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Zusammenfassung

Von der Entstehung bis zu ihrem Ende als Supernovae bilden heifle, massereiche Sterne einen Grund-
pfeiler unseres Verstidndnisses iliber das Universum als Ganzes. Aufgrund der hohen Leuchtkrifte
spielen dabei verschiedene ‘feedback’-Mechanismen (z. B. in Form von kinetischer Energie und ioni-
sierender Strahlung) eine zentrale Rolle, welche die Entwicklung ganzer Galaxien sowohl im heutigen
als auch im friihen Universum beeinflussen.

Zur Quantifizierung dieser ‘feedback’-Mechanismen miissen heille, massereiche Sterne wihrend
all ihrer Entwicklungsstufen moglichst genau beschrieben werden, wobei unser heutiges Verstindnis
auf detaillierten Analysen von beobachteten und numerisch modellierten Sternspektren basiert. Unter
der Annahme von sphérischer Symmetrie beriicksichtigen moderne Spektralanalyse-Codes Abwei-
chungen vom lokalen thermischen Gleichgewicht (NLTE), um die Interaktion des Strahlungsfelds mit
den Besetzungszahlen einer Vielzahl von Elementen zu bestimmen. Allerdings gibt es viele Eftekte,
die zu raumlichen Asymmetrien fiihren, und dementsprechend mit mehrdimensionalen Analysewerk-
zeugen behandelt werden sollten.

In vorliegender Arbeit werden zu diesem Zweck numerische Methoden entwickelt, die einen
ersten Schritt in Richtung selbst-konsistenter 3D NLTE Modelle darstellen. Wir stellen einen neu
entwickelten 3D Strahlungstransport-Code vor, welcher in den Winden heifler, massereicher Ster-
ne sowohl Resonanzlinien-Uberginge als auch ein vereinfachtes Kontinuum behandelt. Um das
Strahlungsfeld zu berechnen, implementieren wir mit der Finite-Volumen-Methode (FVM) und der
‘Short-Characteristics (SC) Methode’ einen differentiellen und einen integralen Ansatz, wobei wir
fiir beide Losungsschemata ein unregelméBiges kartesisches Gitter verwenden. Streuprozesse wer-
den vermittels der ‘beschleunigten A-Iteration’ eingebunden. Um ein stabiles Konvergenzverhalten
zu gewihrleisten, entwickeln wir entsprechende nicht-lokale Operatoren.

Ein zweites zentrales Ziel dieser Dissertation ist die Untersuchung beider Methoden hinsicht-
lich ihrer Genauigkeit. Beziiglich sphérisch symmetrischer Test-Atmosphéren erhielten wir zumeist
sehr iiberzeugende Ergebnisse. Im Gegensatz zur SC-Methode scheitert die FVM allerdings an der
Berechnung von Kontinua hoher optischer Tiefe. Bei der Berechnung von Resonanzlinien liefern da-
gegen beide Losungsmethoden eine hohe Genauigkeit fiir alle betrachteten Test-Modelle, wobei die
SC Methode in der Regel zu etwas besseren Ergebnissen fiihrt.

Im dritten Teil dieser Arbeit wenden wir die 3D Strahlungstransport-Methoden auf verschiedene
Problemstellungen in nicht-sphirischen Windschichtungen an, um einerseits das Leistungsvermogen
unseres Codes unter realistischen Bedingungen zu iiberpriifen, und andererseits aktuellen Fragestel-
lungen nachzugehen. Als erste Anwendung des 3D Kontinuum-Strahlungstransports betrachteten wir



das sogenannte ‘Wind-Ablations-Modell’, welches nach heutigem Stand der Forschung die Interakti-
on einer Akkretionsscheibe mit einem strahlungsdruck-getriebenen Sternwind beschreibt. Unter Ver-
wendung unseres 3D Codes konnten wir zeigen, dass die Linienstirkenverteilung (welche zur Berech-
nung der Linien-Strahlungsbeschleunigung benotigt wird und selbst vom Strahlungsfeld abhéngt) zu-
mindest in den oberen Scheibenschichten, also dort wo Wind-Ablation eine zentrale Rolle spielt, von
1D Modellen adaptiert werden kann. Dies war eine bis dato unbestitigte Grundannahme innerhalb
gegenwirtiger hydrodynamischer Simulationen.

Desweiteren analysierten wir die Auswirkungen von schneller Rotation und von dynamischen
Magnetosphédren auf die Spektraldiagnostik von UV Resonanzlinien. So zeigten wir, dass die
Linienprofile von schnell rotierenden Sternwinden aufgrund der spezifischen Windstruktur und der
Gravitationsverdunkelung stark von der Rotationsrate und der Inklination abhingen. Zur Unter-
suchung von dynamischen Magnetosphiren beschrieben wir die Windschichtung einerseits durch
magneto-hydrodynamische Simulationen und andererseits durch eine oftmals verwendete, vereinfach-
te Beschreibung von magnetischen Winden, dem sogenannten ‘analytic dynamical magnetosphere’-
Modell. Durch den Vergleich der daraus resultierenden Linienprofile zeigten wir, dass manche An-
nahmen innerhalb der vereinfachten Beschreibung {iberarbeitet werden miissen.

Zusammenfassend schliefen wir, dass unsere 3D Strahlungstransport-Methoden fiir eine Viel-
zahl von asymmetrischen (nicht-relativistischen) Sternwinden verwendet werden kann. Wihrend die
FVM qualitative Untersuchungen von UV Resonanzlinien zulidsst, sollte die SC-Methode angewendet
werden, um quantitative Analysen durchzufiihren. Desweiteren ist die FVM lediglich zur Berechnung
von optisch diinnen oder geringfiigig optisch dichten Kontinua geeignet, wohingegen die SC-Methode
auch bei hohen optischen Tiefen realistische Ergebnisse liefert.



Abstract

Hot, massive stars form a keystone for understanding our Universe as a whole. During their lifetime,
and also when they finally explode as a supernova, such objects shape their surroundings by feedback
of kinetic energy, ionizing radiation, and nuclear processed material. Thus, hot, massive stars are
frequently considered as ‘cosmic engines’ (see Bresolin et alJ M), influencing the evolution of
galaxies within the present and the early Universe.

To quantify such feedback effects, hot, massive stars need to be correctly described during all
their evolutionary phases. Current knowledge is usually inferred by modelling their atmospheres
(photosphere + wind), and by comparing the resulting synthetic spectra with observations. State-
of-the-art spectrum-synthesis codes typically determine the radiation field and level populations in
parallel, by assuming 1D spherical symmetry, and accounting for non-equilibrium (NLTE) conditions.
Specific effects such as magnetic fields, however, can lead to deviations from spherical symmetry,
rendering the results from 1D codes questionable.

The major objective of this thesis work is therefore defined by the development of 3D radiative
transfer tools, which shall serve as a first step towards a full 3D NLTE modelling. We present a newly
developed 3D code, considering the UV resonance-line formation and a simplified description of the
continuum in the winds of hot, massive stars. To calculate the radiation field, we implement two
independent methods, a finite-volume method (FVM) and a short-characteristics (SC) method, and
discretize the equation of radiative transfer on a non-uniform Cartesian grid. For scattering-dominated
problems, both solution schemes are augmented by an ‘accelerated A-iteration’ scheme, using newly
developed non-local operators to ensure convergence.

Besides the development of the code, particular emphasis has been put on extensive tests of our
radiative transfer modules, focussing on certain advantages and disadvantages of the developed tools.
For spherically symmetric test models, we mostly found reasonable results. When calculating opti-
cally thick continua, however, the FVM breaks down, contrasted to the more elaborate SC method.
The UV resonance-line formation, on the other hand, performs excellently for all applied methods
and models, with slight advantages for the SC method when compared with the FVM.

Convinced about the performance of our 3D solution schemes, we applied the code to non-
spherical wind models, in order to test the capabilities of the developed tools under realistic conditions,
and to tackle specific questions related to current research. As a first application of our continuum
solver, we considered the ‘wind-ablation” model (describing the interaction of an accretion disc with
a radiation-driven stellar wind). For such models, we validated an important assumption of cur-
rent radiation-hydrodynamic simulations, namely that the so-called line-strength distribution function



(which is required for calculating the radiative line acceleration, and which depends on the radiation
field) can indeed be adapted from 1D calculations, at least in the outer disc layers where wind ablation
plays a primary role.

Further, we analysed the UV resonance-line formation both in fast rotating winds and in dynami-
cal magnetospheres of hot, massive stars. For rapidly rotating wind models, the predicted line-profile
shapes depend on the considered rotation rate, and on inclination. Their distinct behaviour is re-
lated to the description of gravity darkening, and the specific wind structure. When investigating the
line formation in dynamical magnetospheres, we considered the wind structure as determined from
magneto-hydrodynamic simulations, or calculated from a simplified — though frequently applied —
description via the so-called ‘analytic dynamical magnetosphere’ (ADM) framework. By comparing
the resulting line profiles obtained from our 3D code, we showed that the ADM needs to be partly
revised, to enable a proper description of all relevant processes.

In summary, our 3D radiative transfer methods can be readily applied to (arbitrary, non-relativistic)
winds of hot, massive stars that deviate from spherical symmetry. While the FVM allows us to qual-
itatively investigate the UV resonance-line formation, the SC method should be used for quantitative
studies. Moreover, the FVM should be only applied to optically thin or marginally optically thick
continua, whereas the SC method gives reliable results also for large optical depths.



Preamble

This thesis is about the numerical solution of 3D radiative-transfer problems in the winds of hot,
massive stars, with particular emphasis on the development and extensive testing of a code using
two independent solution schemes, the finite-volume method and the short-characteristics method.
The discussion and first applications of each method have already been published in peer-reviewed
journals:

e Hennicker L., Puls J., Kee N. D., Sundqvist J. O., 2018: “3D radiative transfer: Continuum
and line scattering in non-spherical winds from OB stars” (A&A, 616, A140);

e Hennicker L., Puls J., Kee N. D., Sundqvist J. O., 2019: “A 3D short-characteristics method
for continuum and line scattering problems in the winds of hot stars” (accepted for publication
in A&A);

Since a re-formulation of the (already published) text would — in most cases — blur the major argumen-
tation, parts of this thesis have been adopted from these two papers. Sections and subsections have
been rearranged in order to enable a clear structure within this thesis, and to avoid overlaps. Further,
we have re-formulated some paragraphs to enable a correct referencing, and to provide additional
explanations.

To ensure an appropriate citation convention, we apply the following rules:

(i) If a complete chapter within this thesis is based, to a major part, on |H_enm.cker_e_t_al.| (IZng)
and/or|H.enni.cJ&eI_e_t_alJ (IZQ]_d), we explicitly point this out at the beginning of the chapter.

(i1) If a section or subsection within this thesis is based, to a major part, on [Hennicker et alJ (ZQIé)
and/or |[Hennicker et al.| M), we explicitly cite the corresponding publication with a footnote
attached to the section title.

(1) If onlir individual sentences have been copied from [Hennicker et al.| (201 é) or [Hennicker et alJ

), we mark these sentences by ©...T or ¥.. ¥, respectively.






Chapter 1

Introduction

1.1 Hot, massive stars in the context of modern astrophysics

The understanding of hot, massive stars is a basic prerequisite for interpreting fundamental properties
of our Universe throughout its history. Already the first generation of hot, massive stars (Pop III
stars) is thought to have contributed significantly to the reionizatio of the Universe due to their
strong, ionizing radiation field. The details, however, strongly depend on the initial mass function
(IMF, i.e., the initial mass distribution for a stellar population), and are only poorly understood due to
the lack of observations. Particularly the upper-mass limit and the slope of the IMF play a key role
for constraining the reionization from stellar feedback quantitatively, since the luminosity typically
depends over-proportionally on the stellar mass (L. «« MY, « € [1,3], e.g., Iﬁé, with L,
and M. the stellar luminosity and mass, respectively). Additionally, Pop III stars are thought to be
responsible for the first metaé enrichment of the early Universe, thus affecting the star formation rates
of later stellar populations by shaping the cooling properties of star-forming regions. For a detailed
understanding of the reionization and the first metal enrichment, a sound theoretical description of
Pop III stars is required, together with observations.

But also in later epochs, hot, massive stars are of central importance, particularly regarding star-
formation rates (again), and the chemical evolution of galaxies. On the one hand side, the strong
radiation field of hot, massive stars can heat nearby star-forming regions, possibly preventing the
collapse of molecular clouds from which stars are typically formed. On the other hand, the ionizing
radiation and the resulting dynamical effects can also amplify over-densities within the interstellar
medium (ISM), thus inducing star formation (Gritschneder et al.| M). In this respect, both the
deaths of hot, massive stars and their (supersonic) stellar winds are even more important. Since such

objects typically end their lives as core-collapse supernovae (CC-SN), the associated shock fronts

! [White et all (ll(ll}j) detected a complete Gunn-Peterson trough (i.e., a vanishing flux at wavelengths below the red-shifted
Lyman-« line) for a quasar at redshift z = 6.28, whereas no such trough could be observed for quasars at z < 6. These
findings suggest that the Universe entered the reionization epoch at red-shifts z ~ 6. We note, that (at least) the reionization
of hydrogen cannot be explained by the number of ionizing photons emitted from quasars alone MM) A
quantitative assessment in the early Universe, however, is difficult since the radiative feedback of both (massive) stars and
quasars can only be estimated to date.

2 The term ‘metals’ refers to all elements heavier than Helium, as commonly defined in astronomy.
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possibly trigger star formation, resulting in a new generation of (massive) stars. Since the competition
between heating and triggering is not completely clarified to date, particularly this topic is subject of
current research. Additionally, the ISM becomes enriched with metals by supernovae explosions, thus
affecting the chemical evolution of the host galaxy. Consequently, the cooling rates within following
star-formation epochs become modified, again impacting the IMF of following stellar generations.

To enable quantitative predictions about the effects described above, a detailed understanding of
hot, massive stars is required. In this respect, particularly the theory of star formation (determining
the IMF) and stellar evolution (affecting the end products) are of key importance in both the early and
the present Universe.

Star formation

In general, stars are formed by the collapse of molecular clouds, when gravitational forces overwhelm
all counteracting forces (e.g., centrifugal forces, pressure gradients from thermal and turbulent mo-
tions, and, in later phases, possibly from radiation pressure). Since gravitational energy is transformed
to heat during collapse, efficient cooling channels are required to keep the gas pressure on a reason-
able scale. In the present Universe, cooling is typically realized by collisional excitation and radiative
de-excitation of metals and molecules, as well as by dust radiation (e.g., |B41d.e11h@.1m.e.1”20.].]]) In the
early Universe, however, neither metals nor dust were abundant. From a theoretical point of view,

cooling in the early epochs has possibly been realized via the dissociation of molecular hydrogen and
by atomic/molecular line cooling of hydrogen (see again Bngnhcimeﬂ 2011)). Since the ability of
forming a star crucially depends on the cooling rate, the existence of massive stars in the early Uni-

verse is still under debate. Besides efficient cooling mechanisms, also external heating of molecular
clouds, for instance by nearby hot stars, cosmic rays, or, in the early Universe, by the cosmic mi-
crowave background, plays a key role as well, and possibly halts or even prevents the collapse of a
molecular cloud. The star-formation rate is thus constrained by the delicate interplay of various heat-
ing and cooling processes, and obviously depends on the occurrence and mass distribution of massive
stars in the vicinity of star-forming regions.

When both heating and cooling allow for a collapse, a protostar develops which typically accretes
mass further through a disc, and eventually starts nuclear fusion of hydrogen to helium within the core.
An important difference between the formation of hot, massive stars, and cooler, less massive ones, is
the timescale for accretion. While cool stars typically accrete the complete gas/dust reservoir before
the collapse of the protostar onto the main sequence (MS) has finished, massive stars typically still
accrete mass during their early MS evolution (e.g., Bgdgnhgimcﬂ M). Thus, massive stars are born
within a cocoon of dust, and are therefore difficult to be observed directly during such evolutionary

phases. A sound theoretical description is required, which — at least in the late formation phases
— needs to account for the coupling of the hydrodynamic equations with radiation pressure terms,
Kuiper et alJ |201i Kuiper &
Hosokawa M). Since numerical modelling the complete problem is computationally challenging,

and the resulting competition between outflow and accretion rate (e.g.,

these studies rely on certain simplifications, which need to be checked, and possibly relaxed in future

3 The main sequence describes stars during core hydrogen burning. The begin and end of hydrogen burning in the core is
entitled with zero-age main sequence (ZAMS) and terminal-age main sequence (TAMS), respectively.
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studies.

