical properties of the dust grain is approximated by
a single parameter to account for actual observation. We demonstrate in this section that
lower degrees for the upper limit of linear polarization of ≈ 10 % as required by ob-
servational data (Girart et al., 1999; Gonçalves et al., 2005; Davidson et al., 2011) can
also be achieved by combining a physically well motivated dust grain model and theo-
ry of grain alignment with MC RT calculations. In contrast to the common procedure
the more realistic approach presented in this thesis would additionally allow to create
predictive models concerning questions of dust grain composition and dominant grain
alignment theory.
Finally, it needs to be pointed out that the magnetic field strength cannot reliably be de-
termined with the help of MC RT simulations. The huge uncertainties concerning dust
grain alignment theory as well as the enormous parameter space of dust properties does
not allow for a successful fitting process by means of synthetic polarization data alone.
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5.2.2 Circumstellar disks
The magnetic field plays an important role in the formation of stars as well as in the
formation and evolution of the circumstellar disk and, subsequently, in the formation of
planets. Angular momentum of the gas component of the disk can effectively be trans-
ferred outwards by magnetic braking and interstellar outflows allowing for the gas to
move towards the center. Hence, to understand circumstellar disk and planet formation,
we need to investigate the properties of the underlying magnetic field involved in the for-
mation process. In this section we trace the magnetic field morphology with POLARIS
in circumstellar disks of different mass.

5.2.2.1 Model setup

α β h0 [AU] r0 [AU] Rin [AU] Rout [AU] Mdisk [M�] R∗ [R�] T∗ [K]

1.25 2.6 10 100 25 280 10−6-10−3 6 4000

Tabelle 5.3: Parameters of the applied disk models. We consider different disk masses and refer
to the models with a total disk mass of 10−3 M� as D03, with 10−4 M� as D04, with 10−5 M�
as D05 and with 10−6M� as D06, respectively.

In the presence of a magnetic field inside a disk, the dust grains can be expected to
be partially aligned with the direction of the magnetic field. Consequently, the field
morphology may be investigated by polarization measurements. Here, we model the
processes that lead to linear polarization of previously un-polarized radiation from the
central star to reveal the morphology of the magnetic field in the polarization signal in
the submm regime of wavelengths.
The magnetic field is assumed to be dragged with the rotation of the disk because of
ionized gas. Hence, the field morphology can be approximated by a toroidal field on the
disk scale (see Tamura et al., 1999). Here, the magnetic field morphology is modeled by
the analytical toroidal function of Eq. 5.4 with a magnetic field strength following the
relation B ∝ n−κ

g as introduced in sect. 5.2.1. Consequently, the magnetic field strength
is between 10−8 T in the center and 10−17 T at the edges of the model space. The
rotation axis of magnetic field and disk are assumed to be parallel. The dust component
is similar to that presented in Sect. 4.6. However, the dust component consists only of
astro-silicate as material with an upper cut-off in grain size at amax = 2 µm.
The density distribution of our disk models are parametrized as presented in Shakura &
Sunyaev (1973). The model assumes the density distribution to follow

ng(r,z) = n0

(r0

r

)α

exp
(
−1

2
z

h(r)

)2

(5.8)
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where

h(z) = h0

(
r
r0

)β

. (5.9)

Here, r and z are cylindrical coordinates, h0 is the scale height at r0, and the quantities
α and β are parameters which characterize the radial density profile and the disk
flaring. By integrating from Rin to Rout we adjusted n0 for the entire disk mass to range
between 10−3 [M�] and 10−6 [M�].
For the dust heating we consider an offset dust temperature of 10 K within the
boundaries of the disk and post-process the temperature with POLARIS and a central
star as radiation source for all disk models. The offset dust temperature is of minor
influence to the following calculations but ensures a non-zero temperature in each cell
in the denser regions of the model space allowing to reduce the number of photon
packages. The model of Shakura & Sunyaev (1973) assumes the dust to be in thermal
equilibrium with the gas (Tg = Td). In this case Eq. 3.18 reaches unity and the IDG
Rayleigh reduction factor (see Eq. 4.36) becomes undefined. Subsequently, the IDG
mechanism cannot be applied in the disk models. Hence we consider in this section
only the effects of grain alignment according to RAT theory and assume a factor of
fhigh−J = 0.25 for the internal alignment. In a second step we apply the RAT mode of
POLARIS to calculate the anisotropy and overall energy density of the radiation field in
the disk as described in Sect. 3.3.2.4 to determine the minimal dust grain radius aalg at
which the dust grains start to align. Here we included both, the central star as well es
the heated dust in each cell as sources of radiation in the MC RT simulations.

5.2.2.2 Results

Fig. 5.15 shows the resulting layered distribution of the D03 and D05 disk models. The
distribution of aligned radii is layered with smaller aligned dust grains starting to align
at the disks surface and larger grains towards the center plane. The model with the hig-
her disk mass D03 on the left hand side of Fig. 5.15 shows a distinct distribution of
imperfectly aligned dust grains. In contrast to model D03 for model D05 on the right
hand side of Fig. 5.15 smaller dust grains are better aligned at the surface of the disk.
However, with decreasing mass the alignment of dust grains increases fast towards the
center plane and the outer regions. This is a consequence of different dust and stellar
contributions to the radiation field as well as a variation in the local dust temperature.
The optical depth and, subsequently, the amount of deposited energy by radiation de-
creases with disk mass.
Therefore, the surface is more efficiently heated in the disks with higher mass. Whe-
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Figure 5.15:
Distribution of
grain sizes aalg where
dust particle start to
align to the magnetic
field direction ~B
according to RAT -
theory. The shown
plane is perpendicu-
lar to the mid-plane
of the disks. The
disk model D03 with
10−3 M� is on panel
a and the model D05
with 10−5 M� is
on panel b. Lower
values of aalg result
in higher degree of
linear polarization.

re as the grain alignment is suppressed near the sublimation radius for all models as a
result of high temperatures in this region, the stellar radiation becomes more irrelevant
in the outer regions of the disk. Consequently, the D03 model is less influenced by the
central star. The radiation in the inner most regions in each disk originates from thermal
photons emitted in the hot surface layers and not the star itself. Subsequently, the hig-
her mass model D03 has aligned dust grains in much deeper layers as the lower mass
model D06 (see Fig. 5.15). The resulting layered distribution in dust grain alignment is
consistent with the results of Hoang & Lazarian (2014).
In Fig. 5.16 we show the effects of thermal dust re-emission dependent on the total disk
mass. We compare the resulting polarization maps for the disk models D03 and D05 as
a function of inclination angle at an exemplary wavelength of λ = 515 µm. The pattern
and orientation of linear polarization in Fig 5.16 are in good agreement with the predic-
tions by Cho & Lazarian (2005) and Cho & Lazarian (2007). Since all disk models are
optically thin at that wavelengths, the synthetic polarization maps appear to be symme-
tric. The panels of Fig. 5.16 where calculated using the ray-tracing algorithm (see Sect.
4.4). Since lower values of the minimum size of aligned grains aalg are associated with
a higher degree of linear polarization (see Eq. 4.42), the D03 disk model shows a more



90
CHAPTER 5. SYNTHETIC POLARIZATION MAPS OF STAR-FORMING

REGIONS

Figure 5.16: Maps with
pattern of linear polari-
zation overlaid with nor-
malized orientation vec-
tors at an exemplary wa-
velength of λ = 515 µm.
We applied an offset
of 90◦ to the orientati-
on vectors to match the
projected toroidal ma-
gnetic field morpholo-
gy. The model D03 with
10−3 M� is on the left
column and model D05
with 10−5 M� is shown
on the right column for
inclination angles from
i = 30◦ (top row) to
i = 90◦ (bottom row) in
steps of 15◦.
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distinct pattern of linear polarization. A lower degree of linear polarization in low mass
disks is consistent with the results shown in Fig. 5.15. This would also hold even if we
considered imperfect internal alignment since the internal distribution function for RATs
is independent of the local physical conditions of the disk models and just a function
of grain geometry (see Sect. 4.42 ). The pattern in the normalized polarization vectors
are identical for all models revealing the projected toroidal magnetic field geometry at
all inclination angles since the influence of scattering can be neglected at λ = 515 µm.
However, only for the D03 model the degree of linear polarization (Pl > 0.5%) should
be detectable in the entire disk even for low inclination angles.
The pattern of linear polarization have sharp cut offs with no polarization at the bor-
ders of the model. This is a result of the applied power-law correlation between density
and magnetic field strength (B ∝ n−κ

gas ). Hence, the magnetic field satisfies no longer the
minimal required field strength (see Eq. 4.5.4) in the thinner disk regions.

5.2.2.3 Discussion

Aligned dust grains as an explanation of polarized radiation in the FIR und submm
from disks was already indicated by observations of Tamura et al. (1999). However,
to what extend the observation of polarized light can reveal the underlying magnetic
field morphology is still a matter of debate. Numerical calculations Cho & Lazarian
(2007); Hoang & Lazarian (2014) predict that polarized radiation should emerge from
the circumstellar disk region because of RAT alignment. In contrast to predictions, ob-
servations of circumstellar systems (Hughes et al., 2009) show no detectable degree of
linear polarization at all. The overestimation of RAT alignment because of perfect inter-
nal alignment in earlier studies (Cho & Lazarian, 2007) cannot account for this finding
alone. An internal alignment with a conservative chosen parameter fhigh−J = 0.25 would
still result in a detectable degree of linear polarization. However, fhigh−J can still not be
analytically determined and might also vary dependent on the predominant local condi-
tions of each disk. Another explanation might be the shape and composition of the dust
grains. It can not be expected that an similar amount of non-spherical dust grains that
can align is equally present in all circumstantial disks but may vary significantly from
disk to disk.
The distribution of grain sizes is also not expected to be equal in the entire disk. Dust
grain growth and dust settling are processes that redistribute dust grains of different si-
zes in the disk (see e.g. Tanaka et al., 2005). As a result of this, larger dust grains are
more likely to be present near the disk plane. Thus, such grains have also a higher pro-
bability to be aligned by RATs than smaller dust grains located on the disk surface. Dust
settling in disks might also help to explain the served low degree of linear polarization
and should be considered in forthcoming studies with a more sophisticated dust model.
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5.2.3 Cloud model
The question about what effects dominate the grain alignment in the ISM is still a matter
of debate. Individual theories of dust alignment make unique predictions concerning the
local physical parameters necessary for efficient dust grain alignment (see Sect. 3.3.1).
This unique response of each alignment theory should also result in character pattern in
the synthetic polarization maps. Therefore we examine the pattern of linear polarization
emerging from different grain alignment theories separately in this section. The main
focus here lies on the ambiguities associated with different grain alignment theories to
infer the underlying magnetic field morphology on a predefined cloud model.

5.2.3.1 Model setup
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Figure 5.17: Schematic illustration of the cloud models C01 (left panel) and C02 (middle panel).
Both models differ only by the position of a single star. The isocontour surface at log(nd) =

3.27 m−3 is in dark yellow. The direction of the common gas stream ~v (right panel) towards
the center is in green lines and the analytical hourglass field morphology is shown in grey. Red
lines and blue bars indicate the different angles between radiation field and the magnetic field
direction. The letters A−D indicate areas with expected characteristic features for RAT and
GOLD alignment, respectively.

ng1 [m−3] Rc1 [ly] ng2 [m−3] Rc2 [ly] R∗ [R�] T∗ [K] position of the star
[ly]

1013 0.2 1012 0.1 8 6000 C01(-0.53,-0.0,-0.0)
C02(0.0,0.0,0.13)

Tabelle 5.4: Table of physical parameter for the applied cloud models.

Our cloud models consist of two spheres following a Bonnor-Ebert density profile (see
Eq.5.1) with a distance from core to core of 0.375 ly to each other. The characteristic
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radii of the density distribution are 0.1 ly and 0.2 ly, respectively. Density and magnetic
field morphology are chosen to be consistent with theoretical models and observation
(Launhardt & Henning, 1997; Sipilä et al., 2011) resulting in a total mass of 25 M� in
the model space.
We modeled an hourglass-shaped magnetic field geometry by the analytical function
of Eq. 5.3 with its center in the denser sphere as expected by observations (e.g. Girart
et al., 1999; Frau et al., 2011). Contrary to Sect. 5.2.1 the magnetic field strength
is assumed to be constant with B0 = 1.5× 10−8 T. In order to compare calculations
performed by POLARIS with the expected predictions for the IDG, RAT with that of
the GOLD alignment theories, we also assume a supersonic velocity stream ~v with a
in-fall direction to the common center of both Bonnor-Ebert spheres. In this section, we
also consider the effects of the internal alignment with fhigh−J = 0.5 for RAT alignment
(see Eq. 4.30 and Eq. 4.42). The dust temperature and the radiation field is calculated
with a single star as radiation source (see Tab. 5.4). All considered alignment theories
are highly dependent on dust temperature and the overall radiation field. Hence, we
consider two different configurations concerning the position of the star. In model C01,
the star is 0.53 ly away from the common center of both spheres where as in model
C02, the star is embedded in the center of the denser Bonnor-Ebert sphere. A schematic
illustration of the cloud models is provided in Fig. 5.17. The physical parameters of
both cloud models are listed in Tab. 5.4.
An initial sphere temperature of Td = 10 K was used for both cloud models C01 and
C02 to correct the temperature according to the method described in Sect. 4.5.6. Here,
we assume dust temperature and gas temperature to be correlated by a constant factor
with Tg = 10×Td. In a final step we applied the RAT mode of POLARIS to calculate
the distribution of the characteristic grain size aalg where dust grains start to align
according to RAT theory. Here, we use both, the heated dust and the star as sources
of radiation. With this configuration the models C01 and C02 allow the calculation
of the characteristic linear polarization pattern for IDG, RAT, and GOLD alignment
mechanism, respectively.

5.2.3.2 Results

Fig. 5.18 shows the ratio of cross sections of partially aligned dust grains and cross
sections of PA dust grain in the mid-plane of both models separately for all alignment
mechanisms at an exemplary wavelength of λ = 723 µm. In both cloud models, the sur-
rounding regions of the star are also the regions of highest dust temperature. The IDG
mechanism reacts sensible to both values, density and temperature, because of the thres-
hold δ0 (see Eq. 3.16). Therefore the efficiency of grain alignment is lowest towards the
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Figure 5.18: Ratio of polarization cross sections log10
(∣∣Cx/Cp

∣∣)
λ=723 µm of imperfectly aligned

dust grains Cx to perfectly aligned dust grains Cp in the mid-plane of the model space for the C01
model (top row) and C02 model (bottom row). The x stands for IDG alignment (left columns),
RAT alignment (middle columns), and GOLD alignment (right columns). In the middle columns
dotted white lines indicate the regions where the alignment efficiency QΓ(ε) is at its minimum.
The dotted red lines in the right columns show the transition where GOLD alignment does
change the sign of linear polarization.