The complete picture becomes complicated further, when additionally accounting for fragmenta-
tion. While the IMF needs to be constrained from the fragmentation on large scales (i.e., from the
collapse of giant molecular clouds), the formation of multi-star systems and the occurrence of plan-
etary systems needs to be explained on small scales. Thus, fragmentation is also an urgent topic of
current research.

Finally, the question for the upper-mass limit of massive stars has not been answered to date.
While in the present Universe, an upper-mass limit can be qualitatively defined by the strong radiation
pressure originating from scattering and absorption at metal-lines, the maximum possible stellar mass
in the early Universe (and in low-metallicity environments) is probably much larger, if there existed a

strict upper limit at all (e.g.,

Stellar evolution

Besides a detailed understanding of star-formation processes, also the evolution and late phases of hot,
massive stars are of key interest in current research. Particularly the chemical and dynamical evolution
of galaxies can be severely affected by stellar evolution, and even more by the deaths of hot, massive
stars. Unlike cold stars, such stars develop a strong stellar wind (see below) with mass-loss rates up
to M ~107%-..107*Myyr~!, and terminal velocities of ve ~ 200---3000kms~". Thus, already during
their lifetime (~ 107 yr), hot, massive stars can loose the major part of their initial mass, enriching the
ISM with metals that have been produced in their cores by nuclear fusion processes. Additionally,
the mass-loss significantly reduces the rotational rates due to the transport of angular momentum,
thus affecting internal mixing processes, and possibly the wind-outflow due to decreased centrifugal
forces. Although the MS evolution is relatively well understood (at least for spherically symmetric
objects), there are still a lot of problems that need to be solved. Particularly, effects resulting from
rotation, convection, mixing, core-overshoots, and magnetic fields can significantly impact current
stellar evolution models, and need to be investigated.

Evenly (or even more) important is a sound quantitative description of the mass loss, which defines
the mass of a star during its MS and post-MS evolution, and consequently the final fate of a considered
star (see below), thus affecting the metal enrichment of the ISM. From a theoretical point of view, there
exist various difficulties of mass-loss prescriptions already during the MS evolution, which are mainly
related to clumping, (fast) rotation, magnetic fields, and pulsations. After core-hydrogen burning,
eruptive explosions (with mass-loss rates of several solar masses per decade, as observed for the
luminous blue variable n Car, e.g., Smith & nggkﬂ M) complicate the complete picture even
further. In these late evolutionary stages, large parts of the stellar envelope can be expelled into the

ISM. To date, the nature of such violent eruptions is still under debate. One possibility is, that those

are triggered by continuum driven outbursts (Smith & Owocki M) when a star approaches the
Eddington limié

4 From an observational perspective, the largest stellar mass measured to date has been found in the star-forming region
R136 of the Tarantula Nebula in the Large Magellanic Cloud, with M. < 170 M corresponding to an initial mass M, <

195 M (Rubio-Diez et allo1 Z|).

5 At the Eddington limit, gravity is exactly balanced by radiation pressure from Thomson scattering (i.e., coherent electron
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After core-hydrogen burning, heavier elements are successively produced, until the core consists
only of irmﬁ, while nuclear fusion of Si, O, Ne, C, He, and H is still maintained in onion-like shell
structures. Mixing processes, however, might play a significant role. For instance, rotationally in-
duced mixing in (fast) rotating stars could prevent the formation of shell-structures, motivating a
(chemically) homogeneous evolution. Within standard-evolutionary models, hot, massive stars evolve
on the post-MS to red supergiants (RSG), blue supergiants (BSG), luminous blue variables (LBV),
Wolf-Rayet (WR) stars, or to a sequence of some of these types.

In the early Universe, the evolution of massive stars is thought to be somewhat different due to the
lack of metals and an inefficient radiative driving of a (steady) stellar wind (see below). Consequently,
such stars presumably are fast rotators, since no angular momentum is lost with the stellar wind. We
note, however, that when the star expands to the supergiant phase, conservation of angular momentum
certainly forces the star to spin down. Additionally, the ZAMS and TAMS masses presumably coin-
cide, such that those stars are thought to be more massive than their counterparts in the local Universe.
The above mentioned continuum driven outbursts, however, might play a significant role also for Pop
III stars. Due to the lack of observations, one can only theoretically speculate about such objects.
With future observations by the James Webb Space Telescope (JWST), direct observations of Pop III
stars might become possible.

The fate of hot, massive stars

When the nuclear fuel in the stellar core is exhausted, the star collapses due to gravity, and with the
only (significantly) counteracting force originating from electron degeneracy pressure. At sufficiently
high temperatures and densities, as found in the cores of collapsing massive stars, electrons are cap-
tured by protons (within the heavy nuclei), forming neutrons and neutrinos. Thus, while neutrons
are accumulated, the electron degeneracy pressure becomes diminished, enabling a further collapse
of the stellar core, until the pressure exerted by the neutrons (primarily originating from the repulsive

component of the short-range nuclear force, see, e.g., MM) potentially stops further
collapse. At high stellar masses, the neutron pressure cannot overcome gravity, and the star collapses
directly into a black hole.

During electron capture, a large amount of energy is released by the emission of neutrinos, which
can interact with the (dense) infalling stellar envelope (although the cross section and thus the inter-
action probability is small). Due to the transfer of momentum, and due to reverse shocks originating
from the infalling material crashing onto the neutron core, the outer layers can be expelled in a su-
pernova explosion leaving behind a neutron star. If the (kinetic and potential) energy of the infalling
layers overwhelms the transferred energy from the neutrinos, a black hole is produced by fallback.
The transition between neutron star and black-hole formation depends sensitively on the mass of the
star during collapse, and thus on the initial mass and on the various mass-loss mechanisms (see Heger
et al. |2QQ.°2]).

We emphasize that, at least in theory, very massive stars could end their lives also as so-called

scattering).
6 Since the binding energy per nucleon is largest for iron group elements, energy can only be produced by nuclear fusion
of lighter elements, or by nuclear fission of heavier ones.
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‘pair-instability supernovae’ (e.g., MM) In such objects, electron-positron pairs are cre-
ated after core-carbon burning by pair production and the destruction of high-energy photons. The
radiation pressure becomes diminished and the stellar core is heated by contraction. With the sudden
begin of nuclear fusion, the star can be completely disrupted. When assuming negligible mass loss of
Pop III stars, pair-instability SN could have played a key role in the early Universe. To date, however,
only few observed SN have been proposed to originate from the pair-instability scenario (e.g., Gal-

Yam et al. M), indicating that Pop III stars possibly suffer from severe mass-loss mechanisms,
which still need to be investigated in detail.

Therefore, the chemical enrichment of the ISM crucially depends on the end product of massive
stars, with pair-instability SN ejecting the complete initial mass, whereas BH progenitors barely con-
tribute at all. Additionally, one could aim at measuring the primordial IMF by counting different SN
types and black holes in the early Universe (the latter possibly enabled by lensing techniques). To in-
fer the IMF from such observables, a detailed understanding of the evolution of the progenitor objects
is required.

Further complications

Thus far, we essentially neglected additional effects such as magnetic fields or (fast) rotation. Due to
the transport of angular momentum with the stellar wind, the latter assumption seems to be reasonable
for the later evolutionary phases of hot, massive stars in the present Universe. In the early Universe,
however, rotation probably played a key role. For instance, the most energetic flashes in the Universe,
the so-called ‘long-duration Gamma-ray bursts’ are thought to form by the collapse of rapidly rotating

WR stars, and an associated accretion disc around a black hole (e.g., |MLQSJ.€¥| ,
). To date, the theoretical description is still far from being complete.

#With the advent of gravitational wave (GW) observations (e.g., the black hole merger GW 150914
with masses M = 36 My, M> =~ 29 M, and redshift z =~ 0.1, observed at the advanced Laser Interfero-
metric Gravitational-Wave Observatory (aLIGO), Lgm_euﬂ |2Qld), the formation of heavy stellar-
mass black holes became of key interest also in the (quasi) local Universe. Since massive stars are

frequently found to be members of multiple star systems (see, e.g., |Mas_Qn_e_LaL| |20_Qd, [S_ana_e_LalJ

), they might explain the occurrence of GW events in the correct mass range. At least the forma-

tion of heavy black holes from single-star evolution, however, requires comparatively moderate mass
loss rates (e.g., in low metalicity environments, or mass-loss quenching by magnetic fields,
2017, [Keszthelyi et all2017).}

Another issue of stellar evolution is the occurrence of (close) binaries, suffering from Roche-lobe
overflow, common-envelope phases, and possibly even merging (e.g., lde Mink et al.| M). Particu-
larly internal mixing and the rotation rates of the individual stars in a multi-star system can be severely
affected.

To push the understanding of the present and early Universe further, a detailed understanding of
hot, massive stars is required, particularly regarding the interplay of star formation, stellar evolution
and feedback effects after stellar death. To date, there are still many open questions (as described
above), that need to be answered. The general strategy to understand the complete picture consists of:

(i) Developing a sound theoretical description of stellar populations, with particular emphasis on
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star formation, stellar evolution, and on the effects of mass-loss and the final fate of hot, massive
stars. Due to the complexity of all these problems, a numerical approach needs to be applied,
in order to evaluate the coupling of hydrodynamics with the radiation field, and possibly with
small- and large-scale magnetic fields.

(i) Developing numerical tools to translate the theoretical description into observable quantities
(e.g., the spectra of single stars and multiple stellar systems, or composite spectra of whole
galaxies). ¥For hot, massive stars, current knowledge is thus inferred from quantitative spec-
troscopy, i.e., by comparing observed spectra with synthetic ones, the latter obtained from nu-
merically modelling their stellar atmospheres (photosphere + wind). State of the art atmo-
spheric modelling is still performed by assuming spherical symmetry (e.g., CMFGEN: Hillier

& Mluerllm PHOENIX: [Hauschildt 1992: PoWR: (Grifener ct al Umj WM-gasic: Paul-
drach et al. 2001; FASTWIND: [P ii;;iél]and Rivero Gonzdlez et all[2012) #

(iii) Observing hot, massive stars at each evolutionary stage in the present and early Universe, to

rate the theoretical predictions.

For both points (i) and (ii), an adequate description of the radiative transfer is required. Since many
problems deviate from spherical or other symmetries, results from 1D codes are questionable for such
objects. In this thesis, we therefore aim at developing radiative transfer tools in 3D, which can be
used for both consistent hydrodynamical modelling (in the distant future), and for spectral synthesis
models (with certain simplifications, see Sect. already now). Additionally, we consider only a
small piece of the complete picture, by focussing on stellar winds during the MS evolution of hot,
massive stars. Since a major uncertainty in the determination of the final mass of a star is mass-loss,
we provide a brief introduction about typical mass-loss mechanisms in the following, focussing on
the standard theory of line-driven stellar winds and various deviations from this description.

1.2 Stellar winds

In cool stars (e.g., the Sun, and similar stellar types), a thermally-driven wind can be generated by gas-
pressure gradients within and from the hot corona (> 10°K) to the interstellar medium (e.g.. Hubeny
& Mihalas M). With typical mass-loss rates of few 107'*Mgyr~!, such winds are too weak to
effectively influence the evolution of their host stars.

Dust-driven stellar winds typically arise in asymptotic giant branch (AGB) stars, and possibly also
in cool supergiants (e.g., in RSGs). Such winds are primarily accelerated by the absorption of photons
at dust grains, which can be formed in the outer atmospheric layers in shock waves generated by
pulsations. The quantitative description of dust-driven winds strongly depends on the condensation of
the dust particles, and on their absorption properties. For RSGs, the mass-loss rate is typically on the
same order as the mass-loss rate for line-driven stellar winds (e.g., m ). Therefore, such
stellar winds can have a severe impact during the late evolutionary stages of hot, massive stars.

As described above, the most violent ejecta during massive star evolution are found in LBVs, and
presumably result from stars that approach or even exceed the Eddington limit. Since homogeneous,
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super-Eddington stars are — independent of their radiuﬂ — unstable, such objects should not exist, at
least theoretically. In clumped, porous media, however, some regions of the atmosphere might exceed
the Eddington-limit, whereas others stay below, eventually resulting in massive continuum-driven

outbursts @, see also bjmckl_ej_al] |20£L4|).

In this thesis, we are primarily concerned with another type of mass-loss, namely with winds

driven by the transfer of momentum due to scattering, absorption and emission of photons in atomic
line transitions. Due to symmetry, the net momentum transferred by emission processes can be ne-
glected. In the following, we briefly discuss the standard (spherically symmetric) line-driven wind
theory to explain the basic physics, and describe various deviations from spherical symmetry that are
to be discussed in this thesis.

1.2.1 Spherically symmetric line-driven stellar winds

Generally, an (arbitrary, multi-D) wind structure can be calculated by simultaneously solving the
equation of continuity, momentum equation, energy equation, and the equation of state, accountin
for all involved forces and energy reservoirs (originating from, e.g., gravity, rotation, magnetic fields,
shear stresses, and radiation). Typically, these equations can only be solved numerically, which be-
comes computationally challenging particularly when considering expanding atmospheres. The major
problem is introduced when radiation and flow quantities are coupled non-locally by, e.g., scattering
of photons at free electrons or non-locally coupled line transitions (as occurring for non-monotonic
velocity fields). Indeed, a fully consistent, multi-dimensional treatment of the radiation field together
with the (time-dependent) hydrodynamic equations governing mass, momentum, and energy conser-
vation, is computationally prohibitive to date.

To understand the underlying physics in the winds of hot stars, however, several simplifying as-

sumptions can be applied. To this end, we follow |Castor et a1.| dlﬂi hereafter ), and consider

a stationary, spherically symmetric, line-driven stellar wind, with an optically thin background con-

tinuum such that the radiation emitted from the wind becomes negligible compared to the radiation
emitted from the stellar core. For simplicity, we further neglect the finite-cone angle effect resulting
from the different directions of incoming photons emitted from an extended stellar disc, only noting
that an extension accounting for this effect has meanwhile been included within present day wind the-

ory by [Pauldrach et alJ dl%ﬂ) and |[Friend & AbbotII dl%d). Using the Sobolev methodg to calculate

radiation variables, and applying a prescribed distribution of available line transitions in frequency as

well as line-strength range, the total acceleration exerted by all line transitions reads (see also Puls

et al. |2Q0d):

No vafv(V)VdV 1dv]®
grad“r—z ;a s (1.1)

7 Similar to the inwards directed gravitational force, the outwards directed radiative force from Thomson scattering scales
with 1/r% due to the dilution of the radiation field. Thus, the ratio of radiative to gravitational acceleration remains
spatially constant.

8 To include magnetic fields, the Maxwell equations need to be accounted for as well.

9 In Sobolev theory, the radiation field can be expressed by purely local quantities, assuming that the interaction region of
the radiation field with the atmosphere is limited to a narrow spatial range. For more details, we refer to Sect.
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with r the radial coordinate, p, v the density and (radial) velocity of the wind, v the frequency, L,
the luminosity in the frequency interval [v,v +dv], f,(v) the spectral distribution of available line
transitions, a € [0, 1] the power-law index (related to the distribution of the line-strength), and Ny the
normalization constant for the complete distribution function (related to the total number of lines).
Eq. (LI) has the following implications for a stellar wind:

(i) Due to the Sobolev approximation, the line force can be described by purely local quanti-
ties, simplifying the solution of the radiation hydrodynamic equations significantly. However, multi-
resonances and line-overlaps have been intrinsically neglected, introducing severe uncertainties of the
solution, when compared with models accounting for this effect, or when calculating time-dependent
or magnetic winds, for instance.

(i1) The radiative force depends on the luminosity and the spectral distribution of available line
transitions. In contrast to cool stars, a line-driven wind can be launched in the atmospheres of hot,
massive stars due to the high luminosity and the occurrence of (strong) line transitions in the appro-
priate frequency range.

(iii) The line-strength becomes diminished with decreasing metallicity, resulting in a reduction of
the line acceleration and mass loss. This effect can be deduced when considering the normalization
constant, No. The number of lines within the contributing line-strength intervals scales as No(z) o z!=¢
(see , their Eq. 79), with z the metallicity. Thus, in low-metallicity environments

(e.g., in the early Universe), the mass-loss rate becomes significantly reduced.

(iv) The line force depends on the gradient of the velocity field. This (in the entire Universe
presumably) unique dependence is introduced by the Doppler effect, since the interaction of a photon
with a given line transition is limited to the width of the profile function. For expanding atmospheres,
the profile width is related to a length scale (the so-called Sobolev length) defined by the velocity
gradient.