center of the clouds and near the star (see Fig. 5.18 left panels).
The expected alignment pattern according to RAT theory is contrary to that of the IDG
alignment. The emission of heated dust and stellar radiation contribute to the local ener-
gy density uλ and the anisotropy parameter can reach a maximum value up to γλ = 0.9
in close proximity to the star. The characteristic dust grain radius aalg decreases and dust
grains with radii above aalg become aligned. Since the process of determining the RAT
alignment quantities requires two separate MC simulations (dust heating and calculati-
on of the radiation field), the grain alignment of RATs has an inherent higher amount
of noise. This becomes apparent in Fig. 5.18 (middle panel) in the inner cloud regions.
Besides the amount of energy density and anisotropy, the grain alignment depends also
highly on the RAT alignment efficiency QΓ(ε). This parameter, in turn, depends on the
chosen dust grain geometry and has in our dust model of oblate dust grains its minimum
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at angles of ε = 0◦ and ε = 90◦ between radiation and magnetic field direction. This
leads to areas of reduced grain alignment indicated by white dotted lines in Fig.5.18
(middle panel). In Fig.5.18 (middle top panel), the low degree of grain alignment in the
areas A and C is a direct result of the angle dependency of RAT theory because of QΓ(ε).
However, the low grain alignment on the left half of the panel is a result of the shielding
of this region by the dense cloud cores from stellar radiation and thus the overall energy
density u remains low. The expected low grain alignment in the area D cannot be found.
This is because the overall energy density u outweighs the angle dependency in this very
thin region. In Fig.5.18 (middle bottom panel), the low degree of grain alignment in the
areas A−D follows more clearly the angle between predominant direction of the radia-
tion field and the magnetic field direction. This result is in excellent agreement with the
expectations of the model setup shown in Fig. 5.17 and RAT theory.
Since we assume a constant supersonic velocity field, GOLD alignment alone barely
depends on temperature and density. However, a dependency exists because of internal
alignment (see Eq. 4.39) and the Mach-limit (see Eq. 4.45). As RAT alignment, GOLD
alignment is also limited by the local magnetic field strength (see Eq. 4.44). Since the
internal alignment mechanism is sensible to high temperatures this manifests itself as
a sphere of completely randomized dust grains in the surrounding regions in the regi-
ons B (Fig.5.18 top right panel) and A (Fig.5.18 bottom right panel) around the star. By
comparing Fig.5.18 (left panels), Fig. 5.19 (left panels), and Eq. 4.38 one can see that
the dominant parameter remains the angle α between gas stream ~v and magnetic field
direction ~B. The areas of minimal grain alignment appear along the transition where
GOLD alignment changes the sign of the Rayleigh reduction factor shown as red lines
in Fig.5.18 (middle panel).
Resulting maps of linear polarization for the cloud models C01 and C02 are presented in
Fig. 5.19. The normalized orientation vectors of linear polarization have an offset angle
of 90◦ to be parallel with the projected magnetic field direction.
For the IDG mechanism (Fig. 5.19 top row), the center of depolarization moves with the
position of the star due to the change of the dust temperature distribution, leading to a
nearly rotationally symmetrical pattern for both cloud models .
The polarization pattern for RAT alignment in the middle column of Fig. 5.18 follows
the regions of highest radiation. Therefore a high polarization coincides with the positi-
on of the star. The degree of linear polarization is reduced in the C01 model along the
regions of minimal grain alignment efficiency QΓ(ε). The same effect can be detected
in the polarization map of the C02 model. However, here this effect is less expressed
leading to a butterfly-like pattern of linear polarization in the surrounding area of the
star. Both, IDG and RAT alignment mechanisms, resemble the underlying hourglass
field morphology. The GOLD alignment in turn can change the alignment angle along
the line of sight and this subsequently changes the polarization direction.
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A correlation between intensity I and polarization Pl was recognized in Henning et al.
(2001) following the power-law P ∝ (I/Imax)

−α where α is a fit parameter. This fin-
ding is consistent in literature of observations (see Matthews & Wilson, 2002; Lai et al.,
2003; Cho & Lazarian, 2005). Since the P− I relation is hyperbolic in nature, one ex-
pects to find a flat tail when I/Imax reaches unity making it an ideal test for the different
grain alignment theories. Hence, we calculated the increasing depolarization towards
lower intensities for our cloud models C01 and C02 making use of the polarization
maps of Fig. 5.19. Here, each data point presents a different line of sight. We also calcu-
lated the P− I relations for our cloud models rotated by 90◦ in order to explore a larger
data set. The P− I relation of the IDG mechanism shown in Fig. 5.20 (left column)
is consistent with observations. Since the anisotropy in radiation and grain alignment
is directly correlated and stellar radiation is the dominant source of radiation in both
cloud models, the P− I relation in the RAT case is less definitive. In contrast to the IDG
alignment the P− I relation of RAT alignment starts with an increase in polarization
up to a point of I/Imax ≈ 0.1 and remains then almost constant at its maximum value.
However, the RAT alignment mechanism matches the expected P− I relation curvature
in agreement with observations for larger fractions of I/Imax.
The GOLD alignment shows an exceptional behavior. In contrast to observational fin-
dings the degree of linear polarization remains constant in the non-rotated case and
increases even slightly for the rotated case. Data points show a broader scatter in com-
parison with other alignment mechanisms.

5.2.3.3 Discussion

The characteristic appearance of each grain alignment theory in the maps of linear po-
larization is often discussed to account for observational data (see Andersson, 2015,
for review). So far, RAT alignment is considered to be the most promising theories of
grain alignment. The observational fact that grains are better aligned in close proximity
to a bright star is a strong indication of RAT alignment (Matsumura et al., 2011). A
direct correlation between grain alignment and the direction as well as the strength of
the radiation field was also confirmed next to the star HD 97300 in the Chamaeleon I
star-forming region by Andersson & Potter (2010) and Andersson et al. (2011). This
observational findings are in accordance with the results of the synthetic linear polari-
zation maps calculated with RAT alignment presented in this section.
The velocity dependent flip in the orientation of polarization vectors is characteristic for
GOLD alignment and can help to determine areas with supersonic gas streams by obser-
vations. From the observational point of view a flip in polarization angles was reported
along the direction of molecular outflows (e.g. Rao et al., 1998; Cortes et al., 2006).
However, the rather unusual pattern of linear polarization as presented in this section
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cannot be confirmed by observations so far. This may be a result of the limited set of
parameters of the considered cloud models. The two main limiting factors are veloci-
ty and magnetic field strength (see Eq. 4.38 and Eq. 4.44) which were assumed to be
constant for simplicity. Recent progress on the field of mechanical grain alignment also
indicated that the dust grain alignment may also be efficient in sub-sonic environments
(Lazarian & Hoang, 2007).
The IDG alignment has also still its place to account for the observed alignment of small
dust grains (Clayton et al., 1992; Hoang et al., 2014). The maximum values in linear
polarization are in good agreement with observation (Gonçalves et al., 2005; Davidson
et al., 2011) for all the applied alignment mechanisms. Taking the maximal degree of
linear polarization as a measurement of the prevailing alignment mechanism the polari-
zation is clearly dominated IDG in the outer parts followed by RAT near the star. Higher
linear polarization degrees can easily be achieved for RATs by increasing the free para-
meter fhigh−J and the upper cut off amax in the grain size distribution of the applied dust
models. However, exact values of these parameters are currently speculative. In contrast
to the IDG and RAT alignment, models considering GOLD alignment holds the lowest
degree of linear polarization indicating that the observable net polarization of the cloud
would lack any flip in polarization angles. This is also consistent with the behavior of
the calculated P− I relations. Both RAT and GOLD alignment show an unexpected dis-
tribution of linear polarization. This uncertainty and the deviations in calculated P− I
relations may be resolved with more sophisticated models from dedicated MHD simu-
lations by forthcoming parameter studies.
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Figure 5.19: Maps with pattern of linear polarization overlaid with normalized orientation vec-
tors at an exemplary wavelength of λ = 723 µm. We applied an offset of 90◦ to the orientation
vectors to match the projected hourglass magnetic field morphology. The cloud model C01 is on
the left column and the model C02 is on the right column for dust grains aligned with the IDG
mechanism (top row), RAT mechanism (middle row), and GOLD mechanism (bottom row).
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Figure 5.20: Plots of the degree of linear polarization of the C01 model (top row) and C02
model (bottom row) as a function of normalized intensity (P− I relation). The results with IDG
alignment (left column), RAT alignment (middle column), and GOLD alignment (right column).
Blue crosses represent the original models C01 and C02 where as red crosses are the models
rotated by 90◦.
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5.3 MHD outflow simulation
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Figure 5.21: Plots of the gas number density (left column) and the adjusted dust temperature
(right column) in two planes parallel (top row) and perpendicular (bottom row) to the disk of
the MHD outflow simulation.

With the expected resolution of upcoming equipment (Brown et al., 2004, e.g.), the
coverage of cloud cores and disks reaches observable scales where effects such as ro-
tation and turbulence become increasingly relevant. The well ordered large scale ma-
gnetic field lines are expected to be rather unordered on smaller scales e.g. in molecular
outflows ejected from a proto-planetary disk. Outflows and jets seem to be a natural
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consequence in the early stage of star formation. One proposed mechanism to account
for outflows is the acceleration of gas by a gradient of magnetic pressure in the outflow
lobes. The magnetic field morphology in this scenario is expected to posses a strong
toroidal component (e.g. Tomisaka, 1998). This toroidal component is a remnant of the
rotating collapsing molecular cloud. However, from an observational point of view it
needs to be verified that such a toroidal field morphology would actually be detectable
in the interior of outflow lobes. The magnetic field morphology in the ambient envi-
ronment represents a possible source of ambiguity. Here, it is expected from non-ideal
MHD considerations that ions couple directly to the magnetic field, leading to ambi-
polar diffusion. Subsequently, the surrounding magnetic field is hourglass shaped and
therefore perpendicular orientated with respect to the toroidal component along the line
of sight. However, the constraints on how to probe the complex magnetic field structures
around the outflow lobes are yet unclear.
With regards to this additional level of complexity analytical models are of minor use. In
order to study the magnetic field morphology with synthetic polarization measurements
we apply the POLARIS code in the following sections to a more realistic scenario. MHD
simulations of collapsing molecular clouds have proven to reproduce the complex inter-
nal density and magnetic field morphologies of outflow environments (Banerjee et al.,
2006) and the formation of circumstellar disks (Duffin & Pudritz, 2011) as they were
expected by observations.
Hence, we focus on the post-processing of a particular MHD outflow simulation as pre-
sented in Seifried et al. (2011) simulated with different initial dust grain parameters and
observational conditions. The MHD simulation started as a collapsing magnetized and
rotating cloud and a mass of 100 M� in a cube with a side length of 0.25 pc and an in-
itially uniform magnetic field with a strength of 1.32×10−8 T (see Seifried et al., 2011,
for a detailed description). The simulation was performed with the astrophysical code
FLASH (Fryxell et al., 2000). In this simulation the core was magnetically supercriti-
cal and the magnetic field provided marginally support against the collapse. We took
a snapshot after a simulation time of 5000 yr. At this point an accretion disc of about
2800 AU in diameter has formed. The disk ejects two collimated outflows with a height
of 3200 AU in the surrounding medium (see Fig.5.21). As expected, in the interior of
the outflow lobes a predominant magnetic field morphology is toroidal (see Fig.5.22).
The field lines, however, are locally turbulent because of shocks in the outflow lobes.
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5.3.1 Post-processing of the MHD outflow data

a b
Figure 5.22: 3D plots of the magnetic field morphology (panel a) and the velocity field (panel
b) of the MHD outflow simulation.

At that simulation time of 5000 yr six proto-stars have formed and the accretion disk
starts to fragment. We considered three proto-stars as point sources for the adjustment
of the initial dust temperature and calculated the radiation field to determine the RAT
alignment efficiency. However, three proto-stars where in close proximity (< 10 AU) to
each other and where handled as a single diffuse source (see Sect. 4.3) in order to decre-
ase time required to perform the MC RT simulations. We considered also the additional
contribution to luminosity resulting from gas accretion towards the proto-stars. For the
considered parameters of the model, the contribution of scattering to the net-polarization
is minuscule. Hence, scattering can be ignored for the calculation of polarization maps.
As dust model we apply the typical parameters presented in Sect. 4.6 with a variable
upper cut of radius of amax ∈ [0.2 µm,2.0 µm,200 µm]. For the considered IDG ali-
gnment we assume ferromagnetic inclusions in the dust grain material in order to get a
detectable polarization signal (see Sect. 3.4).
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5.3.2 The choice of dust grain alignment theory
Outflow environments in general provide the conditions sufficient for IDG, RAT, and
GOLD alignment theories to be effective. Consequently, the interplay of several grain
alignment mechanisms simultaneously at work might cloak the toroidal magnetic field
component from observation. In this section we start the investigation similar to the
MC RT simulations presented in Sect. 5.2.3. Here, the characteristic pattern of linear
polarization were also calculated considering the grain alignment theories separately in
a regime of wavelengths of 1 µm− 3 mm with fixed inclination angle of 90◦ between
the outflow axis and the line of sight. Later, we combine all alignment theories in an
additional MC RT simulation in order to constrain the optimal observational conditions
dependent on grain alignment theory.

5.3.2.1 Polarization pattern resulting from GOLD alignment

α

α

α

Figure 5.23: Schematic illustration of the expected dust grain (blue ellipses) alignment behavior
according to GOLD alignment in the center plane perpendicular (left panel) and parallel (right
panel) to the symmetry axis of the outflow lobes (dark blue). The angle α is defined to be between
magnetic field direction (dark red) and the velocity field (dark green) of the gas. The contour of
the critical value of α0 where dust grains start to align with their longer axis parallel to the
magnetic field is indicated by a red dotted line.

As indicated by observations (e.g. Rao et al., 1998) non-spherical dust grains may not
necessarily align with their minor axis parallel to the local magnetic field. As a possible
explanation mechanical alignment is discussed where gas streams can cause grain ali-
gnment to flip dependent on the angle α between velocity and magnetic field.
A schematic illustration of the expected grain alignment behavior is shown in Fig. 5.23.
In the outer regions, in-falling gas with an angle α < 54.7◦ = α0 (see Sect. 4.38) forces
the dust grains to align with their major axis parallel to the magnetic field direction.
From this point on the grain alignment axis is the minor one towards the rotation plane
of the disk. However, for the presented configuration this limit is also never passed in
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the interior of the outflow lobes since velocity field and magnetic field direction always
cross at angles below α0.
The resulting polarization maps in a regime of wavelengths between λmin = 20 µm and
λmax = 2 mm are shown in Fig. 5.25. For shorter wavelengths polarization is comple-
tely a result of dichroic extinction and the 90◦ flip in the origination of the polarization
vectors is completely explained by the applied GOLD alignment. Starting at λmin we
determined the wavelengths at which thermal remission contribute to the polarization
pattern. As shown in Fig. 5.25 in the outer left map at a wavelength of λ = 34.6 µm
the polarization vector starts to rotate at the outer edges. However, the polarization of
the outflow lobes and the disk remains unaffected. With increasing wavelength the rota-
tion of polarization vectors wanders towards the center and reaches the distinct border
of the outflows at λ = 40.5 µm. This trend continues up to λ = 80.9 µm where even
the polarization pattern of the disk is completely a result of dust re-emission. While the
degree of linear polarization Pl is still slightly decreasing towards longer wavelengths
the pattern in the polarization vectors remain almost fixed from λmin = 632 µm on.

5.3.2.2 Polarization pattern resulting from RAT and IDG alignment

ε

Figure 5.24: The same as in Fig. 5.23. The angel ε is defined to be between the predominant
direction of the radiation (blue lines) and the magnetic field lines (dark red).

For the parameter set provided by the MHD simulation both IDG and RAT alignment
theory predict globally a similar behavior with regard of the preferential axis of grain
alignment. In Fig. 5.24 an illustration of expected grain alignment is shown. It needs
to be emphasized that the Rayleigh reduction factors of IDG and RAT is locally not
necessarily comparable. The maps of linear polarization calculated with IDG and RAT
alignment theory are shown in Fig. 5.26 and Fig. 5.27, respectively.
The wavelength at which thermal re-emission starts to emerge in the polarization maps
is for both IDG and RAT alignment at a wavelength of λ = 40 µm. The effect of flip-
ping polarization vectors reaches the outflow lobes at λ = 49.5 µm for the IDG, at
λ = 53.1 µm for RATs, and thermal dust re-emission dominates the entire polarization
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outside the lobes at λ = 107 µm for IDG alignment and at λ = 86.7 µm for the case of
RAT alignment, respectively. Even in the inner disk region linear polarization is com-
pletely due to thermal remission at a wavelength λ = 551 µm for the IDG and for RAT
at λ = 420 µm.