With the line acceleration given by Eq. (L), @ were able to solve the radiation hydrodynamic
equations for stationary problems. Based on their solution, present wind modelling is performed by
applying a generalized form for the velocity field, the so-called S-velocity law:

. pn)= (1.2)

R.\p
r)=vell—b—]) , b=1- ——,
wry=v ( r ) ( Voo 4zr?u(r)
with R, the stellar radius, v, and ve the terminal and (photospheric) minimum velocity, respectively,
and with the density derived from the continuity equation for a given mass-loss rate, M.

While the analytic description of the winds in hot, massive stars by means of Eq. (L2)) avoids
elaborate numerical simulations for determining the wind structure, the resulting solution certainly
oversimplifies the problem. For instance, it became evident from both a theoretical and observational
point of view that the winds of hot stars often deviate from spherical symmetry, show time-dependent
variations of observed UV line profiles induced by, e.g., magnetic fields (Marcolino et al.| |;0l3]) or
co-rotating interaction regions (Lobel & BlQmmé M), and typically are clumped. In the following,
we summarize some of such problems, focussing on those topics that are to be examined within this

thesis (i.e., fast rotation, magnetic winds, and wind ablation).
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1.2.2 Time-dependent winds: Wind clumping

Already decades ago, |Lam.€:1:s_&_MQrIQd (I_IM) noted that certain observations in the winds of hot,
massive stars (e.g., the occurrence of highly ionized elements such as O vi) cannot be explained by a
stationary wind, since the radiation energy is not sufficient to heat the wind to the necessary temper-
atures of 7 > 10° K. Furthermore, hot, massive stars are typically soft X-ray emitters (see, e.g., the
review by [Kudritzki & PulsJ m and references therein), which again cannot be explained by a
smooth wind structure. These findings are meanwhile assumed to originate from a clumpy wind by

clump-clump collisions, and from wind-embedded shocks induced by the line-driven instability (LDI,
e.g.,ILucy & Solomon [1970,|Owocki & Rybicki 1984, [Feldmeier et a1l[1993).

From a theoretical point of view, the LDI is an intrinsic instability that is generally caused by the

line-driving in expanding atmospheres. Formally, the LDI arises from Eq. and a small per-
turbation of the velocity field, which becomes amplified by the resulting perturbation of the radiative
acceleration. Physically, the local comoving-frame transition frequencies at a given point in the wind
are shifted out of the shadow of neighbouring material by a small perturbation of the velocity field.
The number of line-driving photons, and consequently also the radiative acceleration, thus becomes
significantly enhanced, until a shock is formed, with high temperatures (> 10°K) and high densities
in the post-shock regime. A clumpy wind structure develops, consisting of dense clumps within a
fast and rarefied medium. Due to the shift of line-transition frequencies, the LDI is also named ‘line
de-shadowing instability’.

Since a time- and space-averaged clumped wind is quite similar to the smooth description of the

wind (e.g., [Ee_l.dmm.eLe_t_alJ ), the mass-loss is (if at all) only mildly affected, and evolutionary
models should be independent of wind clumping. On the other hand, the line diagnostics for both
recombination and UV resonance lines are severely influenced, and strongly depend on the assumed
distribution of clumps (e.g., lSJ.mdgﬂs_Le_LalJ |2Qld). Thus, current 1D spectral synthesis codes typi-
cally use a statistical approach to account for the clumped nature of the line-driven stellar wind by
incorporating the so-called clumping factor, (0?)/{p)? (e.g., Owocki et all h%ﬁ), while the velocity
field is assumed to still follow a smooth description, particularly because non-monotonic velocity

fields are very difficult to implement in current (typically comoving-frame) spectral synthesis codes
(see Sect[2.2.2). While recombination lines (such as H,), which quadratically depend on density, give
very accurate estimates for the mass-loss rates in a smooth wind, the derived mass-loss rates from this
diagnostic react sensitively on the distribution of clumps.

Besides the assumed smooth velocity field, a major drawback of the above described statistical
approach is the definition of clumps as spherical shells within current 1D models. As shown by

) using 2D radiation hydrodynamic simulations, however, the LDI in multi
dimensions rather leads to complex 2D structures of the velocity and density. The impact of such
structures on line synthesis models still needs to be investigated, which requires a consistent modelling
of multi-D radiative transfer.

10Strictly speaking, Eq. (II) only holds for perturbations on scales larger than the Sobolev-length. For a qualitative expla-
nation of the LDI, however, we can still use the radiative acceleration as given by Eq. (L)
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1.2.3 Fast rotation

As outlined in Sect. [T stars are formed from the collapse of a molecular cloud. During collapse, an
initially slowly rotating cloud spins up due to conservation of angular momentum. The distribution
of rotational velocities at the ZAMS depends on the details of the collapse, particularly on the initial
angular momentum of the cloud, shear stresses, magnetic torques, and fragmentation processes. Due
to the complexity of the problem, and because direct observations of hot, massive stars just entering
the ZAMS are difficult (see above), the actual distribution of rotational velocities on the ZAMS is still
not known.

At later evolutionary stages, hot, massive stars are expected to spin down due to the transport of
angular momentum in the stellar interior (by, e.g., differential rotation) and with the stellar wind, by
magnetic braking (if magnetic fields play a significant role), and/or by the expansion of the envelope
when evolving to the blue or red supergiant phases. Thus, a wide variety of observed rotational
velocities is to be expected.

Indeed, observations of O stars in the Large Magellanic Cloud (LMC) within the VLT-FLAMES
Tarantula survey (VFTS) show a distribution of projected rotational velocities peaking at relatively
low values (vsini ~ 50— 100kms™"), and an extended tail towards higher ones (Ramirez-Agudelo
et al. M). Within this sample one also finds those (hot, massive) stars hosting the highest rotation
rates known to date, VFTS102 (09 Vnnne, [Dufton et al! 2011) and VFTS285 (O7.5 Vnnn, Walborn
et al. M), rotating with a projected velocity vsini < 600kms~!. In both, the Small Magellanic
Cloud (SMC) and in the Milky Way, a similar picture shows up, with maximum rotational speeds

at somewhat lower values (vsin i ~ 400kms™', e.g., Penny & gilesl mﬂd). When considering the B-
star population within the VFTS, [Dufton et al.| (2(!@) showed that the projected velocities follow a
bi-modal distribution with peaks at v sin i ~ 40kms~! and v sin i ~ 175kms~!, and an extended high-

velocity tail. In this study, the generally rapidly rotating Be stars have been excluded. From such and
similar observations of hot, massive stars with different mass, metallicity, and multiplicity properties at
different evolutionary stages, the distribution of rotational velocities at the ZAMS might be inferred,
if all mass-loss and angular-momentum transport mechanisms were understood (e.g., Simén-Diaz

& Herrero M), which might allow us to conclude about different angular-momentum transport
mechanisms during star formation.

Although the rotational velocities on the ZAMS are not known, one might argue that newly born,
hot, massive stars rotate at nearly their breakup velocity, due to the typically high initial angular

-

momentum of the parental molecular clouds - ). If hot, massive stars
were born with such high rotation rates, however, the stellar wind of (at least) B and late O type stars
is neither efficient enough to reduce the stellar rotation rate to the observed low velocity peak, nor
is it that inefficient to explain the observed maximum rotational velocities. While the low velocity
peak may be explained by magnetic breaking (e.g., DJﬁsnLe_t_alJ M), the high rotation tail could
originate from binary interactions by Roche-lobe overflow and the resulting spin-up of the companion

(mass receiver) star. Both of these statements are speculative, and topic of current research. In any
case, (fast) rotating stars show highly interesting phenomena, that affect the stellar interior via mixing
processes, the stellar surface due to centrifugal forces, the stellar wind, and thus also the evolution
and end products.
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Figure 1.1: Left panel: Stellar surface distortion for different rotational parameters €2, in units of the
polar radius R;,. Right panel: Effective temperature variation (scaled by the polar effective tempera-
ture) for models with different rotational parameters Q. The solid and dashed lines correspond to the
von-Zeipel and w-model, respectively (see text).

Surface distortion

Due to centrifugal forces, the surface of any rotating star becomes distorted. Assuming that the cen-
trifugal force can be derived from a potential (e.g., for uniform or cylindrical rotation), and that the
mass within the stellar surface can be approximated as a point mass located at the origin, the effective
gravitational potential can be described by a Roche model (e.g., M):

GM, w*r*sin*(®)

O(r,0) = — SR (1.3)

with angular velocity w, and co-latitude ®. The stellar radius as a function of co-latitude can then
be found on equipotential lines, ®(R.(®),®) = const. We emphasize that the stellar mass in Eq. (L3))
should be corrected for the Eddington parameter to account (at least) for the radiation pressure from
Thomson scattering. Since, however, the radiative flux — and thus also the radiative acceleration —
depends on the local gravity due to gravity darkening (see below), the Eddington parameter becomes
a function of the potential. For simplicity, a correction due to electron scattering has therefore been
discarded, rendering Eq. (I.3) only valid for low Eddington parameters. For supergiants, Eq. (I.3)
needs certainly to be revised, although such objects should be only slow rotators. Under the above
assumptions, the left panel of Fig. [Tl shows the distorted stellar surface for different rotational pa-
rameters Q = vro/Ucrit, Where vy is the rotational speed of a considered star, and verig = /GM./Req is
its critical velocity with equatorial radius R.q. We have defined the critical velocity as the rotational
velocity for which the centrifugal acceleration at the equator exactly balances gravity, again neglect-
ing additional outward radiative accelerations, e.g., from Thomson scattering, however for a different
reason: Since at near breakup rotation rates, the equatorial flux at the equator becomes diminished in
any case (see below), radiation pressure can indeed be neglected in equatorial regions. For QQ — 1 the
surface becomes highly distorted, with the ratio Req/Rpole — 3/2.
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Gravity darkening and von Zeipel’s theorem

von Zeipel (Il%ﬂ]) showed that the radiative flux of rotating stars depends on the effective gravity
(corrected for centrifugal accelerations). When the centrifugal force can be derived from a potential
(e.g., within the Roche model, Eq.[I.3), the equation governing hydrostatic equilibrium reads:

Vps =—pVO, (1.4)

where p is the density, p, describes the gas pressure, and @ is the effective potential. The hydrostatic
equilibrium condition requires that V p, is anti-parallel to V®. Thus, equipotential lines and isobars
coincide, and the gas pressure can be described as a function of the potential alone, p; = pg(®).
Additionally, noting that V X (V¢) = 0 for an arbitrary scalar field ¢, one can easily show that also
Vp is parallel (or anti-parallel) to the gradient of the potential, and therefore can be described as a
function of the potential as well:

VX(Vpy)=0==(Vp)x(VD)-pV X (VD) &  Vp| V. (1.5)
0

Finally, the temperature can be calculated from the equation of state. Since py = py(®) and p = p(D),
also the temperature can be written as a function of the potential, 7 = T(®), for an ideal, chemically
homogeneous gas (with mean molecular weight u = const.). Thus, from the hydrostatic equilibrium
assumption, we find that equipotential lines, isobars, isodensities and isotherms all coincide, resulting
in a ‘barotropic’ stellar structure. To deduce von Zeipel’s theorem, we assume that energy is com-
pletely transported by radiation (radiative equilibrium), and that no energy is produced by, e.g., nuclear

fusion processes. Assuming further that the energy transport can be described by a diffusive process
3

T°dT
(e.g., atlarge optical depths in 1D, F PP with yr the Rosseland opacity), one obtains:
XR ar

VF =V(DVT)=0, (1.6)

where T is the temperature, F' is the total radiative flux, and D = D(p,T) = D(®) is the diffusion
coeflicient that again can be described as a function of the potential. The radiative flux is then easily
calculated as

F=DVT = Dd—TV<I> = a7

1070 = Digler=Cor = Terlgerl”, )

with Teg the effective temperature, and C = const. on equipotential lines. Since the effective gravity
becomes reduced towards the equator due to increasing centrifugal forces, the radiative flux, and
thus also the surface temperature, becomes reduced. The right panel of Fig. [Tl shows the surface
temperature (scaled by the polar value) for different rotational speeds.
Eddington dlﬂﬂ) suggested that the latitude-dependent temperature stratification could give rise
to global, meridional circulating flows by generating a latitudinal pressure gradient (see also
). This effect would then affect the mixing in the stellar interior, and therefore possibly has a se-
vere impact on stellar evolution. We emphasize, however, that both the original von-Zeipel-theory and
the ‘Eddington-Sweet’ circulation are purely theoretical predictions, and still need to be confirmed by
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observations. Particularly the underlying assumptions might need to be revised. For instance, @
) generalized von-Zeipel’s theorem for the case of a shellular rotation law (with w = const. on
horizontal surfaces, and including shear viscosity from the differential rotation). The qualitative pic-

ture, however, remains the same. Es.pJnQ&aLaLa_&_RLejnmd dZQ]JJ) presented an independent descrip-

tion of the gravity darkening by introducing the so-called w-model, using an Ansatz F = —f(r, ©®)g.g,

and solving for the unknown function f(r,®). The resulting gravity darkening law compares very
well with solutions obtained from numerical modelling using the ESTER (EvorLutioNn STELLAIRE EN
Roration, see |RJ_eJ.1_thd_e_Lal.”2Qld and references therein for a description of the numerical implemen-
tation) code, at least for a 3 M, star with a convective core and a radiative envelope, and assuming

solid-body rotation at the stellar surface. The latitudinal variation of the surface temperature when
calculated from the w-model is weaker than in the ‘standard’ von Zeipel model (see Fig. [[T).

From an observational point of view, the gravity darkening law is often approximated by 7T(®) oc
|geﬂs(®)lﬁz, where 37 is used as a fit parameter. Indeed, 8z is generally found to be smaller than the
expected von-Zeipel value, Bz = 1/4 (e.g., ici |2_O_14|), more consistent with the

w-model. For stars with a convective envelope, gravity darkening is thought to be suppressed with
Bz < 0.08 (Lucyl[1967).

For a further understanding, observations of rapidly rotating stars are required. Since a latitude-
dependent radiative surface flux should also affect the stellar wind in hot, massive stars, observations
of wind lines might possibly serve as an indirect probe of the gravity darkening law.

Effects on the stellar win

The first attempt to model the winds of fast rotating OB stars was made by |E]mkman_&_Qa§&n§lﬂ
). These authors considered a purely radial line force, and neglected gravity darkening and the

surface distortion. Within these approximations, a ‘wind compressed disc’ is formed in the equato-
rial plane. |Cranmer & Owocki deQﬂ) and |[Owocki et alJ dl%) included the effects of non-radial

line-forces into their 2D radiation-hydrodynamic simulations, and showed that the formation of the

disc becomes suppressed due to a small, but significant polewards acceleration, giving rise to an as-
sociated polar velocity component that prevents the formation of a disc. When also accounting for
gravity darkening (i.e., a decreased radial acceleration in equatorial regions), Owocki et al.| dlgﬁ) fur-
ther showed that a prolate wind structure develops, with decreased equatorial mass loss and velocity

(see also the review by klmck_le_t_aﬂ |l9%§). Masieﬁ (Ilﬁﬂ) proposed that an oblate wind structure

might still be possible, when accounting for a polar variation of the ionization equilibrium induced

by gravity darkening. This effect becomes particularly important when the local effective temperature
drops below the bi-stability jump temperatur. Petrenz & Pulsl (M) extended the hydrodynamic
calculations from above by allowing for spatially varying line force multipliers, and showed that no

major differences from the prolate wind structure arise, at least for OB stars above Ter 2 20kK with
an optically thin Lyman continuum. Recently, kiagnmLe_t_alJ dZQ]_d) reinvestigated the effects of rota-

"I'This Section has been copied — to a major part — from Hennicker et all dZQ]Q, Sect. 5).
12The jump temperature is theoreticalli motivated by a stronger radiative line-driving due to lower ionization stages of

iron for Te < Tjump = 25kK ). More recently, m M) predicted a somewhat lower jump
temperature, Tjump ~ 20kK.
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tion using 2D ESTER models, and predict either a ‘single-wind regime’ (with enhanced polar mass
loss) or a ‘two-wind regime’ (with enhanced mass loss at latitudes where the effective temperature
drops below the bi-stability jump temperature). However, the bi-stability jump is a purely theoretical
prediction, that — at least quantitatively — has not been directly confirmed by observations to date. Fur-
thermore, not even the actual shape of line-driven winds of (fast) rotating stars is completely clarified
yet. While the Be phenomenon can clearly be associated with a disc, theory would (at least if the
bi-stability plays only a minor role) predict a prolate wind structure. Since particularly the angular
momentum loss depends strongly on the different descriptions of the stellar wind, the evolution of
rotational velocities and thus the stellar evolution as a whole and the resulting end products of (fast)
rotating, hot, massive stars are severely affected (e.g., by rotational mixing). Thus, rotating massive
stars need to be further investigated. To understand which of the different models represents reality
best (in different temperature regimes), one needs to compare synthetic profiles with observations. In
this respect, investigating the effects of prolate and oblate wind structures is particularly important to
distinguish between different theories.