5.3.2.3 Polarization calculations with combined grain alignment

In order to improve the predictive capability of this investigation, we consider also the
effects of combined dust grain alignment as it is presented in Sect. 5.3.2.3. The resulting
maps of linear polarization as a function of wavelength are shown in Fig. 5.28. The
general trend is similar to that of the single components. The first appearance of flipped
polarization vectors because of thermal re-emission starts at a wavelength of λ = 40 µm
and spreads towards the outflow lobes at λ = 65.6 µm. At λ = 141 µm the polarization
maps are completely due to light re-emitted by the dust grains and the polarization
vectors stop to change their orientation pattern at a wavelength of λ = 392 µm.

5.3.2.4 Comparison

The orientation angle χ of linear polarization (see Sect. 2.1.3) follows the expected be-
havior for the transition from extinction to dust re-emission independent of applied grain
alignment theory. With increasing wavelength this transition starts at the outer edges of
the model space and continues to spread towards the center regions.
Mechanical alignment can additionally flip the polarization angle. As shown in Fig. 5.25
the orientation of linear polarizations flips with decreasing distance to the plane of the
disk and the center (see also Fig. 5.23). Near the critical angle of α0 the dust grains are
minimally aligned and linear polarization is at its lowest value. This would provide an
opportunity to trace the angle between magnetic field and gas velocity by following the
lanes of minimal polarization if we just would considder mechanical alignment alone.
Combined alignment calculations, however, do not support that GOLD contributes to
the overall polarization process in its characteristic manner.
In the maps considering IDG and RAT alignment the orientation of the polarization vec-
tors can be expected to have a qualitatively similar pattern. The IDG alignment is highly
suppressed in high density and temperature regions (see Sect. 3.3.2.1) and would allow
no conclusion about the underlying magnetic field morphology near the disk region. For
the IDG alignment the degree does not significantly contribute to the net polarization
in the post-processed MDH data. Despite the consideration of ferromagnetic inclusions
in the dust material the maximal degree of linear polarization is of the order of a few
per cent. Since RAT alignment depends also on the alignment efficiency QΓ(ε) (see
Eq. 3.32) one could also expect to detect this characteristic in the resulting polarization
pattern similar to the results of Sect. 5.2.3.
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Figure 5.25: Resulting maps of the degree of linear polarization Pl (color coded) overlaid with
normalized orientation vectors considering GOLD alignment at four distinct wavelengths λ .
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Figure 5.26: The same as Fig. 5.25 considering IDG alignment.
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Figure 5.27: The same as Fig. 5.25 considering RAT alignment.
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Figure 5.28: The same as Fig. 5.25 considering a combination of all three alignment mecha-
nisms.
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However, in this MHD simulation such an angle-dependent effect could just occur out-
side the outflow lobes. Here, the low gas density, dust temperature, and the overall ra-
diation field are more dominant than the angle-dependency of QΓ(ε). Therefore, the
expected characteristic angle-dependency of RAT alignment cannot be seen. In the ef-
fort of combined aliment mechanisms dust grains are mostly aligned by RATs. Howe-
ver, by comparing Fig. 5.25 and Fig. 5.27 the pattern at longer wavelengths reveals that
GOLD alignment still contributes to the degree of linear polarization in a characteristic
manner other than a flip in the orientation angle. While in Fig. 5.27 at a wavelength of
λ = 420 µm the outer regions are highly polarized, the degree of polarization is reduced
by GOLD alignment in Fig. 5.28 from a wavelength of λ = 141 µm on. However, this
effect seems not to affect the orientation of the polarization vectors. The degree of circu-
lar polarization reaches maximal values in the order of± 10−3 − ± 10−2 (see Fig. 5.34)
in the MHD outflow environment much higher than that found in Sect. 5.2.1. This may
allow to measure circular polarization complementary to linear polarization in future
observation mission in order to constrain the 3D magnetic field morphology. However,
in contrast to Sect.5.2.1, the magnetic field is much more turbulent. Consequently, the
analysis and interpretation of actually observed circumstance polarization maps may be
more inconclusive even in combination with sophisticated MC RT modeling.

5.3.2.5 Impact of inclination angle

In this section we aim to investigate the dependence of linear polarization pattern as a
function of the inclination towards the observer. Interpretation of polarization measure-
ments are also limited by projection effects. For a line of sights parallel to the minor axis
of the grain the dust appears also to be spherical to the passing radiation independent
of grain alignment and linear polarization becomes completely suppressed (see Reissl
et al., 2014, for details).
Fig. 5.29 shows polarization maps for GOLD alignment for three different inclination
angles i starting at i = 0◦ (face-on of the disk) in steps of 30◦ for a fixed wavelength
of λ = 1.3 mm. As illustrated in Fig. 5.23 the dust grain above the outflow lobes are
preferentially aligned with their major axis to the direction of the magnetic field. It is
impossible to disentangle the contribution from the interior and the regions outside of
the lone and the toroidal-shaped field morphology remains hidden. The same for higher
inclination angles. Taking the flips in the vector of polarization into account the vector
orientation match exactly the projected hourglass-field of the surrounding medium .
In Fig. 5.30 we show the exact same configurations but for the IDG alignment. In this
scenario the dust grain above the outflow lobes are aligned with their minor axis parallel
to the magnetic field direction. Here, the direction of linear polarization is completely a
result of the interior of the outflow lobes and the disk component.
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Figure 5.29: Resulting maps of the degree of linear polarization Pl (color coded) overlaid with
normalized orientation vectors considering GOLD alignment at a wavelength of λ = 1.3 mm
and three inclination angles i.
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Figure 5.30: The same as Fig. 5.29 considering IDG alignment.
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Figure 5.31: The same as Fig. 5.29 considering RAT alignment.
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Figure 5.32: The same as Fig. 5.29 considering a combination of all three alignment mecha-
nisms.
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For an inclination angle of i = 0◦ the toroidal morphology of the magnetic field can un-
ambiguously be identified. With increasing inclination angle the contributions from the
outer magnetic field start to dominate the overall orientation of the linear polarization.
For an inclination of i = 30◦ (see middle panel of Fig. 5.30, Fig. 5.31, and Fig. 5.32) the
polarization pattern already resembles the projected hourglass morphology. The toroidal
component of the magnetic field, however, remains apparent close to the symmetry axis
and tips of the outflows.
In Fig. 5.31 we show the resulting linear polarization maps considering RAT alignment.
For an inclination angle of i = 0◦ the results are qualitatively the same as the ones for
IDG alignment. The magnetic field morphology of the inside of the outflow lobes and
the surrounding regions can clearly be identified. However, with increasing inclinati-
on angle the contributions of the surrounding hourglass shaped magnetic field becomes
even faster dominant than for IDG alignment. Here, just the tips of the outflow lobes
match the toroidal magnetic field component. Linear polarization rapidly builds up in
regions with magnetic field lines parallel to each other along the LOS since the direction
of preferential axis of extinction and thermal re-emission of the dust remains constant.
As a result of this projection effect the degree of linear polarization becomes enhanced
in the surface of the outflow lobes where a transition between hourglass shaped ma-
gnetic field morphology to a toroidal field occurs (see Fig. 5.31 middle panel and right
panel). The opposite effect occurs in regions with a high amount of crossing field lines
along the line of sight. This effect becomes apparent in Fig. 5.31 where two holes of
minimum of linear polarization (middle panel) and two extra lobes (right panel), re-
spectively, appear perpendicular to the symmetry axis of the outflow lobes. Here, these
extra holes are not a result of dust density or temperature distribution but a projection
effect and an indicator of the underlying field morphology (Reissl et al., 2014).
The same effect can be observed for the polarization maps with IDG alignment in Fig.
5.30 and in Fig. 5.32. Since, RAT alignment contributes the most to linear polarization
in polarization maps with combined grain alignment theories, the dependency on incli-
nation angle is quite similar. In contrast to pure RAT alignment the toroidal component
remains apparent at the tops and near the symmetry axis of the outflow lobes. Due to the
influence of mechanical alignment the lobes in the degree of linear polarization appear
to be more edgy (Fig. 5.32 right panel). However, the orientation of linear polarization
matches the projected magnetic field geometry. A flip in the orientation is not observable
independent of inclination angle.
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5.3.2.6 Line of sight analysis
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Figure 5.33: Physical quantities along the two exemplary line of sights LOS01 and LOS01. The
top row shows the normalized values of polarized intensity Ip (blue), dust number density nd
(green), and its first derivative dn(l)d/dl (dotted black). Note, that the polarized intensity Ip is
plotted as a cumulative value. The bottom row shows the orientation angles of linear polarization
θPl (blue), magnetic field θB direction (dotted black), and their difference ∆θ (green).

In contrast to observations, MC RT simulations allow to trace different rays through the
grid and subsequently to determine the actual origin of polarization. All the synthetic
polarization maps of Figs. 5.25 - 5.28 and Figs. 5.29 - 5.32 remain still ambiguous
regarding the actually traced magnetic field component. Hence, we implemented an
heuristic algorithm to analyze the polarization status of the light along the line of sight
l.



5.3. MHD OUTFLOW SIMULATION 111

-0.5

-0.83

-1.16

-1.49

-1.82

-2.15

-2.48

-2.81

-3.14

-3.47

-3.8

Flux log10([Jy/px])[μm]

-4
.8

1000 AU

4.
8

2.
4

0.
0

-2
.4

-4.8
1000 AU

4.82.40.0-2.4

LOS01
LOS02

0°

180°

270° 90°

3.6e-3

2.8e-3

1.9e-3

1.1e-3

2.7e-4

0.0

-1.4e-3

-2.2e-3

-3.1e-3

-3.9e-3

-4.7e-3

circular polarization Pc

-4
.8

1000 AU

4.
8

2.
4

0.
0

-2
.4

-4.8
1000 AU

4.82.40.0-2.4

Figure 5.34: Flux map (left panel) overlaid with vectors of linear polarization and map of cir-
cular polarization (right panel) of the post-processed MHD outflow simulation. The maps are
calculated for a wavelength of λ = 1.3 mm. Green regions in the flux map indicate a positive
detection of the toroidal magnetic field component by the line of sight analysis. The selected line
of sights (blue circles) correspond to the plot in Fig.5.33.

As a first step we have to distinguish between the areas inside and outside the outflow
lobe. This can be done by a simple analysis of the characteristic slope of the number
density along the line of sight. The criterion for the penetration of the outflow lobe is
when the first derivative of the dust number density is dnd(l)

dl > 10 for the first time.
A similar criterion determines the end of the outflow lobe with the last occurrence of
dnd(l)

dl <−10.
Since we want to exclude possible contribution from the conditions at the borders arising
because of numerical reasons we start the analysis at ±4.5 AU. With this simple but
effective heuristic we can distinguish between three regions along the line of sight, the
first outside region from l0 to l1, the inside region from l1 to l2, and the second outside
region from l2 to l3. Once, the borders of the three different areas are known, the origin
of linear polarization can be determined. The first criterion is the increase or decrease
in polarized intensity Ip(l) accumulated along the line of sight. Here it is sufficient to
compare just the values of Ip(l0), Ip(l1), Ip(l2), and Ip(l3), respectively, at the borders
of each area to determine the area with the largest increase.The second criterion is the
resulting polarization angle with respect to the magnetic field direction characteristic
for each area. Although the magnetic field direction in the outflow lobes is not well
ordered and it appears rather regular in projection and can therefore be assumed to be
perpendicular to the projected magnetic field direction in both outside regions.
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Finally, the origin of polarization is assigned to the interior of the outflow lobes when
first: The largest increase in polarized intensity is inside the outflow lobe, and second:
The orientation vector of linear polarization deviates from the projected toroidal field by
±23◦. The exact definition of polarization angle and projected magnetic field direction
is shown in Fig. 5.34 (left panel). Since the alignment of angular momentum ~J parallel
or anti-parallel results in the same orientation of the polarization vector, the angle of
linear polarization can switch by 180◦. However, this has no influence on the analysis.
Here it needs to be emphasized, that this heuristic is fine tuned to probe the outflow
lobes in this particular MHD simulation. The parameters of the heuristic are optimized
by proper testing to minimize the false positive results. Consequently, the areas in the
polarization maps where linear polarization originates from the inside of the outflow
lobes can be identified with a high precision. However, the number of positive detections
might actually be larger near the borders. The manual evaluation of 50 line of sights for
three different inclination angles shows that the accuracy of the correct detection of the
origin of linear polarization is larger than 90 %.
Fig. 5.33 shows the results of two exemplary lines of sight. In the first case (LOS01)
the polarized intensity Ip emerges in the first outer area and has its maximum at the
border of the outflow lobe and remains constant throughout the interior and reaches
its maximum at the border of the grid. The orientation angle θPl remains at a value of
roughly 90◦ with respect to the magnetic field orientation θB and gets slightly increased
near the border of the outflow lobe. In the interior the polarization angle remains almost
constant and trends back to 90◦ as the radiation propagates towards the border of the
model space. In this case the interior of the outflow lobe is of minor influence to linear
polarization with respect to degree and orientation and the line of sight LOS01 clearly
does not probe the toroidal component of the magnetic field morphology. In the second
case (LOS02), Ip remains marginal until the border of the outflow lobe. Here, the large
increase in polarized intensity coincides clearly with the number density nd. The amount
of Ip does slightly increase until the order of the model space. The orientation angle
θPl remains at around 90◦. However, in the center of the outflow lobe the value of θPl
jumps by 90◦ and matches now the toroidal field component. In this case the resulting
linear polarization allows to probe the interior of the magnetic field component (see also
Fig.5.22 left panel). Areas of positive detection of the line of sight analysis are green
colored in Fig.5.34 (left panel) and Fig.5.35.
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5.3.2.7 Grain size dependency
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Figure 5.35: Flux maps (color coded) at a wavelength of λ = 1.3 mm overlaid with vectors
of linear polarization considering a combination of all three alignment mechanisms (see Sect.
5.3.2.3) for an inclination angle of i = 0◦ (top row), i = 30◦ (middle row), and i = 60◦ (bottom
row) and with maximal dust grain radii of amax = 250 nm (left column), amax = 2 µm (middle
column), and amax = 200 µm (right column). The length of the vectors depends on the degree
of linear polarization. For the flux an upper cut off of Fmax = −0.5 [log10(Jy/px)] was applied
for better comparison. The contour lines show constant flux from 2Fmax (green) to 7Fmax (dark
blue) in steps of Fmax.

Dust grains in the ISM are very likely to have a size distribution from a ≈ 10 nm to
a ≈ 100 nm. However, all the data show clear evidence that grains in proto-planetary
disks and outflow differ significantly from grains in the diffuse ISM. Grain growth in
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the disk is expected to enrich the surrounding environment along the outflow lobes with
dust grain sized of up to 1 mm (e.g. Sahai et al., 2006). In this section, we will now
bring the effects of combined dust grain alignment mechanisms and inclination angle
together and review how grain size alters the pattern of linear polarization. The sizes of
dust grains cannot be expected to be evenly distributed in all regions since larger dust
grains are forged in the disk. However, we apply here a simpler dust model with con-
stant size parameter throughout the model space. As described in Sect.4.6, the optical
quantities of dust grain sizes up to an upper cut-off radius of amax = 2 mm where alrea-
dy pre-calculated. With this data we determined the influence of dust grain sizes in the
synthetic intensity and polarization maps by repeating the post-processing of the MHD
data for the calculation pipeline as described in Sect. 5.3.1 for two additional distinct
cut-off radii of amax = 250 nm and amax = 200 µm. Furthermore, we also performed the
line of sight analysis introduced in Sect. 5.3.2.6 to the results of both additional simula-
tions.
With exception of the disk regions the resulting dust temperature distribution differs
only by a few Kelvin between the simulations with different cut-off radii. The resulting
maps of flux overlaid with the vectors of linear polarization are shown in Fig. 5.35 for
three different inclination angles and maximal cut-off radii. The linear polarization was
calculated taking all three classes of grain alignment into account (see Sect. 5.3.2.3). For
the Flux we assumed a distance of 100 pc between the object of interests and the ob-
server. All maps were overlaid with green areas showing the results of the line of sight
analysis where the toroidal field component dominates the polarization. The maps in
Fig. 5.35 (left column) were calculated with the standard MRN model with an upper cut
off amax = 250 nm. In this model MC RT calculations showed that the maximum size
of RAT alignment (see Sect. 3.3.2.4) exceeded the upper cut of radius in a considerable
amount of cells (aalg ≥ amax). One could expect a lower degree of linear polarization,
however, due to the lack of larger dust grains the mode with amax = 250 nm is optical-
ly thinner compared to the other models with larger cut off radii. This results in less
extinction and consequently flux and polarization remains similar to the model with
amax = 2 µm shown in Fig. 5.35 (middle column). The model with amax = 200 µm is
shown in Fig 5.35 (right column). Dust grains of maximal size are quite rare in the dust
mixture because of the standard MRN power-law size distribution (see Sect. 4.6). Ho-
wever, the higher re-emission cross sections Cabs of larger dust grains compensate their
lower abundance (see Fig. 4.9 upper right panel). This results in a higher flux for the
model with amax = 200 µm compared to the other models by a factor of ≈ 2. Additio-
nally, with increasing cut-off radii the polarization along the line of sight becomes also
rapidly dominated by larger dust grains. However, in the range of wavelengths where
λ ≈ a the cross section of re-emitted polarization has the lowest values of ∆Cabs (see
Fig. 4.9 lower right panels) compared to smaller dust grain sizes. Consequently, the ma-
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ximal degree of linear polarization is reduced for the model with amax = 200 µm.
The overall pattern of linear polarization vectors seems to be independent of the cut-
off radius. The trend with increasing inclination angle is similar to that described in
Sect. 5.3.2.5. Here, lower inclination angles are also more suitable to distinguish the
hourglass magnetic field morphology in the outer regions from the toroidal field in the
outflow lobes.