1.2.4 Binary interaction

During star formation, fragmentation of a collapsing molecular cloud often leads to multi-star systems
that can be found in a wide range of separations and mass ratios. Indeed, more than 50% of the
observed O-star population in the Tarantula nebula (lS_a.n.a_e_t_alJ |2Q]_3]) are members of binary (or
multiple) star systems. A similar picture arises for Galactic O stars (e.g., |M.asgn_el_alj|20ﬂg), which

additionally show a clear trend to smaller binary fractions for field stars when compared with stars
located in clusters and associations.

Depending on separation and mass ratio, the individual stars in a multi-star system can interact
already during the MS via tidal forces, Roche-lobe overflow or even merging (see, e.g., Vanbeveren
|l2ﬂ|, de Mink et al.| M). Considering the Roche-lobe overflow, the transport of angular momen-
tum is particularly interesting: While the donor star spins down, the companion spins up, possibly

yielding rotational velocities near the critical one. Thus, binary interactions could be responsible for
the high-velocity tail of vy described in Sect. [[2Z.3] and all its (theoretical predicted) implications.
Furthermore, the evolution of both the primary and the secondary star is affected by the evolution of
rotational velocities and related mixing processes.

Additionally, binary star systems are X-ray sources. One typically distinguishes between low-
mass X-ray binaries (where the source of X-ray emission originates from the gravitational energy of
a typically low-mass star filling its Roche lobe while orbiting a neutron star or a black hole) and high-
mass X-ray binaries (where the X-rays are thought to be produced by wind-accretion from a massive
star).

Further, X-ray emission can also be generated from the shock-heated gas when the stellar wind
of a hot, massive star either collides with the surface of the companion, or within a wind-wind col-
lision zone (if the companion has a significant stellar wind by itself, see [Prilutskii & []szI M
( :hgrepashghulgIM). Due to the dilution of the wind material, the X-ray flux depends on the separa-

tion of the binary system. [Stevens et al.| M) and Pi];Lard (IMQ) investigated the dynamical effects

of such wind-wind collisions using 2D and 3D hydrodynamical models, respectively. Again, depend-
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ing on the separation and mass ratio, these authors predict a distinct density and velocity structure,
that deviates from spherical symmetry. Thus, one can expect a variation of wind lines with orbital
phase, and a dependence on inclination angle with respect to (w.r.t.) the observer. Future observa-
tions of such wind lines could provide an independent measurement of orbital parameters, if correctly
modelled and interpreted.

1.2.5 Magnetic winds

Within the Magnetism in Massive Stars (MiMeS) survey, Wade et al.| M) showed that < 10% of
OB stars in the Milky Way have detectable magnetic fields ranging from ~ 100G to several kG (see
also (Grunhut et al“lm for Galactic O stars). The origin of such large-scale magnetic fields, which
mainly show an ordered dipole configuration, is still under debate (see, e.g., the review by Walder

et al. |2Qlj).

While the magnetic fields of cool stars typically originate from subsurface convection layers and

a resulting dynamo mechanism, such a scenario is not efficient in the radiative envelope of hot, mas-
sive stars. Although magnetic fields of OB stars could be generated within the convective core (see
|C_harlm1m§_au_&_Ma§Qr§zgmHZMl]J), the major challenge from a theoretical point of view is the trans-
port of the magnetic field from the interior to the stellar surface. Thus, also this type of dynamo is
typically ruled out for explaining the surface magnetic fields (e.g., Neiner et alJ M). Another sce-
nario is provided by the generation of a magnetic field in the radiative envelope by differential rotation
and the so-called Tayler-Spruit dynamo (see [S_pLuﬁ |1Q9d [S.;mud m |Ma9_d9r_&Me;mQt| QXMI). A
correlation of rotational properties with the magnetic field would then be expected, which has not
been observed to date. Furthermore, independent numerical simulations by &aﬂhw_aﬂ_é M) and
Zahn et a1.| d&ﬂb give contradictory conclusions about the existence of a self-stabilising dynamo ef-
fect. Thus, the Tayler-Spruit dynamo appears to be ‘unlikely’ for generating the large-scale magnetic

fields in hot, massive stars, which are therefore commonly thought to be of fossil origin (e.g., Alecian

et al. M), where the fossil field is possibly imparted from the molecular cloud during the forma-
tion phase, and is amplified/preserved during the (fully convective) pre main-sequence evolution by
a dynamo mechanism. This scenario, however, needs to explain why only a subset of hot, massive
stars is hosting detectable surface magnetic fields, although the involved physical processes should
be the same for all stars during star formation. Alternatively, the magnetic fields of OB stars could
also originate from binary interactions (merging or mass-transfer) during the pre-MS and MS evolu-
tion, resulting in a period of strong differential rotation that possibly gives rise to large-scale magnetic
fields (e.g., [Eenaxm_t_aﬂhm, see also [S_chnm_dﬁr_e_t_aljbﬂl_d) The above described problem of the

fossil-field scenario would then automatically be avoided. Particularly for the most plausible scenarios

(fossil-field and binaries), however, the details are still not clarified and need further investigations.
Due to the interaction of the (highly ionized) wind with the magnetic field, one expects deviations
from the standard line-driven wind theory in any case, thus altering mass-loss rates, and the evolution
and final fate of magnetic OB stars. TIndeed, magneto-hydrodynamic (MHD) calculations from ud-
Doula & Owocki (m,) and [ud-Doula et al.| d;OQé) revealed that large-scale magnetic fields have a
direct impact on the stellar wind, by channeling the wind outflow along magnetic-field lines, often

producing disc-like structures around the magnetic equator.” These authors describe the competition
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between the magnetic field energy and the kinetic wind energy by

BB v 1

,®=—____’
n(r.0) dmpv? v M3

(1.8)
where ® is the co-latitude measured from the magnetic pole, B(r,®) is the magnetic flux den-
sity, and va (7, ®), Ma(r,0) is the Alfvén speed (describing the propagation velocity of a magneto-
hydrodynamic wave, the so-called Alfvén wave) and the Alfvénic Mach number, respectively. In
regions where > 1 (i.e., Ma < 1), the magnetic field will channel the wind outflow, while for n <« 1
(i.e., M > 1), the magnetic field lines are guided by the wind. In the winds of hot stars, n(r,®) can
be estimated by considering a dipole magnetic field in competition with a spherically symmetric wind
described by a B-velocity law (Eq.[T.2). At the magnetic equator, we easily obtain (see also ud-Doula

& Owocki 2002):

B2R? 1 1
Teq (r) = —— =7, , (1.9)

AMB—oVeo 4 B 4 B
O
R. r R. r

with wind-confinement parameter 7., polar magnetic field By, and Mp=¢, Ve the mass-loss rate and
terminal velocity of the star if no B-field was present. With Eq. (I.9), the transition point where the
magnetic field lines are guided by the wind is then found where the Alfvénic Mach number at the
equator becomes unity, Ma(® = 90°) = 1. For the associated, so-called Alfvén-radius, R, we find:

I& — r(neqz 1)

1/4
: ~03+(n.+ - , 1.10
R. R, ('7 ) (1.10)

4

where the second equality is obtained from numerical fitting, assuming S =1 and b = 1 (see ud-Doula

et al. M). Thus, magnetic field lines with apex—radiu m < Ra are dominated by the (dipole)
magnetic field, and the wind becomes essentially trapped. Furthermore, material originating from
opposite footpoints eventually shocks in the equatorial plane, resulting in enhanced X-ray emission.
The radiative force (o< p~¢, see Eq. [[LI] for the qualitative scaling) exerted on the dense post-shock
material becomes diminished. If stellar rotation is negligible, the trapped material therefore falls back
onto the stellar surface in a ‘snake-like’ pattern, and a ‘dynamical magnetosphere’ is formed. For high
rotation rates, on the other hand, the trapped material is supported by centrifugal forces, forming a
quite stable and strongly confined disc structure, a so-called ‘centrifugal magnetosphere’. Since the
magnetic field (at least within closed magnetic field lines) holds the material in rigid body rotation,
we can define a limiting radius, Rk, where centrifugal and gravitational forces exactly balance (see

ud-Doula et all 2008):

GM., _vp®0) Rk _(GM*L)IB

R2K Rk Vo =Urot7/ R+ R, R. 1)30t

(1.11)

13The apex radius is here defined as the distance between the intersection point of a closed magnetic-field line with the
equatorial plane, to the origin.
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Figure 1.2: Illustration for the dynamical (left panel, DM) and centrifugal (right panel, CM) mag-
netosphere. For Rp < Rk, one obtains a dynamical magnetosphere where wind material becomes
trapped in closed magnetic field regions, and falls back onto the stellar surface in a snake-like pat-
tern. If Rp > Rk, material becomes centrifugally supported for r > Rk, and a strongly confined and
stable centrifugal magnetosphere exhibits. For apex radii r, > Ra, the magnetic field lines follow the
(nearly) spherical stellar wind. Only this region contributes to the mass-loss. Adapted from

).

with vy the rotational velocity at the stellar surface. Thus, material is typically not supported by
centrifugal accelerations for r < Rk, whereas material at r > Ry is pulled outwards. Fig.[[.2]illustrates
the formation of both the dynamical and centrifugal magnetosphere, with a dynamical magnetosphere
obtained for r < Rp < Rk, and a centrifugal one in regions Rx < r < R (see also ).

Since outflowing material is trapped within closed magnetic field lines, the mass-loss becomes
significantly reduced (see, e.g., Babel & Montmerle |1227| Mmk_l&j_dm&dm lud-Doula et all
m, Petit et a1.| m for this and related effects). Thus, the final fate of magnetic OB stars is ex-
pected to be altered when compared with ‘standard’ evolutionary models. For quantitative predictions,
however, the theoretical model needs to be rated against observations.

fTownsend & Owocki (IZLE)j) were able to explain the observed Balmer-line variability in o~ Ori

E, a magnetic Bp star, by applying the oblique-rotator model (with a tilt between the rotation and
magnetic axes). Recently, i (lZQl_d) developed a simplified model, the ‘analytic dynam-
ical magnetosphere’ (ADM), in order to provide a framework for the analysis of magnetic winds,
and were able to reproduce the observed H,-line variations of the magnetic Of?p star HD191612
(see Sect.[3.2))." Independent investigations using, e.g., UV resonance lines, however, have only been
performed (if at all) in an approximate way (e.g., Marcolino et aL”A)iZ]).
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1.2.6 'Wind ablation

During the collapse of a molecular cloud, mass is typically accreted onto the protostellar core through
a disc (e.g., Yorke & Sanhah;g:ﬂ M BQdthQilel |;Oﬂ|). For hot, massive stars that have already
ignited hydrogen, the nuclear energy can then be released by bipolar outflows and non-isotropic radia-
tion, in contrast to a purely spherical accretion scenario where radiation pressure would halt accretion.

Such objects, that are formally on the main sequence while still accreting through a disc will be named
‘accreting high-mass stars’ within this thesis. Depending on the luminosity of a considered star, the
disc will be dissipated shortly after hydrogen ignition by radiative feedback (dominated by photoe-
vaporation_and radiative forces). The details, however, are still under investigation (see also Kuiper &
Hosokawa M). In this respect, the implementation of radiation forces within their multi-D hydro-

dynamic numerical solution schemes is particularly challenging.

Furthermore, since accreting high-mass stars are both relatively scarce in number and difficult
to be observed directly, current knowledge is typically based on purely theoretical investigations.
The theoretical predictions for the interaction of a strong radiation field with a circumstellar disc,
however, could be tested by comparing with observations of classical Be stars. Such stars constitute
a significant fraction of main-sequence B stars, that harbour discs from which material is decreted by

various (still unknown) processes (see, e.g., the review by |R1¥1nms_e_t_al.||20_]_3]) Both the generation
and the destruction of such decretion discs is still not completely clarified. While the occurrence of
decretion discs is probably related to the (typically) high rotation rates of Be stars (at nearly critical
rotational velocities, see ) together with non-radial pulsations, the destruction
of the circumstellar disc is thought to result from wind-ablation, i.e., from radiative forces along the
disc surface ). The latter process presumably plays also a significant role for accreting
high-mass stars. [Kee et a1.| (IM) applied certain assumptions (further discussed in Sect. 3.1} see
also ) to efficiently calculate the line force at the disc’s surface layers. For instance, these
authors applied a line-strength distribution function based on 1D spherically symmetric models even
within the disc layers, although particularly the (local) ionization stages possibly strongly differ in
such regions due to the shadow of the disc (that essentially blocks the irradiation from the star’s

backward hemisphere). Since, however, the line-strength distribution function — and thus also the line
force — crucially depends on the ionizations stages, a consistent treatment of the continuum radiative
transfer is required, at least to check the validity of the above mentioned assumptions.

1.3 Outline of the thesis

As described in the previous sections, extending our knowledge about hot, massive stars is required
to understand our Universe as a whole. In this respect, mass loss plays a key role by affecting stellar
evolution, stellar death, and stellar birth of new generations. To push our understanding about hot,
massive stars further, such objects need to be modelled numerically, and the resulting synthetic spectra
are to be compared with observations. An accurate treatment of radiative transfer becomes particularly
important for both the numerical model (by affecting radiative forces and the energy budget within
radiation hydrodynamic simulations) and for the calculation of synthetic spectra. Since many objects
differ from the typically applied spherical symmetry, the radiative transfer needs to be calculated in
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multi-D.

This thesis is a first step towards a 3D treatment of fully-consistent radiative transfer problems
in the winds of hot, massive stars, where we focus on the development, implementation and exten-
sive tests of various numerical tools. We aim at developing a 3D code to solve the time-independent
equation of radiative transfer on a non-uniform Cartesian grid, applying the observer’s frame formu-
lation. To minimize turn-around times for determining the formal solution (i.e., the calculation of
the radiation field for given sources and sink terms), we implement a finite-volume method (FVM,
e.g., I&La@ @ in the context of heat transfer), and a short-characteristics method (SC, Kunasz
& Aver @) using different kinds of interpolation. While the 3D FVM has already been applied
in the context of 3D expanding wind structures (e.g., Adam [1990, Stenholm e alJ |1221| Lobel &
Blomme ZM), the 3D SC method has only been implemented for test cases ( i M).
These studies, however, are lacking a suitable accelerated A-iteration scheme (ALI). Thus, in this

thesis, we implement an ALI scheme using newly-developed non-local operators, in order to calculate
scattering dominated problems in optically thick environments.

Due to the computational complexity of 3D radiative transfer in expanding atmospheres with non-
monotonic velocity fields, we follow the philosophy of simplifying the problem as much as possible,
while still allowing us to analyse numerical inaccuracies inherent to each solution scheme, and to an-
swer particular questions related to current research. To this end, we consider the line formation with
an optically thin background continuum, and the continuum transfer in the absence of a line. While
line-transitions are treated within the two-level-atom approach, the continuum will be calculated by
accounting for electron scattering and thermal processes (described by the thermalization parameter,
ec). The developed methods, however, will be extended for future applications.

This thesis is structured as follows:

(i) In Chapter 2] we introduce the basic theory of radiative transfer, discuss advantages and disad-
vantages of various numerical solution methods, and motivate several applied techniques (such
as the observer’s frame formulation, or the usage of Cartesian coordinates).

(ii) In Chapter[3] the actually applied numerical tools for obtaining the formal solution (including
frequency and angular integrals) are discussed in more detail, together with the implementation
of the ALI scheme, the spatial grid-construction procedure, and a long-characteristics post-
processing routine for calculating synthetic line profiles. Additionally, we briefly present the
applied parallelization strategy, and comment on the required computation time of each method.

(iii) In Chapter @l we answer questions related to the reliability of the applied methods. To this
end, we perform extensive tests, beginning with the searchlight-beam test and the calculation
of zero-opacity models. For scattering dominated problems, we test our code by considering
1D spherically symmetric atmospheres. We discuss the convergence behaviour for different
approximate A-operators, applied to different regimes, and rate the solutions obtained from the
3D FVM and SC method against solutions calculated with an accurate 1D code.

14 As described in Sect.[Z224] the computation time of the so-called long-characteristics method can be significantly reduced
when massively parallelized. We believe, however, that the (finally published) code shall also be used by those parts of
the community that have no access to massively parallelizable architectures.
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(iv)

v)

In Chapter[3] we apply our 3D solver to non-spherical stellar winds, in order to show the capa-
bility of our code, and to tackle some open questions of current research. As a first application to
continuum transfer problems, we study specific aspects related to wind ablation in circumstel-
lar discs of accreting high-mass stars. Further, we calculate the UV resonance-line formation in
magnetically confined winds, and discuss the implications on magnetic-wind theory. Addition-
ally, we predict UV resonance-line profiles for rapidly rotating stars, with the wind described
by a prolate structure.