5.3.2.8 Discussion

Observations of polarized thermal dust re-emission in star forming regions (Lai et al.,
2002; Cortes & Crutcher, 2006; Cortes et al., 2008) generally indicate a smooth ma-
gnetic field morphology. Considering the available spatial resolution, however, contri-
butions because of turbulence might be averaged out and the magnetic field morphology
appears on such scales more well ordered as it actually is. Indeed, observations of nearby
star forming regions (Rao et al., 1998; Cortes & Crutcher, 2006) reveal abrupt changes
in the orientation angles of the polarization vectors and show the contribution of tur-
bulence to the polarization along the line of sight on smaller scales. The possibility of
mechanical alignment is suggested in Rao et al. (1998) as an alternative explanation to
turbulence. This can not be supported by the results of Sect. 5.3.2.3. The MC RT simu-
lations show only a marginal contribution of GOLD alignment to the net polarization.
The same holds for IDG alignment. In this outflow environment, the grain alignment
by RAT theory is clearly the most dominant factor. This holds even though the applied
method of combining the dust grain alignment mechanisms allows just for qualitatively
statements. None of the applied grain alignment theories can account for the unordered
small scale structure of linear polarization vectors. Hence, it follows that the vectors of
linear polarization directly map the actual twists in the magnetic field morphology along
the line of sight. Here, it needs to be emphasized, that this just holds for this particular
post-processed MHD outflow simulation as described in Sect. 5.3. As the results of si-
milar simulations might reveal, mechanical alignment can indeed flip the orientation of
polarization in different circumstances.
Additionally, the resulting synthetic maps of intensity and polarization of the post-
processed MHD outflow simulation are limited by the assumed distribution of dust grain
sizes. In order to improve the accuracy of the modeling in this section, the dust grain
sizes should not be evenly distributed in the entire model space. As stated in Sect.5.3.2.7
larger dust grains are most likely to be more common near the disk region. This has con-
sequences to the results of the line of sight analysis. As it was demonstrated in Sect.5.3.2
and Sect.5.3.2.4, the dominant mechanism of grain alignment are RATs. With smaller
dust grains near the tips of the outflow lobes and the surrounding medium, the contribu-
tion to the net polarization in such areas would decrease. Consequently, the green areas



116
CHAPTER 5. SYNTHETIC POLARIZATION MAPS OF STAR-FORMING

REGIONS

in Fig.5.35 where the toroidal field component would definitely be detectable would
shrink at the tips of the outflow lobes.
Although the direction of polarization vectors remains unaltered by GOLD alignment, a
flip in the orientation angle can be observed for shorter wavelengths. By comparison of
the calculated maps of linear polarization in Figs. 5.25 - 5.28 at a wavelength of roughly
100 µm one can falsely conclude that the orientation of linear polarization would allow
to trace the toroidal field morphology in the outflow lobes. However, up to a wavelength
of λ ≈ 100 µm this is completely a result of the interplay of dichroic extinction and
thermal re-emission. The resulting pattern of linear polarization is completely domina-
ted by the magnetic field in the surrounding medium. By rotating polarization vectors
accordingly they would perfectly match the projected hourglass-shaped magnetic field
in the outer regions. This is consistent with the findings of the line of sight analysis.
The toroidal field component is just detectable close to the symmetry axis of disk and
the tips of the outflow lobes in the far-IR and the sub-mm. This finding has a larger
impact to observations such as the findings of Chapman et al. (2013). Here, they report
a strong correlation between the direction of the magnetic field lines in low-mass cores
and the bipolar outflows. However, as shown in this section, the origin of the polariza-
tion remains ambiguous at best and cannot be simply concluded by observations alone.
In order to claim a correlation it requires a MC RT modeling to ensure that the observed
wavelengths are actually suitable to probe the regions of interest in the first place.



Chapter 6

Conclusive remarks

6.1 Summary and Conclusions

In the present thesis, the polarization effects caused by partially aligned dust grains were
studied to evaluate their potential and accuracy as a technique to trace the magnetic field
morphology in the ISM and, subsequently, to improve our knowledge about the physi-
cal processes involved in the star-formation process. For this reason we simulated and
evaluated synthetic multi-wavelength maps of intensity as well as linear and circular po-
larization of several astrophysical systems associated with star formation. With the help
of this maps we constrained the parameters on multiple scales that would allow to infer
the underlying magnetic field morphology. The ambiguities inherent in this approach
are manifold.
First of all, the RT problem has to be solved in astrophysical environments where the
physical quantities span several orders of magnitude. This cannot be done by means of
an analytical approach. In chapter 2 we described the basic RT equations and introduced
the MC approach as a tool to solve the RT problem independent of complexity. Since,
we focused on the concepts particularly related to the MC simulation for heating and
scattering on spherical dust grains.
In chapter 3 we dealt with the major source of ambiguity, the dust component of the ISM
itself. Here, the parameters of the dust component, such as size distribution and compo-
sition of the dust grains are not well constrained. Additionally, the alignment efficiency
of dust grains cannot be well calculated by a single consistent theory. Furthermore, we
presented in this chapter the standard model of interstellar dust and the available theo-
ries of dust grain alignment considered in this thesis. Based on the standard model, we
created a dust grain database for non-spherical dust grains ranging over multiple orders
of dust grain sizes as well as wavelengths. This database allows for MC RT heating and
polarization calculations of partially aligned dust grains.
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A tool suitable to perform MC RT simulations considering the full range of polarization
effects of non-spherical dust grains was not available so far. In chapter 4 we merge the
standard concepts of MC RT simulations as they were presented in chapter 2 for sphe-
rical dust grains with the physics of non-spherical dust grains as well as the three major
classes of grain alignment theories of chapter 3. Here, we focus on the adjustments of
standard MC techniques and the mathematical approximations to perform MC RT simu-
lations in reasonable times scales. This efforts resulted in the POLARIS code capable
of simulating the physics of partially aligned dust grains in order to create synthetic in-
tensity and polarization maps. Finally, this made it possible to evaluate the potential of
multi-wavelength continuum polarization measurements on multiple scales to deduce
the morphology of magnetic fields in regions with ongoing star-formation.
In chapter 5 we perform MC RT simulations with analytical input models and post-
process data from sophisticated MHD simulations. However, in a first step we establish
the reliability of the POLARIS code to perform accurate dust heating and polarization
calculations in section 5.1 and investigate open questions related to MC RT simulations
with non-spherical dust grains. The results of creating polarization maps from analytical
models can be summarized as follows:

• The post-processing of data resulting from MHD simulations requires to conside-
rate both sources of dust heating, the heating because of compression and that of
radiative heating. Otherwise vital information of gas density structure or the new-
ly born stars emerging in the MHD simulation gets lost in the resulting synthetic
intensity maps.