In Chapter [6] we finish this thesis, by giving an outlook to future investigations, and point
towards future extensions of the code developed during this thesis project.



Chapter 2

Theory of radiative transfer in expanding
atmospheres

Since the primary objective of this thesis is the development of numerical methods for the solution of
multi-D radiative transfer problems in the winds of hot stars, we discuss the basic theory of radiative
transfer in the first part of this Chapter. Most derivations can also be found in textbooks, e.g.,

19 Zé), Hubeny & Mihal;ﬁ (2!!14]). In the second part of this Chapter, we comment on various pe-

culiarities of the radiative transfer in expanding atmospheres, and briefly review different numerical

approaches for solving radiative transfer problems in multi-D.

2.1 Basic theory

2.1.1 The equation of radiative transfer

To derive a meaningful description of the radiation field within a stellar atmosphere, we start with the
Boltzmann equation (e.g., ﬁ

1978, p. 33):
of

of
E+v-Vf+F-fo_[ELOH, (2.1)
which describes the temporal evolution of the particle distribution f(r,p,f) in phase-space, with
spatial- and momentum-coordinates r and p. v describes the corresponding velocity coordinates, F is
an external force acting on the particles, V, is the gradient with respect to the momentum coordinates,
and [0f/dt]con 1s the change of the particle distribution function due to (generalized) collisions. Iden-
tifying now f(r, p,t) with the distribution of photons, we find for the total number of photons within a
phase-space volume element [ +dr, p+dp]:

6N = f(r,p.0)d*rd’p. (2.2)

When considering a particular direction of propagation n (with v = cn, and the speed of light, ¢), the
phase-space volume element can be transformed as

]’13 2
&rd’p=n-dScdip’ dpdQ = 22— n-dSdrdvda, (2.3)
C
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where dS is a (spatial) surface element through which the photons are propagating, dQ is the solid
angle into which the photons are propagating, and dv is the frequency interval of the photons with
momentum p = hv/c. For the transported energy, we obtain with Eq. 2.2) and Eq. 2.3):

h4 3
0 = hvoN = “— f(r,p./)n-dS drdvdQ =: I,n-dS drdvdQ. (2.4)
C

The specific intensity, 1,, is thus a distribution function, and defines the radiation energy in the fre-
quency interval [v,v+dv], that is transported per time df and solid angle d€ into a direction n through
a surface dS, and has units [/,] = ergem™2Hz 's!sr™!. With this definition, and neglecting effects
from general relativity such that external forces vanish, we can rewrite the Boltzmann equation in
terms of the specific intensity:

+ -
% +cn-VI, = 0—61V d_sélv ,

again using v = cn. The collisional term describes the interaction of photons with matter along a path

(2.5)

length ds = cdt, and is composed of emission and absorption terms. Defining macroscopic emission
and absorption coefficients as
OE* =:n,n-dSdrdvdQds = oIt =n,ds (2.6)
OE™ =: y,I,n-dSdrdvdQds — ol” =y, I,ds 2.7

the equation of radiative transfer finally reads:

1 ol,(n,r,t)

y +n-VI(n,r,t) = nnrt)-y,(nrl(nr,t)
C

xv(nr,0)(S,(n,r,t)—1,(n,r,1)), (2.8)

where we have introduced the source function S, = n,/y,, which generally depends on frequency,

direction vector, spatial coordinate, and time. For a particular direction n, the equation of radiative
transfer can also be formulated along a path s, yielding:

10IL,(s, oI, (s,
Lo1(s1 + (5.1 =ny(s,0) = x»(8, D1, (s,1). (2.9
c Ot s

2.1.2 Moments of the specific intensity

With the definition of the specific intensity, Eq. (Z.4), we define the zeroth and first angular moment
as:

1
o= — f 1,dQ (2.10)
47

1
—f],,ndQ, (2.11)
ViV

called the ‘mean intensity” and the ‘Eddington flux’, respectively. The mean intensity is related to the

H,

spectral energy density (per volume and frequency) of the radiation field via

SE h*v? 1 4
1y = = | Zrda=- | rdaa==2, (2.12)
3 3
o d’rdv Q C cJa c




2.1. BASIC THEORY 23

and the radiative flux through a surface (and per frequency) is related to the Eddington ﬂu:

SE
F,= | —— = | I,ndQ =4rH,. 2.13
v fgdvdzds fg" i 1)

A discussion of the second angular moment, K,, is skipped here for simplicity. We note, however, that
K, is related to the radiation pressure, and thus is required when calculating the radiative force within
(fully consistent) radiation-hydrodynamic simulations.

2.1.3 Rate equations

To describe the state of the gas, we apply the Boltzmann equation, Eq. (Z.I)), to material of a species i
with corresponding particle distribution function f;, where the subscript i corresponds to a particular
element in a particular ionization stage and excitation state. When integrating over momentum space,
we obtain:

0 o fi
a—fﬁd3p+fv-Vf,-d3p+fF-foid3p:f[(s—f] dp. (2.14)
4 ! coll

@ an (1I) Iv)

With the particle density as a function of r, ¢

mir = [ 5. 2.15)
the average value of any quantity ¢ is given by

. i fad*p [ figd’p
@r.n= | fgdp= | —— o — -] ——, (2.16)
[ fidp [ fid*p i

where f; is the distribution function normalized with respect to momentum. Since in phase space,

the momentum coordinates (with corresponding velocity coordinates v) and spatial coordinates are
independent, such that Vv = 0, the individual terms in Eq. (Z.14) are easily calculated as:

ai’ll’
M=—" (2.17)
(II)=fV(vﬁ)d3p—fﬁ Vv d3p:V-fvf,~d3p:V~(n,~(v)) (2.18)
=0

(=" f P fdip - f [F1£] dpadps +-+-= > | f fi o5 @ p=o, (2.19)

7 japj J . 7 ap.,-

=0 S~

=0

where we have used that the phase-space density, f;, approaches zero at infinite momentum since no
particles with infinite momentum are allowed to exist, and that external forces should be independent

' Although F, is actually a flux density, i.e., the radiation energy per time, per frequency, and per surface element, in
astrophysics, F, is commonly labelled simply as ‘flux’.
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of the particle’s momentum-coordinates, such that V,F = 0. Finally, the collisional term can be
written as:

on;

(V) = [E] = —niZPij+anPj,-, (2.20)
coll J# J#I

with the so-called rate coefficients, P;; = R;; + C;; and Pj; = Rj; + Cj;, describing the rates per particle

for depopulating and populating a given species i by radiative and collisional transitions. The NLT

rate equations are then given by:

On;
Vo) = iR+ Ci) =i - (Rij+ . 2.21)

J#i J#EL

Throughout this thesis, we assume that (i) the level population are time-independent (stationary case),
and (ii) that the kinematic timescale is much larger than the transition timescale. Then, the left-
hand side of Eq. 2.21I) becomes zero. Particularly when calculating level-populations including very
high velocity fields (e.g., for supernovae), the latter assumption may have to be revised. We have
sketched the most prominent radiative and collisional transitions occurring in hot stars and their winds
in Fig. 2.1l Among those, one can distinguish between:

e Bound-bound transitions: An atom in an electron configuration i can be excited to an electron
configuration j by absorbing a photon with corresponding transition frequency, or by a collision
with a free electron. In the former case, the absorbed energy may be either re-emitted into a
different direction (and possibly frequency through down-cascading), or be transferred to the
thermal energy of the gas by collisional de-excitation. After collisional excitation, thermal
energy from the gas can either be transformed to radiation energy by spontaneous emission, or,
again, be re-transferred to the thermal pool by collisional de-excitation.

e Bound-free transitions: Energy can either be removed from the radiation field by photo-
ionization, or added to the radiation field through recombination processes followed by ra-
diative de-excitations of high electron configuration states. Similarly, collisional recombination
processes can add energy from the thermal pool of the gas to the radiation field.

e Electron scattering: Photons are scattered, and become redistributed over angle (and frequency).

In the winds of hot stars, the transitions are dominated by radiative bound-bound and bound-free pro-
cesses, since collisional processes are rare in such low-density environments, as well as by “Thomson
scattering’ (i.e., coherent electron scattering, see Sect.[2.1.3).

2.1.4 Bound-bound transitions

To calculate the radiative rates for bound-bound transitions with levels i < j, one can use the Einstein
coefficients for emission and absorption. The Einstein coefficient for absorption, B;;, is defined such

2 NLTE=non-LTE=non local-thermal-equilibrium, i.c., a deviation of occupation numbers from the equilibrium values
defined by the local temperature.
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Figure 2.1: Most prominent (radiative and collisional) transitions occurring in the winds of hot stars.
The reaction equations describe an element X with charge Z and at level i or level j, with y, ¥, e”,
e~ and e~ describing photons and electrons of (potentially) different energy and direction. The red
dots represent the electron either in a bound state or within the continuum (indicated by the grey
shaded area). Collisions with other atoms can been neglected, since the collisions with free electrons
dominate in the (highly) ionized plasma. Auto-ionizations and dielectronic recombination are not

shown here.
that
SNab dQ
NE r“‘dst = niBij1,®i;(v)dv— (2.22)

gives the transition rate from level i to level j produced by absorption of radiative energy with specific
intensity [, in a frequency interval [v,v + dv] and solid angle [Q2,Q + dQ]. n; is the particle density
in level 7, and ®@;;(v) is the profile function for absorption in the comoving frame. ®;;(v) describes
the conditional probability for absorbing a photon in the frequency range [v,v +dv], if an absorption
event has happened. Since the corresponding radiative rate coefficient is given by the total number of
absorptions divided by the total number of absorbers, we obtain, by integrating Eq. (Z.22)) over solid
angle and frequency:

1 -
Rij = BijE f(I)VIVdVdQ =: B,‘j], (223)
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with J the ‘scattering integral’. Analogously, one may define the Einstein coefficient for stimulated
emission, Bj;, by

(SN;;% =n;Bjil,¥; j(v)dvg, (2.24)
where W;;(v) is the emission profile describing the conditional probability that a photon is emitted in a
frequency range [v,v +dv]. For simplicity, we assume complete redistribution throughout this thesis,
i.e., the frequency and angular distribution of an emitted photon shall be independent of the process
that excited the atom to a state j in the first place. Then, ¥;; = ®;;. To calculate the total rate, we
additionally need to account for spontaneous emission events. For those, the corresponding Einstein

coefficient, A j;, is defined as

ON, spont. em

dQ dQ
d3rdt = njAj,““I’,‘j(V)dVE - njAjicDij(V)dVE 5 (2‘25)

where again we have assumed complete redistribution. Noting that the profile function is normalized,
we find for the downward transition rate coefficient after some algebra:

1 -
Rj,' :Aﬁ+Bﬁﬂf(DylvdVdQ:Aji+le‘J. (226)
When identifying induced emission processes as ‘negative’ absorption, the net absorbed energy for a

bound-bound transition can be calculated using Eqs. (2.22) and (2.24):

oE~ 6Nabs 6Nstim. em hvi./
Fra ="l rdr )= g QOB B dvd0, (227)

with v;; the rest-frame frequency of the considered line transition. Thus, the corresponding opacity can
be found by comparing the absorbed energy with the definition of the absorption coefficient (Eq.[2.7):

_hv

i e
Xij = 4: ®;;(v)(n;Bjj—n;Bj;) =

: ni nj

(gf)[f - _lq)ij(V), (2.28)
mec gi Yj
where the Einstein coefficients (that can be calculated from quantum mechanics and are therefore
determined solely from atomic properties’) have been expressed by means of the oscillator strength f,
(gf) is the gf-value of the considered transition, g;, g; are the statistical weights of the lower and upper
level, respectively, and m,, e are the electron’s rest mass and the elementary charge. The opacity for a
single line transition is given by the profile function and a frequency-independent part (the so-called
‘frequency integrated opacity’, due to the normalization of the line profile). In analogy, the emission

coeflicient is simply given by:

l’lVl'j
nij = Eq)ij(v)l’leﬁ . (229)
hvi; 62 Z., i For o 62

3 Following, e.g.,lHuhQn;L&_Mihala_d dZQlAI, p- 136), —p, = i M - @, with the summation performed

4n mec gi MmeC g

Zhv?j
over all substates of the transition i — j. Further, the Einstein coefficients are related by ¢;B;; = gjBj; and A j; = —2'B i
c

(e.g.,Hubeny & Mihalas 2014, p. 120).
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The above equations already show the basic problem of radiative transfer: On the one hand side, the
intensity depends on the occupation numbers via the opacity and emissivity occurring in the equation
of radiative transfer (Eq. 2.8). On the other hand, the occupation numbers depend on the specific
intensity (integrated over frequency and solid angle) through the rate equations and corresponding
radiative rates (Eqs. 22211 2.26). If collisional transitions are dominating, LTE is obtained,
and this problem can be avoided. In the winds of hot stars, however, the radiative rates typically
dominate over the collisional ones, giving rise to profound non-LTE effects. Furthermore, one needs
to account for a large number of elements and lines, in order to correctly describe the full problem.
For current computer power, a full treatment in three (spatial) dimensions is still prohibitive. Thus, in
this thesis, we focus on the so-called two-level-atom (TLA) approach (see Sect. Z.2.T]and Sect. 2Z.3)),
that considerably simplifies the problem while still allowing us to analyse resonance-line transitions,
which can be described by the transition rates between the ground and a (strongly dominating) excited
state. At least for testing different numerical tools, the TLA approach already provides a reasonable
framework. For simplicity, we additionally neglect photo-ionization and recombination rates, and
(sensibly) assume almost constant ionization stages within the line-driven stellar wind.

2.1.5 Continuum scattering

From a classical point of view, charged particles oscillate in the presence of a radiation field, which
consequently becomes redistributed in angle (and frequency). Due to the powerful radiation field of
hot stars, most elements occurring in the wind are either completely ionized (e.g., H, He), or in high
ionization stages. Thus, the major contribution to the continuum comes from the interaction of light
with free electrons. From simple kinematics, it can be shown that the re-distribution in frequency

follows from (e.g., Rybicki & Lightman 1986, p. 196):

v

) (2.30)

%
1+ Y

5 (I —cos(0))

MeC
where v and ¥ are the frequency of the scattered and incoming photon, respectively, and 6 is the
scattering angle. For the frequency range considered within this thesis (corresponding to wavelengths
A>100A), the scattering at free electrons is nearly coherent, v ~ #. The corresponding cross section
is given by the Klein-Nishina formula, which then reduces to:

8 4
oh = % ~6.65-10 5 cm?. (2.31)

e
We note that the cross section for protons or other ions in a completely ionized stage can be calculated
by simply replacing the elementary charge and the electron’s mass with the ion’s charge and mass,
respectively. The resulting cross-sections, however, are very low (at least for moderate charges), and
corresponding scattering events can be neglected. Since highly ionized elements typically have low
abundances, such ions do not contribute to the continuum scattering either. Also, Raman/Rayleigh
scattering (i.e., line scattering far away from the line centre, where virtual states of bound electrons
can be excited) is negligible in the winds of hot stars, since most abundant elements (H, He) are
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completely ionized. In summary, continuum scattering in the winds of hot stars is therefore mainly
controlled by Thomson scattering.

Because the cross section for Thomson scattering is, to a good approximation, isotropic and co-
herent, the energy absorbed (i.e., scattered out) from a beam with direction n is given by

oE~
d3rdr

= l’leO'ThIV(n)dVdQ ——  XTh ="Ne0Th, (2.32)

with n. the electron density (corresponding to the number of available scattering centres). Accounting
for all incoming beams with directions 7, the energy emitted (i.e., added) to a beam with direction n
is accordingly:

OE*

N _.dO
m = fl’leO'Thg(n, n)IV(n)E]dde , (233)

where ¢g(it, n) is the angular phase function describing the angular redistribution of a scattering event.
Throughout this thesis, we assume isotropic scattering with g(iz,n) = 1. The associated error intro-
duced by this approximation should be very small (lm , p- 30). Then, the emissivity for

Thomson-scattering is simply given by:
NTh = NeOThdy - (2.34)

As was the case for the bound-bound transitions, continuum scattering complicates the solution of the
equation of radiative transfer significantly, since the emissivity depends again on the radiation field,
and vice versa. This dependency corresponds to a non-local coupling of the radiation field.

2.2 Numerical treatment of 3D radiative transfer problems

To solve the coupled problem of unknown occupation numbers and the unknown radiation field, an
iteration scheme is required (the so-called A-iteration scheme and associated acceleration techniques).
Particularly for 3D problems, a direct inversion is prohibitive due to memory limitations. Generally,
one starts with an initial guess for the opacity and emissivity, and numerically solves the equation
of radiative transfer for many angles and frequencies (the so-called formal solution). The scattering
integrals, J, and mean intensities, J,, are then obtained by integrating the specific intensity over
frequency and/or solid angle, and the rate equations can be solved. With the new occupation numbers,
the emissivities and opacities are updated, and the iteration cycle starts from the beginning. Thus,
Naq x N, formal solutions are required on a 3D grid with N° grid points, where Ng and N, describe
the number of angular and frequency points, respectively. To solve this computationally challenging
problem, efficient solution methods are required. In the following, we briefly discuss some simplifying
assumptions used within this thesis, and give an overview of available techniques for the solution of
the equation of radiative transfer. We note already here, that we will use 3D Cartesian coordinates
within this thesis, and refer to Sect. Z.2.7]for a discussion about alternative coordinate systems.
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2.2.1 Simplifying assumptions

As one aim of this thesis is to test different numerical methods, we use certain simplifying assumptions
that allow us to consider test problems under realistic conditions, while avoiding the solution of the
complete rate equations. Generally, we consider the continuum formation in the absence of a line, and
approximate the line formation by a two-level atom assuming an optically thin continuum.

Continuum

To calculate the continuum, we account for Thomson scattering, and consider all other processes as
interacting with the thermal pool (‘true processes’). For the opacity and emissivity, we then find:

Xv = Xtrue t XTh (2.35)
Ty = Nuue T 0Th = XwueBy + X0y, (2.36)
where the Kirchhoff-Plank law (e = XrueBy) states that in thermal equilibrium (and often also in

LTE), the true emissivity is related to the Planck function B,. The continuum source function can then
be calculated as:

Se="_(1-e), +eB,, (2.37)

v

with thermalization parameter €c = Ytue/(Ytrue + ¥Th) describing the photon-destruction probability.
In the absence of a line, and considering only a narrow frequency band, we only need to consider one
frequency point, and the amount of required calculations becomes considerably reduced.

Line

The line source function for a two-level atom can be calculated from Eqgs. (2.28) and (Z.29), and is
given as (see also, e.g., M (@)):

S = (1 — GL)J_+ GLBV,']' (238)
€ C,’i hV,‘,‘
= —, = L 1- -—,
L 1+¢ € Aj,' [ CXp( kBT)]

Twith C ;i and Aj; being the collisional rate coefficient (from the upper to the lower level) and the
Einstein-coefficient for spontaneous emission, respectively.” We note that the line source function is
independent of the (observer’s frame) frequency. As in the continuum case, €, can be interpreted as a
photon-destruction probability (per scattering event).

2.2.2 Comoving and observer’s frame

Within the two-level approach, the number of required frequency points is limited to a reasonable
resolution of the profile function in the comoving frame. Since photons appear red/blue shifted for
atoms moving with a velocity relative to the emitting source due to the Doppler effect, the number
of (observer’s frame) frequency points can be relatively large, in order to cover the complete profile
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Figure 2.2: Resonance regions in the observer’s frame along a given ray. The left panel shows an
artificial velocity law along the ray, here assumed to be linear. The right panel shows the profile
function as a function of the observer’s frame frequency at three distinct positions sy, s2, s3. In the
observer’s frame, the frequency grid (indicated by the vertical dashed lines) needs to cover a large
region.

function (including all Doppler shifts). Thus, a first possibility to minimize the computation time
is to solve the equation of radiative transfer in the comoving frame. Then, the number of required
frequency grid points becomes significantly reduced. If we consider a single line transition that can
be described by a Doppler profile,

1 Vemf = Vij\2
;i = - =), 2.39
T Nrdvp exp[ ( Avp ) ] 239

where vy is the comoving-frame frequency w.r.t. the global velocity field, v;; is the transition fre-

quency in the atom’s rest frame, and Avp = v;juoy/c is the Doppler-width with thermal velocity vy,
a frequency range vems € [vij — 3Avp,v;; + 3Avp] is usually sufficient to capture the complete profile.
Using a reasonable resolution of Avey,r = Avp/3 in the following work, the number of frequency points
in the comoving frame is then fixed at N, = 19.

On the other hand, when using the observer’s frame with the (non-relativistic) transformation

n-v
Vemf = Vobs — Vij _C > (2.40)

where v is the velocity vector, one would have to cover the complete range vops € [vij — 3Avp —
Avpmax(n-v/vy),vij+3Avp + Avpmax(n-v/vg)], yielding a number of N, ~ 18 + 6max(n-v/vy) + 1
required frequency grid points (see also Fig.[2.2). Thus, the number of frequency points in the ob-
server’s frame depends on the maximum (projected) velocity within the wind, and on the thermal
speed. For carbon, e.g., this would require N, ~ 1600 grid points for maximum projected velocities
max(n-v) = 2000kms~', and a thermal velocity (neglecting micro-turbulent velocities), vy, ~ 8kms™!.

4 For a Doppler profile, the (microscopic) random motion of the gas has to follow a Maxwellian distribution, and the
(shallow) profile wings introduced by pressure broadening are neglected.
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On the other hand, a comoving-frame formulation becomes complicated since the equation of ra-
diative transfer together with all quantities n,, vy, I,, n, and the V-operator need to be transformed by
applying Lorentz transformations (e.g., dﬂ@ for spherically symmetric flows). In the follow-
ing, we skip a detailed derivation, and only explain (in a somewhat heuristic way) the major problem
of comoving-frame radiative transfer when applied to non-monotonic velocity fields as aimed at in
this thesis. The spatial derivative at constant observer’s frame frequency (as required to solve the

equation of radiative transfer) can be transformed via:

0 0 (9vcmf) ( 0 )
= N 4 emt . 2.41
(65 )vobs:const. (as )chf:COHSt. ( as Vobs =cOnst. OVemf /s=const. ( )

The second term arises since the comoving-frame frequency varies as a function of s, when a ray

passes through an expanding atmosphere at constant observer’s frame frequency. Using Eq. (2.40) to
calculate the variation of the comoving-frame frequency along the ray, the time-independent radiative
transfer equation in the comoving frame becomes to first order in (nv/c) (e.g., ):

81chl' m a(nv) aIV

ol — - I, .. 2.42
as c as avcmf nchf Xchf Vemf ( )

Eq. (2.42)) is an initial boundary problem, for which a spatial boundary condition is required, together
with a spectral initial condition at all grid points. The condition that photons can interact with the
atmosphere at a given position, s, is:

Un(s)

C

Un(s)
C

Vemi(5) € [Vij = 3Avp,vij + 3Avp| = vobs(s)e[v,-j(u )—3AvD,v,-j(1+ )+3AVD],

(2.43)

with v,, the projected velocity along a considered ray. Thus, two different positions, s and s’, can only
interact with each other if

vn(s)

C

Fvobs(s”)  such that wmdf)e[vu(1+ On($)
C

)—3AVD,V,'J'(1 + )+3AVD] . (244)

In the following, we consider two examples considering a monotonic increasing and a non-monotonic
velocity field specified at three given points sq, 52, s3 (see Fig. 2.3)).

(1) For monotonic increasing velocity fields, photons emitted from the inner parts of an at-
mosphere always appear red-shifted for a (comoving) observer located in the outer parts. Since

Un(81) < v,(82) <v,(s3), one can easily show that the blue-wing frequency defined as viﬂ‘;e) =v;j+3Avp
gives vfil:e)(sl) < vgﬁ:e)(sz) < vgﬂ;’e)(g) in the observer’s frame. Thus, there is no interaction of the

blue-wing photons with the inner layers, and the initial condition is simply given by specifying the
intensity I(s,v;;j + 3Avp) either from a precalculated continuum, or from the irradiation by the cen-
tral star. We note that for monotonic decreasing velocity fields (e.g., when considering the opposite
direction), one can accordingly define the initial condition at the red wing.

(i1) For non-monotonic velocity fields, the situation becomes much more complicated, because, in
terms of the example from Fig.[2.3] one obtains for the blue and red wings:

V(blue,red)

(blue,red)
obs (S2)

V(blue,red)
obs

(blue,red)
ObS (S3 ) 9

and bs

(sp)<v (s2)>v
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given that v,(s1) < v,(s2) and v,(s2) > v,(s3). Since, for a given direction, blue-wing photons at point
s3 now can interact with the previous grid point s, and because the red-wing photons at point s, can
interact with the previous point sy, the initial condition becomes very cumbersome to formulate (if it
is possible at all). The only simple possibility to solve this issue would be to extend the comoving-
frame frequency range to essentially the same frequency range as used within the observer’s frame,
and nothing would have been won. Furthermore, the switch of the sign, as introduced in front of the
frequency derivative term in Eq. by the non-monotonic velocity field, complicates the complete
situation even further, since the different regions (with positive or negative projected velocities) would
need to be treated separately.

Finally, a third problem, although not as severe as the previously mentioned ones, arises when
considering a multitude of lines, which potentially can overlap due to the involved velocity fields and
the Doppler effect. Already for monotonic velocity fields, different wind regions can then be coupled
via different line transitions. We therefore will apply an observer’s frame formulation within this
thesis, since both non-monotonic velocity fields and wind-induced line overlaps are ‘automatically’
accounted for.

2.2.3 Differential methods

The most easy approach to solve the equation of radiative transfer numerically is to replace the V-

operator in Eq. (2.8) by finite differences:
I.. _I._ . I.._I.._ I _I.._
VIV—> ijk i l,j,kex+ ijk i,] l,key+ ijk i, ).k leZ. (245)
Xi— Xi-1 Yji—Yj-1 Zk — Zk-1

where the indices i, j, k describe the position on a 3D Cartesian grid with unit vectors ey, e,, e;. Math-
ematically, this method corresponds to the group of finite-volume methods. Basically, the radiative
transfer equation is integrated over a finite control volume surrounding a given grid point (vertex-
centred), or spanned by the grid points (cell-centred, see Fig. 2.4). The resulting integrals can be
solved by applying certain assumptions regarding the behaviour of the intensity, opacity and source
function within the control volume. We note that the cell-centred method can yield negative — thus
prohibited — intensities in special situations (see Appendix [B). Therefore, the vertex-centred approach
is typically applied, and one assumes that all quantities are constant within the control volume, yield-
ing a very simple and stable discretization of the equation of radiative transfer (see Sect. 3.1l for the
detailed implementation of this method within our code). The intensity for a given frequency and
direction at any point in the atmosphere then depends solely on the local opacity and source func-
tion, as well as on the illuminating intensities at the neighbouring grid points on the upstream side
of a given direction. Thus, one can simply sweep through the Cartesian grid along the specified di-
rection (Fig. 2.4). Since the FVM has already been applied to 3D astrophysical radiative transfer
problems by (@), and [Lobel & Blomme (2008), we implement a similar technique as a first
step (Sect. B.1). In Chapter 4] we focus on the accuracy of this simple discretization technique, and
show that the method suffers from various numerical inaccuracies, mainly related to numerical dif-

fusion introduced by assuming constant intensities within each control volume. Applying high-order
interpolation schemes (e.g., a trilinear interpolation), however, can, similarly to the cell-centred FVM,
yield negative intensities (see Appendix [B)), and are therefore prohibitive as well.
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Figure 2.3: Initial conditions for the comoving-frame radiative transport with a monotonic increasing
velocity field (upper panel) and a non-monotonic velocity field (lower panel). The comoving-frame
frequency for three distinct positions sy, 57, s3 is shown as a function of the observer’s frame frequency
in the right panels, together with the observer’s frame frequency range where the spatial grid points
can interact with each other. While photons on the blue wing at vems = v;; + 3Avp never interact
with previous layers for monotonic velocity fields, the formulation of the initial condition becomes
problematic for non-monotonic velocity fields.

2.2.4 Integral methods

Within the integral methods, the radiative transfer equation for a given frequency is solved along a
particular ray (the so-called ‘characteristic’) until a grid point is hit. Defining the optical depth along
the ray as

As
dr, = y,ds & ATV:f Xvds, (2.46)
0

where As is the path-length, and Ar, is measured along the path, the time-independent equation of
radiative transfer, Eq. (Z.9)), can be solved analytically by using integrating factors. Along a ray, we
obtain:

ATy,
L(AT) = Lnee ™™ + f e~ AT S (1) dr,, (2.47)
0
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Figure 2.4: Different solution methods for multi-D radiative transfer problems. The upper left and
upper right panels show the cell-centred and vertex-centred finite-volume method, respectively, with
the control-volume indicated by the blue-shaded area. The equation of radiative transfer can be solved
for a given direction and frequency by sweeping through the grid from points 1 - 2 — 3 — 4 or
1 - 3 - 2 — 4. Lower left panel: short-characteristics method with upwind points u1,u;,u3,us. For
point u4, the interpolation of the source function, opacity and intensity is indicated. In order that
the intensity at all upwind points can be interpolated, the sweeping through the grid needs to be be
performed again from 1 — 2 — 3 — 4 or from 1 — 3 — 2 — 4. Lower right panel: long-characteristics
method following a particular ray from the boundary to a given grid point. Depending on the required
accuracy, the source functions and opacities need to be interpolated onto each ray. Since the incident
intensity is specified only at the grid boundary, the order of the sweep can be chosen arbitrarily.

with [, the incident intensity at the starting point of the ray. Eq. (2.47) needs then to be solved for
characteristics intersecting all grid points, and for many frequencies and directions.

Long characteristics

One possibility to obtain the formal solution is by applying the long-characteristics method (LC,
see Jones & Skumanigﬂ 1923], Lkmejj 1923], and Fig. 2.4). Within the LC method, the characteris-

tic is defined from the boundary of the spatial domain to a considered grid point. To calculate the

intensity, both the stratification of the source function and of the opacity (to calculate the optical
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depth) is required along a considered ray. Typically, one discretizes the characteristic such that the
(still unknown) A7, and AS, steps ideally become equidistant. If the 3D spatial grid represents the
3D stratification of opacities and source functions, one could, for instance, define a mesh along the
ray by the intersections of the ray with the 3D spatial grid, with corresponding opacities and source-
functions obtained from interpolation. Along the characteristic, all quantities are then approximated
by piecewise linear functions in 7,, or with polynomials of higher order, and Eq. (2.47) can be solved
analytically. For a 3D grid with N grid points, the number of points along the ray is, on average,
N/2. Thus, roughly N*/2 operations are required to solve the equation of radiative transfer along a
ray together with another N*/2 operations for interpolating all quantities onto the ray. The N* scal-
ing of the computational effort can be circumvented by applying an effective parallelization strategy.
In this respect, we emphasize that the intensities at all 3D grid points are independent of the formal
solution at neighbouring grid points, and the LC solution scheme can be easily parallelized for each
ray. In principle, if enough CPU’s are available, all N3 rays (per frequency and solid angle) can be
calculated in parallel. The overhead, however, might be significant since grid points located far from
the boundary require much more operations than grid points located near to the boundary.

Short characteristics

Alternatively, one may apply the short-characteristics method (SC, |&masz_&_Au_e_I”lM) to reduce the
N* scaling of required operations. Within this method, the radiative transfer equation is solved only
for each grid cell (Fig. 2.4 lower left panel). The starting point of each characteristic (‘upwind point’)
is then defined at the intersection of a considered ray with the neighbouring grid layers. In addition
to the opacities and source functions at the upwind point, also the intensity needs to be determined
by interpolation from neighbouring grid points. The interpolation of intensities, however, may be
problematic (e.g., when the intensity has sharp edges), possibly giving rise to numerical diffusion
errors. On the other hand, only N3 evaluations of the radiative transfer equation are required together
with N3 interpolations (including upwind intensities) to obtain the formal solution at all 3D grid
points. Thus, when comparing SC and LC method, the computational complexity of the problem is
reduced by a factor of N/2. We note, however, that the parallelization strategy needs to be changed
since the intensity at each grid point explicitly depends on the intensities at the neighbouring grid
points. The most reasonable approach is to parallelize the problem in the spectral or directional
domain, where a private copy of the 3D intensity is required for each (parallel) frequency or solid-
angle node. When using super-computers, such private copies are typically not allowed due to memory
limitations. Since our code shall be executed on personal computers anyway, and because we are
convinced by the reduction of computational cost by the factor of N/2, we develop and implement the
SC method with corresponding tools in Sect[3.2] and apply the LC method only to calculate synthetic
line profiles (Sect. 3.7).
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/
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Figure 2.5: Random walk of a photon packet within the Monte-Carlo radiative transfer method. Grid
points are indicated as red dots with the corresponding grid cells represented by the black solid lines.
The photon packet undergoes numerous coherent scattering (blue stars) or absorption/re-emission
(magenta stars) events. In the former case, only the direction becomes redistributed, while in the latter
case, also the frequency changes. The complete trajectory is indicated by the green arrows.