• For the adjustment of the dust temperature as the first step of the post-processing
pipeline, the alignment of the dust grains is of minor relevance. Hence, it can be
neglected in dust heating simulations. Furthermore, the resulting 3D dust tempe-
rature distribution is also independent of chosen phase function. Consequently,
MC RT dust heating calculations can be performed most efficiently with the less
time consuming HG phase function and randomly aligned dust grains.

• The comparison of the POLARIS code with the well established MC RT code
MC3D shows that both codes produce similar results within limitations characte-
ristic of each code. However, this limitations are a result of different grid geome-
tries and optimization techniques.

Once the accuracy of the POLARAIS code was established, we started the investigation
of magnetic field morphology within a controlled environment density and magnetic
field morphologies modeled by analytical functions. Here, we conclude that:

• Under low inclination angles different field morphologies can appear similar in
the resulting synthetic maps of linear polarization.
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• Characteristic pattern of circular polarization emerge from distinct magnetic field
morphologies. This allows to distinguish between different field morphologies
even under low inclination. Hence, the complimentary measurement of circular
polarization can provide a source of additional information in future observations.

• The orientation vectors of linear polarization are also dependent on wavelength.
We probe different regions along the line of sight. Each area dominates the resul-
ting net polarization dependent on density and temperature as well as magnetic
field strength and grain alignment efficiencies. For this reason observations of
distinct wavelengths are insufficient to determine the underlying magnetic field
morphology. However, continuum dust polarization measurements on multiple
scales seem to allow to determine the morphology of the magnetic field in certain
astrophysical environments such as Bog globules.

• The potential of aligned dust grains to detect the magnetic field morphology in
circumstellar disks is more ambiguous. Theoretical models predict a detectible
degree of linear polarization should emerge from such an environment. Although
our MC RT modeling shows similar results to that of the theoretical predicti-
ons, observations of selected disks do not agree with this findings. This hints that
additional physical processes, such as dust settling, must additionally taken into
account.

• As MC RT simulations within an artificial cloud environment as input showed
synthetic polarization maps are highly dependent on the considered dust grain
alignment theory. Since a consistent theory of dust grain alignment is still mis-
sing this adds an additional source of ambiguity in the modeling of synthetic
polarization maps because each theory alters the polarization pattern in a unique
way.

Finally in chapter 5.3.1 we created synthetic polarization maps with data from sophisti-
cated MHD outflow simulations as input data for the POLARIS code. With this approach
we overcome the artificial nature of the analytical models. The main focus here was to
constrain the parameters necessary to probe the magnetic field morphology in the inte-
rior of the outflow lobes. The results of this approach can be summarized as follows:

• An additional source of ambiguity is inherent in the polarization of aligned dust
grains itself. The competing mechanism of dichroic extinction and thermal re-
emission. With increasingly longer wavelengths, the transition between the re-
gimes of wavelengths dominated by dichroic extinction and thermal re-emission
manifests itself in a flip of the orientation angles of 90◦ in linear polarization.
Additionally, areas where these transition takes place are depolarized and the ma-
gnetic field morphology is no longer accessible by observations.
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• The alignment of dust grains does not result in polarization when the line of sight
is parallel to the magnetic field direction. This effect is independent of considered
dust grain alignment theory and wavelength. However, this fact is of advantage in
this particular case of the post-processed molecular outflows MHD simulation be-
cause it allowed to probe the interior of the outflow lobes under certain inclination
angles.

• Artificial polarization maps have been calculated considering different grain ali-
gnment theories. This maps revealed that polarization in this particular outflow
environment is clearly dominated by RAT alignment theory. Possible flips in the
orientation of polarization vectors as predicted by observation as a result of GOLD
alignment do not appear. However, this holds just true for the investigated MHD
simulation and might not hold in general.

• The observability of the interior of the outflow lobes depends also on the maximal
size of the dust grain composition. A dust grain composition with larger dust
grains lead to higher intensity but lower polarization and vise versa for a smaller
maximal dust grain size.

• Under an observational point of view the best conditions to probe the interior of
the outflow lobes is under an inclination angle of 0◦ - 60◦ for a wavelength regime
starting in the FIR (≈ 600µm) to the sub-mm. Ideally the system posses a MRN
dust grain size distribution with an upper cut-off in the order of ≈ 1µm.

6.2 Outlook
In this thesis the utility and the parameters of dust grains partially aligned with the
magnetic field direction have been constrained to determine the magnetic field morpho-
logy in many astrophysical systems in the ISM. However, the potential of this kind of
approach especially in combination with further numerical techniques is far from being
exhausted.
Size distribution, shapes, and composition of the dust grains are not well constrained.
Furthermore, the dust grains are far more complex structured than it could have been
considered in the dust grain model applied in this thesis. This grain model needs fur-
ther improvement in order to increase the accuracy of the MC RT simulations. A more
sophisticated model would include layered dust grains with ice mantles (Greenberg,
1978) and a porous structure (e.g. Zubko et al., 1998). Such multi-layered structures
could be modeled by the DDSCAT code (Draine & Flatau, 2013; Kirchschlager & Wolf,
2014) and should be considered in upcoming studies in order to take care of the actual
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fractal nature of the dust grain shapes. This requires also a treatment of dust grain ali-
gnment away from the analytical solutions applied in this thesis towards parametrized
approaches as they where presented e.g. in Lazarian & Hoang (2007), Hoang & Lazari-
an (2007), and Hoang et al. (2014) for RAT, GOLD, and IDG alignment, respectively.
Such a parametrization would also allow to include pinwheel torques (see Sect. 3.4) as
proposed by Hoang et al. (2015) to complete the picture of dust grain alignment theories
in our MC RT simulations. The ratio of atomic to molecular hydrogen required by pin-
wheel torques can easily delivered by state of the art multi-gas-phase MHD simulations
(e.g. Walch et al., 2015).
As it was demonstrated in this thesis , the tracing of the magnetic field morphology with
aligned dust grains has its limitations and ambiguities (see chapter 5). In order to over-
come these limitations, the numerical methods applied in this thesis can be combined
with additional emission, absorption, and polarization effects in MC RT simulations.
The Zeeman effect provides such an opportunity to study the magnetic field e.g. of stars
(Rosén et al., 2015; Lehmann et al., 2015) by light polarization. Additional information
to constrain the physical parameters of the ISM can be achieved by including the cha-
racteristic line emission and absorption of molecules in the ISM. The consideration of
both effects in MC RT simulations can complete our efforts to increase the accuracy to
model and interpret available observational data. The proof of concept that the Zeeman
effect can be calculated by RT simulations was presented in Larsson et al. (2014) and
the line radiative transfer is already a common feature in RT MC codes (e.g. Ober et al.,
2015).
With the advent of next generation observational equipment such as the Submillime-
ter Array (SMA) polarimeter (Marrone & Rao, 2008), the Atacama Large Millime-
ter Array (ALMA) (Brown et al., 2004), and the high-resolution Airborne Wideband
Camera-plus instrument of the airborne Stratospheric Observatory For Infrared Astro-
nomy (HAWC+/SOFIA) (Dowell et al., 2013), observations by means of dust polariza-
tion measurement can resolve even small-scale structures in the order of ≈ 0.1 arcsec.
This would allow to compare actual observational data with the high-resolution continu-
um synthetic polarization maps presented in this thesis. Finally, the synthetic intensity
and polarization maps require a further post-processing to mimic the influence of ob-
servational equipment. In the simplest case this means binning the synthetic data to the
instrumental resolution followed by proper convolution of the data by the characteristic
point spread function. For some equipment such as ALMA, a software package develo-
ped for this purpose is already publicly available (see e.g. Petry & CASA Development
Team, 2012, for details). This would be the final step to bridge the gap between syn-
thetic data and actual observations. Hence, in future we can extract further information
from observational data by modeling of synthetic polarization maps and, subsequently,
this will reveal new phenomena related to the star formation process itself.
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