2.2.5 Stochastic methods

To solve the coupled problem of the microscopic interaction of matter with the radiation field, also
a statistical approach can be applied by using Monte-Carlo simulationsﬁ. Particularly for 2D and
3D problems, this approach may be advantageous since the overall N, NoN? scaling of the computa-
tional effort could be further reduced. Within the Monte-Carlo method for radiative transfer (MC-RT,

e.g., LuQ;J M Ercolano et alJM, Ercolano et al.”;(mﬂ), photon packets of random frequency are

released from the inner boundary into random direction, and their trajectories are calculated account-

ing for (in principle) all microphysical processes (scattering, absorption and re-emission), until each
photon packet escapes from the computational domain, or is back-scattered onto the inner boundary.
The numerical accuracy then depends solely on the number of released photon packets, Nyic. Since
the computational effort is proportional to NyicNevent> Where Nevene is the number of events (including
the crossing of a grid cell) until the photon packet escapes, the MC-RT method can (but not neces-
sarily has to!) be more efficient in terms of computational cost than the (above described) classical
methods.

To set up the MC-RT method, the spatial domain is initially discretized similarly to the vertex-
centred finite-volume method. All quantities describing the state of the gas are given at each grid
point, and are assumed to be constant within the surrounding cell. To calculate the trajectory of a
released photon packet, we consider the probability that a packet is absorbed (or scattered) within an
interval [0, 7,] along the packet’s path. Using only the absorption part of Eq. (2.47)), we obtain:

# photons survived along 7,

— 1_ IV(TV) — 1 —C_TV.

P(r,)=1-
(™) # incident photons Iy

(2.48)

By drawing a random number r from a uniform distribution, we obtain the optical depth that is realized

5 The name indeed refers to the Monte Carlo Casino in Monaco.
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when an absorption or scattering event has happened:
7, ==In(1-7r) = x,As, (2.49)

with corresponding length-scale As. For large As, the photon packet potentially crosses the grid-cell
boundary. Then, a new random number is picked, and a new path length is calculated within the next
grid cell starting at the cell boundaryﬁ. On the other hand, if As is smaller than the distance to the
grid-cell boundary, the photon-packet undergoes an event either by coherent scattering or by absorp-
tion (and immediate re-emission). In the former case, only the direction becomes redistributed (again
by drawing random numbers), while in the latter case, also the frequency of the photon-packet be-
comes redistributed by considering the (thermal) emissivity in the considered grid cell. An exemplary
trajectory for a photon packet suffering from different events is shown in Fig. Defining the energy
of absorbed and re-emitted radiation as €(v,) = €(ve) = € = const., i.e., only the photon number of
the packet in each frequency interval changes, the total radiation energy is automatically conserved
globally (over the complete frequency range). The mean intensity in each cell could then be calculated
by considering the relation between mean intensity and energy density, Eq. (Z.10). Since each photon
packet on a trajectory within a given volume carries an energy €y0t/At, where o6t = As/c is the time
the photon package spends on the trajectory, and At is the duration of the MC experiment, we obtain
(see, e.g., EEE

c eot/At 1 g 1
7, == = N As. 2.50
v 47:2 % 4nszZ s (2.50)

V is the volume of the grid cell, and the sum is performed over all trajectories within the volume with
photon packets of frequency v. For the problem of continuum photons as described here, no iteration
procedure is required (if the temperature stratification was known), and the (diffuse) radiation field
can directly be found from the MC simulation. We note, however, that for optically thick problems,
photon packets can be scattered (or absorbed/re-emitted) very often, increasing Neven Significantly.
Thus, for such problems, the MC-RT method might become inefficient.

Another problem arises when the emissivity is not known. While the continuum is mainly com-
posed of electron scattering and true processes, the thermal emissivity in that case is simply given
by Nue = YuwueBy. When considering a line transition, however, the situation becomes much more
complicated due to spontaneous emission events. In that case, one might use the MC-RT approach as
defined above with an initial guess for the emissivity, and using single photons instead of (constant)
energy packets. Since the emissivity depends on the radiation field and vice versa, an iterative pro-
cedure is needed, which might require a large number of iteration steps until convergence. Another
problem in this respect is the calculation of the scattering integral. At least in principle, we can obtain
the scattering integral by counting the number of photons in a given frequency range through a surface
within a given grid-cell, multiplied with the profile function (in the comoving frame). The definition
of the surface, however, is not trivial. Furthermore, we would require a large number of photons
with different frequencies and directions within each volume element in order to obtain an accurate
solution. Finally, the problem of essentially trapped photons with a very large number of scattering

6 |Lu§_)] d_LQQQd) noted that no bias is created by picking a new random number, because the probability for an event to
happen is independent of the previous travelling history of a photon packet.
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Figure 2.6: Multiple resonance zones along a ray with a given observer’s frame frequency and with
direction n (green arrow). At the first resonance region, the incident intensity is given by the intensity
emerging from the stellar core, /.. At the second resonance region, the incident intensity is given by
the emergent intensity from the first resonance region. The profile functions indicate the interaction
regions, and are displayed with red solid lines.

events becomes particularly pronounced for strong resonance lines, since the optical depth can be-
come extremely large in the line core. In this respect, also the accurate description of thermalized
(i.e., thermally destroyed) photons becomes problematic, since already few thermal processes might
be sufficient to thermalize a considered photon during millions of scattering events. We emphasize
that the problem of thermalized photons plays a significant role within optically thick continua as
well.

In summary, the MC-RT can presumably be applied efficiently ‘only’ to pure scattering lines, or
to radiative transfer problems that remain mostly optically thin (but see also |LJ.LC;J |1222b| and
). Since the coupling of the radiation field with the NLTE rate equations becomes complex as
well, and due to the computational effort of essentially trapped photons, we thus preferred to focus on

the deterministic methods within this thesis.

2.2.6 Semi-analytic methods: Sobolev approximation

The Sobolev method (M M) is a very elegant, semi-analytical solution scheme for calculat-
ing line transitions in rapidly expanding atmospheres. In the following, we assume an optically thin
background continuum (though extensions to include continuum processes have been developed by,
e.g., |Humm.QL&_R;Ltu.(‘JSJ| [128_5‘). Within the Sobolev method (see Appendix [Al for a detailed deriva-
tion), we consider a position on a ray with direction n satisfying the resonance condition veyi(r) = v;;.
To calculate the specific intensity at that position analytically, Eq. (Z.47)) is applied assuming that

(i) all quantities describing the local state of the gas (source function and frequency-independent
part of the opacity) are constant over the width of the profile function (i.e., within the interaction
region of the radiation with the gas). This assumption requires a rather steep gradient of the
projected velocity along the ray, and implies that the Sobolev approximation is valid only where
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v, > v, With v, the projected velocity along the ray. Thus, the Sobolev method mostly fails to
represent the radiation field in photospheric layers.

(i1) the projected velocity along the considered ray can be approximated by a linear function, at
least over the width of the interaction region. Thus, when curvature terms become important
(e.g., in the transonic region of the atmosphere), the Sobolev method again provides only a
crude approximation of the radiation field.

Under these assumptions, the specific intensity at a given point can be expressed by the incident
intensity at the begin of the resonance region (which for non-monotonic velocity fields depends on
previous resonance regions), and purely local quantities (Egs. [AI2HAT3). For monotonic velocity
fields and an optically thin continuum, the incident intensity is simply given by the intensity emerging
from the stellar core if the considered ray intersects the stellar surface (Fig. 2.6), and zero else. For
such problems, the scattering integral can be calculated by local quantities alone, and the solution for
the source function of the line-scattering problem is readily obtained from Eq. (A I7).

For non-monotonic velocity fields, the incident intensity at the begin of the resonance region is
not known a priori, due to the interaction of the radiation along a given ray in several resonance
regions, and the formulation of the Sobolev method becomes complex (though possible, see Rybicki

& Hummer @‘). Two major problems arise, that destroy many benefits of the method. On the one
hand, an efficient algorithm is required to locate all resonance regions along a ray, which may become
quite time-consuming. On the other hand, analogously to the differential and integral methods, a
A-iteration scheme is required to account for the non-local coupling of the radiation field between
multi-resonances (e.g., ﬁm ). Furthermore, the implementation of wind-induced overlaps
from different line transitions can become quite complex (already for monotonic velocity fields). Thus,
and to avoid potentially severe approximations (particularly for shallow velocity gradients, or in the
transonic region where the velocity field shows a strong curvature), we decided to implement the 3D
Sobolev approximation (neglecting multi-resonances for simplicity) only to calculate starting values
for the more elaborate methods discussed above (and in the following).

2.2.7 Coordinate systems

Thus far, we have used a 3D Cartesian grid to describe the global coordinate system. Since the
intensity is a function of spatial coordinate and of direction, the formulation of the FVM and SC
method in other coordinate systems becomes problematic, as shown below.

The FVM in arbitrary orthogonal curvilinear coordinates

Since in curvilinear orthogonal coordinates, the basis vectors are a function of position, the spatial
derivative within the equation of radiative transfer needs to account for the change of the representa-
tion of the direction vector in such a coordinate system. For an arbitrary orthogonal curvilinear system
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Figure 2.7: Spatial gridding for 3D radiative transfer methods in the xz-plane. Red dots represent grid
points within the computational domain, while black dots correspond to grid points on the boundary.
The left panel shows a spherical grid with short characteristics indicated by green arrows. In order
to interpolate intensities onto the upwind points (blue dots), the sweep through the grid needs to be
performed from grid points 1 — --- — 12. The right panel shows an arbitrary distribution of grid
points with corresponding triangulation. Long-characteristics are displayed with green arrows, where
source functions and opacities need to interpolated onto the intersection points of each ray with the
triangular grid (blue dots).

(91,92,93), the equation of radiative transfer becomes (see also , p. 30):

3
1 df
n-VI, = n-Z ei—
i=1

\dr/dg,| " dg;

3
1 al, 06 oI, ¢ 6IV) ]
n S L |(%) (960, 960L — e (Sy=1), @51)
; |dr/dgil [(aqi )n:const. (a% 90 dq; 69 gi=const.

with e; the unit-vectors of the curvilinear coordinate system, and 6, ¢ the angles describing the direc-
tion vector. Within the finite-volume method, the angular derivatives in Eq. (2.31)) lead to a severe
complication for the discretization of the radiative transfer equation. On the other hand, when using
Cartesian coordinates, all terms 06/dq; and d¢/dq; vanish, and the required volume integrals can be
easily performed. We note that only for 1D spherically symmetric problems, the differential approach
can be re-formulated by applying the pz-geometry (e.g., Mﬁ ), and solving the radiative
transfer along rays with a one-to-one correspondence between impact parameter p and the angular

variation of the radiation field.

The characteristics methods in arbitrary orthogonal curvilinear coordinates

The characteristics methods solve the radiative transfer equation along a given ray with prespecified
direction, independent of the representation of the considered direction vector in an orthogonal curvi-
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linear coordinate system. For a single ray, one can thus always define a local coordinate system with
constant radiation coordinates.

For the SC method, however, the interpolation of upwind intensities becomes problematic (see,
e.g., |BJ.ls_Che_&_Hllh§r| |2Q0d). For instance, if the upwind point is located on a given ®-level of a
2D spherical grid, where @ is the co-latitude, the upwind intensity needs to be interpolated along the

radial grid via

dl, (r,0
L, (rg,0(r0)) = 1, (ro,0(r0)) + %(r —10)
ol, 0601,
= hn i) [(E)G:const. ' (E %)r:const] r=r). (252

where we have used a linear interpolation law to describe the variation between the ry and r, radius-
levels for illustrative reasons. Since a lot of such interpolations need to be performed, the computa-
tion time of the SC method formulated in a curvilinear coordinate system might become significantly
enhanced when compared to a formulation in Cartesian coordinates (for which no such angular in-
terpolations need to be performed). Additionally, when using curvilinear coordinates, the sweeping
through the grid needs to be adapted for each considered direction, in order that neighbouring grid-
points have previously been calculated (see Fig.[2.77] left panel). Thus, a formulation of the SC method
in Cartesian coordinates is clearly advantageous in terms of computation time.

For the LC and Monte-Carlo methods, no interpolations of intensities are required, and the above
described problems are avoided. The calculation of the intersection of a given ray/trajectory with a
grid-cell boundary (required — at least — within the SC and MC method, and potentially also within
the LC method), however, can become computationally challenging (e.g., |ﬂujﬂ1€r_e_t_alj M, and
Fig.[27 right panel).

2.2.8 Available codesﬁ

Meanwhile, various 2D and 3D codes exist, with widely differing assumptions on the underlying ge-
ometry and designated applications. In this respect, one important point is the assumption of LTE,
which cannot be applied in expanding atmospheres, when the radiation field dominates the level pop-
ulations. For the latter problem, the coupling between the NLTE rate equations and radiation field is
mostly performed using the aforementioned acceleration techniques (e.g., the accelerated A-iteration,
ALI). We briefly mention specific codes designed for a multi-D radiative transfer in stellar atmo-
spheres (for other applications, there are many more such codes; e.g., for multi-D codes related to the

ionization balance in the interstellar medium, see [Weber et al.| 2(!13] and references therein):
Wmp3D (Lobel & Blgmm& M) is a 3D FVM code, which has been developed to calculate
the line transport in scattering dominated environments using Cartesian coordinates, and with level

populations approximated by a two-level-atom. It adopts the classical A-iteration scheme, which has
poor convergence properties for optically thick, scattering-dominated lines. Winp3D is thus restricted
to the treatment of weak lines. For those, however, |LQbe_l_&_B]Qmmel dZOiﬁ) were able to model the
time variations of discrete absorption components (DACs), as observed for the Si1v 1400 A doublet of

7 This Section has been copied — to a major part — from [Hennicker et all m, Sect. 1).
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the B0.5Ib supergiant HD 64760. Together with the hydrodynamic code Zeus3D, these authors have
reproduced the DACs, supporting the suggestlon of (@), that they arise from co-rotating

interaction regions (see also ).

ASTAROTH (Georgiev et al| 2006 and Zsargé et all 2006) is a 2D SC code, which is capable of

solving the radiative transfer in parallel with the NLTE rate equations for axisymmetric problems with

non-monotonic velocity fields. It uses spherical coordinates and includes a (local) ALI scheme. Many
tests have been performed by a comparison to 1D spherically symmetric models from CMFGEN,

2

giving errors of a few percent only. ) applied the code to investigate the H and He

ionization stages in the envelopes of B[e] supergiants, and modelled, among others, the H, line.

IRIS dlbgm_e_t_a]_] |2_O_]_1§) is a 3D SC code, which, to our knowledge, has been only applied for
studying laboratory-generated radiative shocks dﬂgm_e_t_aﬂ M) thus far. [Ibgui et al dALliaJ) in-
vestigated test problems (searchlight beam test, and 1D plane-parallel models), which show an as-

tonishing accuracy for the solution of intensity, mean intensity, radiative flux, and radiation pressure
tensor, on non-uniform Cartesian coordinates and including velocity field gradients. By now, the code
assumes LTE. However, the inclusion of scattering terms is planned for the future. For the plane layers
as considered in IRIS, only few direction vectors (Ng ~ 100) are required to accurately calculate the
moments of the specific intensity. Since the number of required directions becomes significantly en-
hanced (Ng = 2000) for the problems considered within this thesis (where photons can propagate over
large distances), the high-order interpolation schemes as applied in IRIS might become prohibitive in
terms of computation time.

MULTI3D (Leenaarts & Carl ssgﬂ Umd) is a 3D SC code developed to accurately solve the NLTE

rate equations in cool FGK-type stars. /Amarsi et al] dZQl_d) used this code to predict, among other

lines, the O1 777nm line for a grid of 3D hydrodynamical models, by setting up a 23-level model
atom. This code, however, has been developed (and optimized) for the application to cool stars (with
subsonic velocity fields, at most), and cannot be used in our context. Furthermore, only the plane
layers of the atmosphere are treated, with the angular quadrature performed over solely No = 24
directions.

ProENIX/3D dHaus&hﬂ.dI_&_B_amd 2006 and other papers in this series) is a 3D LC solver, which

is capable of solving the radiative transfer together with the multi-level NLTE rate equations. They

use spherical, cylindrical or Cartesian coordinates, and implemented a non-local ALI scheme. With

the extension from [S_e_elmmm_e_t_alj (|2_Qld), arbitrary velocity fields can be included as well. To our
knowledge, ProENTX/3D has not been applied, thus far, to real, multi-dimensional, problems.

MOCASSIN dEmﬂam.alJM, Mm.aﬂhﬂﬂii) is a 3D Monte-Carlo code for calculating

photo-ionization rates and dust radiative transfer within arbitrary density distributions. The original

formulation in Cartesian coordinates has meanwhile been extended to an arbitrary distribution of grid

points using Voronoi cells ([Hmmer_e_t_alj |29_1ﬂ). To date, mocassiN is widely applied to, e.g., photoe-
vaporation in protoplanetary discs dErmLangLe_t_aﬂM) or to the ionization feedback in star forming
regions (Ercolano & giritsghnedeﬂ M). For the problems considered in this thesis (e.g., strong scat-
tering lines with a weak thermal component), however, MC-RT methods probably become inefficient
in terms of computation time (see Sect. 2.2.3).
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2.3 Summary of basic assumptionﬂ

The problems considered within this thesis assume an (almost) stationary atmospheric structure,
meaning that the densities, velocities and boundary conditions are assumed to be constant in time,
or are at least changing much slower than the radiation field. Thus, we use the time-independent
equation of radiative transfer:

n-VI,(r,n) = y,(r,n)(S,(r,n)— I,(r,n)). (2.53)

In the following Chapters, we skip the explicit notation for the spatial (r) and directional (1) dependen-
cies, and keep the notation of the frequency dependence only when appropriate. The source function,
S, and the opacity, y,, consist of the sum of continuum and line processes. By splitting the contin-
uum emissivity and opacity into true and scattering processes, the corresponding source function can
be parameterized by the thermalization parameter, ec (Eq.[2.37). As a first approach, we treat the line
transfer similarly by considering a TLA (within an optically thin continuum), with the corresponding
source function given by Eq. (Z.38]). The TLA is well suited to describe resonance lines, but for future
applications the complete rate equations need to be taken into account, of course.

The profile function, ®,, will be approximated by a Doppler profile. Further, we do not calcu-
late the profile in frequency space, but rather in the variable x.n,f, describing the comoving-frame
frequency shift from line centre, in units of a fiducial Doppler width, Av,:

Vemf — V. ViU,
cmf = Vij % tJ%th
Xemf = ———3 Avp = , (2.54)
Av c
D

where v;; and vy, are the line-centre transition frequency, and the fiducial thermal velocity, respectively.
The fiducial width is required to enable a depth-independent frequency gricﬂ. Xeme 18 related to the
corresponding observer’s frame quantity via Xemf = Xobs — 1V, with V =v/ vfh the local velocity vector
in units of vy . In most cases, we do not label x explicitly to distinguish between comoving and
observer’s frame (nor from the spatial x-coordinate), since the meaning should be clear wherever it
occurs.

The profile function (in frequency space), Eq. (Z.39), then becomes:

1 Vemf — Vij\2 1 Xemf )2
D, = —exp|-(————) | = exp|— , 2.55
T Nrdvp p[ ( Avp )] VrAvp p[ ( 0 )] (253
where
1 2T
cS:vT . +o (2.56)

is the ratio between the local thermal velocity (including microturbulence, see Sect. 3.4.2) and the
fiducial velocity, T is the local temperature, and my is the mass of the considered ion. With the profile

8 This Section has been copied — to a major part — from dﬂennmr_eLa]J |2Qlﬂ, Sect. 2).

9 The actual profile width depends on the local gas temperature and on micro-turbulent velocities, that can both vary as a
function of position in the atmosphere. Thus, a frequency sampling with equidistant steps of the line-profile width would
become depth-dependent.
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function, normalized in x-space,

1 cmf \2 1 obs — M- V\2
= «/Eaexp[—(x(;f)}= ﬁéeXp[—(xb 5n )] (2.57)

the line opacity, which needs to be described in frequency-space (because the radiative transfer and

Planck function are formulated w.r.t. frequency), is given from Eq. (Z.28):

xL(v) = xo®, =Ly (2.58)
2 2
_ e n n e
Xo = (gf)[—l - —“] ~—-f-n, (2.59)
mecC g1 Gu mecC

with ny, ny, g1, gy the occupation numbers and statistical weights of the lower and upper level, respec-
tively. Since n > n, for resonance lines, we have neglected stimulated emission on the right-hand
side. Yo is the frequency integrated opacityl, and is related to y1, by

_ 4 Xo

)(L=A—VDX0= Av]*)'

(2.60)

We finally parameterize the continuum and line opacities in terms of the Thomson-opacity, yth = ne0%,

YL Yo
XL = kL xm @ & kLi=X—=*X— (2.61)
Xth  Avpneo.

xc = kcxtn, (2.62)

where we use ki, as a depth-independent parameter, since the ratio nj/n. remains almost constant in
the atmosphere for resonance lines (almost frozen-in ionization).

In the next Chapter, we present (efficient) numerical tools for solving the coupled equations (2.33)
and (2.37)/@2.38). Although this coupled problem could be solved directly, at least in principle, we
note already here that this would require the inversion of a very large matrix, which is computationally
prohibitive in 3D calculations (see Sect.[3.3). Thus, we apply a A-iteration, for which a formal solution
of the radiative transfer equation is obtained, given the continuum and line source functions. These
are subsequently updated according to Eq. (2.37) and (Z.38)), given the formal solution of the previous
iterate. For large optical depths and low ec (&), however, the strong non-local coupling between the
source functions and the radiation field results in the well known convergence-problem of the classical
A-iteration. This problem is based on the fact that, due to scattering processes, photons can travel over
many mean-free-paths before being destroyed or escaping from the atmosphere. On the other hand,
information is propagated in each iteration step only over roughly one mean-free-path. Therefore, a
large number of iteration steps would be required, until a consistent solution was obtained (if at all).
Thus, acceleration techniques are urgently needed, and developed in this thesis in terms of an ALI
scheme using operator-splitting techniques ).

Since we aim at modelling non-monotonic velocity fields, for which a comoving-frame formu-
lation, if at all, is very complicated to implement, we solve the equation of radiative transfer in the
observer’s frame. We also use a Cartesian coordinate system, which has the advantage of constant an-
gular directions w.r.t. the spatial grid. Anyhow, a description of the atmospheric structure in spherical
coordinates loses its advantages for the non-spherical problems considered in this (and future) work.

10 We stress that the frequency integrated opacity is often written as g1, and must not be confused with the quantity defined
by the same symbol as defined here (different normalization!).



Chapter 3

Numerical methods

This chapter has been copied - in parts - from Hennicker et all M) and [Hennicker et all dZQlQ).

3.1 Finite-volume metho

3.1.1 The discretized equation of radiative transfer within the FVM

The main ideas of the FVM originate from heat transfer M @), and have been already
applied to radiative transfer problems in accretion discs by M @), as well as to the formation

of discrete absorption components in hot star winds dLQbeJ_&_B]Qmmej M). We note that (at least
in principle), a large number of different formulations can be derived, that vary in the definition of
control volumes (cell-centred vs. vertex-centred, see Sect.2.2.3)), or differ in the applied interpolation
technique to solve the volume-integrals. Since the cell-centred approach can result in negative (thus
unphysical) intensities (see Appendix [Bl for an example in 1D), we apply a vertex-centred FVM.
Although the derivation of the discretized equation of radiative transfer can be found, for instance, in

), we outline the basic ideas in more detail in the following. At each grid point, Eq. (2.33)
is integrated over a finite control volume (see Fig. B.I). Applying Gauss’s theorem, we obtain:

fln-dS:f)((S—I)dV. (3.1)
ov \%

@ an

The left-hand side of Eq. (B:I)) describes the intensity propagating into and out of the control-volume
surfaces, and the right-hand side corresponds to the grid-cell contribution from sources and sinks.
To solve the volume integral, we assume that all quantities given at the grid points are appropriate
(constant) mean values within the corresponding control volume, since higher order schemes could
lead, similarly to the cell-centred approach, to negative intensities (see Appendix [B)). Then, the right-
hand side is easily integrated, yielding

I = fX(S =1 dV = xiu(S ijk — Lijp)(Xiv12 — Xi-12)W 172 = Y j-172) @kt 172 — Z-1/2)» ~ (3.2)
%

! based on|Hennicker et al| m, Sect. 3, Sect. 3.1, and Appendix A).
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Figure 3.1: Geometry used within the vertex-centred control-volume approach: The discretized 3D
spatial grid is shown in blue. The dashed lines indicate the control volume, corresponding to a grid-
point (i jk). The control-volume surfaces are located at the centre between the grid-point coordinates.

From [Hennicker et al.| (M).

for a grid point (i jk). Since we are using Cartesian coordinates, the integral on the left-hand side can
be readily calculated:

@D = f In-dS
v

Yj+1/2 Tk+1/2
nxf f I(xi+1/2,Y,2) — 1(xi-1/2,Y,2) dydz

Yj-12 Yk-1)2

Xirl/2 [ Th+1)2

+ ny f I(x,yj+1/2,2) = 1(x,yj-12,2) dxdz
Xi—12 Y12
Xi+1/2 Y j+1/2

+ n Iy, 2ke172) = 1(x, Y, 25—12) dxdy.

Xi-1/2 YYj-172

Again, assuming that the intensities at the midpoints of the control-volume surfaces are representative
averages of the corresponding surfaces, we obtain:

(I)=f In-dS = n(liz12,k —Lic1)2,j0 )W 172 =Y j-172) ks 1/2 = 2k=1/2)
av

+

ny (L ji 1726 = L j-172.0)(Xiv 172 = Xi—1/2) 2kt 1/2 = Tk-1/2)

+

(L jir12 =L jr—172)Xiv12 = Xic12)Yj1/2 = Yj-1/2) - (3.3)

Since the control-volume coordinates are positioned at the midpoints of the grid coordinates, we
substitute:

Xit1 — Xi—1 Yj+r1 —Yj-1 Zh+1 — Zk—1

Xiel2 =Xl 2= T YRl 2T Y2 = T kel 2 T k12 = 5 . (34
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Finally, we use the upwind approximation to replace the (unknown) intensities at the control-volume
surfaces:
Liv12,jk = L jk liv12,jk = Liv1 jk
Ii—l/Z,j,k_>Ii—1,j,k fornx>0, Ii—1/2,j,k_>li,j,k fOl‘l’lx<0,
a:=1 a:=-1
Lijr12k = 1ijk Lijriy2p = L jrik
Ii,j—1/2,k - Ii,j—l,k for ny > 0, Ii,j—1/2,k - Ii,j,k for ny < 0,
B:=1 B:=-1
Lijkv172 = Lijk Lijk+172 = i jir
Ii,j,k—1/2 — Ii,j,k—l for n; > 0, Ii,j,k—l/z - I,',j’k for n; < 0.
yi=1 yi=-1

Combining Egs. G, G.2), B.3), 34), and using the definitions of «,f,y, the discretized equation
of radiative transfer finally reads:

ny (I,'jk — I,'_Q,j’k) ijAZk +ny (Iijk - Ii,j—,B,k) Ax;Azi + n; (Iijk - Ii,j,k—y) Axiij =
C) o (C —(L i jk) o (L C -(L i jk
with Ax; := (Xiyo — Xi—a)/2, Ay := (Y j18 —Yj-p)/2, AZk := (Zk+y — 2k—y)/2, and where we already have

separated the continuum and line contribution of the opacity and source function. Collecting terms,
and solving for /; . leads to:

c L
Lijk = aijS f,,ﬁ + DS | jk) + Cijkli-a jk + dijicli j-p x + €ijili, ji-y » (3.6)
with
©) , -Wygak | M y nz
=X AV e Ly S
fljk ijk ijk X Ax; ij Az
© =(L) (1)
B Xijk Xij Px
k=7 jh=——F—
Y Sk Y Jijk
U d ny n
Cijk = 77> k= s €k =
Y Axifijk Y Ayjfii Y Awfijk

and a,f,y set to +1 for direction-vector components ny,n,,n, 2 0. All quantities except xc, yL, and
the source terms, depend on the considered direction n as well as on frequency. Eq. (3.6) represents
a pure upwind scheme, with projected AT—stepsH calculated from a central-differencing approach (fol-
lowing m ). Due to the upwind scheme, and because the coefficients a;jx ... e;jx € [0, 1], the
solution method is unconditionally stable ﬁm @). On the other hand, the accuracy of the FVM
as formulated above is only of first-ordent] in Ar. Thus, we emphasize that a large number of grid

2 The projected At-steps represent the optical depth of the cell for a given direction, and are easily obtained from Eq. (3.6)
and the definition of the coeflicients ¢;j...¢;jk, €.2., cijx =: 1/(1+Aty).

3 Actually, our FVM is a first-order scheme only for large optical-depth steps. For small optical-depth steps, the method
becomes second-order accurate.
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Figure 3.2: Boundary conditions for two different points, p;, p», and different directions, n, n;.
Green: A ray originating from the stellar photosphere. To calculate the intensity at p; in direction ny,
the intensities at the neighbouring grid points, xg) and p/, need to be known. A boundary condition
g), while the intensity at p/ results within the ‘normal’ RT-scheme. Red:
A ray originating from outside the photosphere. For the grid point p,, a boundary condition has to be

specified at the corresponding phantom point, x{,z). From |Hennicker et alJ 201 é).

is required for grid point x

points would be required to properly describe the radiation field in the optically thick limit, since a
first-order scheme is generally unable to reproduce the (second-order) diffusion equation. Contrasted

to our central-differencing approach, (Ilﬁﬂ) and |LQhel_&_B].Qmm€| ) used backward dif-
ferences for the calculation of the Ar-steps. We have tested both methods, and found superior results
when using central differences.

With Eq. (3.6), we are able to calculate the specific intensity for known source-functions and
opacities by simply sweeping through the spatial domain grid point by grid point, when boundary
conditions are specified.

3.1.2 Boundary conditions within the FVM

At the outer boundary, the intensities coming from outside are set to zero, whereas those coming from
inside are calculated within the RT scheme, and need not to be specified. Close to the star, the situa-
tion is more complicated, *since the inner boundary is usually not aligned with the 3D Cartesian grid
(e.g., a spherical star at the origin)*. The intensities at the inner grid points close to the boundary are
calculated by the standard FVM-RT (Eq. 3.6), but using different grid cells, defined by the intersec-
tion(s) of the original grid cell with the (spherical) photosphere (see Fig.[3.2). The intensity for certain
directions needs to be specified at those so-called phantom points. Figure 3.2l displays phantom points
corresponding to two distinct grid points, p;, ps, and different ray directions, n;, n,. For radiation
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originating from the stellar surface (direction n; in Fig.[3.2)), we use a core-halo approximatimﬂ, *and
set Iphantom—point = I7 = B,(T1yq) at the corresponding phantom point x(l), with I7 the emergent inten-
sity from the core, and T},q the radiation temperature. Unless explicitly noted, we assume Tyq = Tefr
throughout this work.* For some grid points and ray directions, however (e.g., direction n;, in Fig.3.2),
even intensities incident onto the photosphere need to be specified at the corresponding phantom point.

Within the core-halo approximation used here, inwards directed intensities should, in principle,
be set to zero at the lower boundary, that is Iphantom—point = I; = 0. If, on the other hand, the lower
boundary is located at significant optical depths (as for the majority of the cases considered in this
thesis), a specification within a simplified diffusion approximation, Iyhantom-point = Ic ~ By(Trad), is
more appropriate. Although the diffusion approximation is no longer justified when concentrating
on purely scattering atmospheres, backscattering of photons in such environments mimicks a similar
effect, at least if the optical depths are not too low.

We have tested this issue by considering an optically thin model as the most extreme test-bed,
using both alternative descriptions for those critical directions. The mean relative errors for both
alternatives are of the same order, and do not significantly differ from those arising under more phys-
ical conditions discussed later (with larger optical depths at the lower boundary, see Chapter 4] and
Table d.3). Thus, we apply I ~ B,(T1aq) as the inner boundary condition for those critical rays as
well, also because this procedure is less time-consuming, since it avoids conditional clauses in the
innermost loop of the code.

3.2 Short-characteristics methodH

In Chapter @ we will show that a formal solution obtained using the FVM suffers from various nu-
merical inaccuracies related to numerical diffusion and to the order of accuracy, the latter influencing
the solution particularly in the optically thick regime. To avoid these errors, we implement an integral
method along short characteristics. When compared with a long-characteristics solution scheme, the
computation time becomes reduced by roughly a factor of N/2, with N the number of spatial grid
points per dimension (see Chapter [T).

SC methods have been successfully implemented already for 3D non-LTE (NLTE) radiative trans-
fer problems in cool stars (e.g., Vath [IQ%I, Leenaarts & Carlsson |2£Kli M |20_1d, Holzreuter
& Solanki ). These codes, however, are mostly designed for planar geometries, and only ac-

count for subsonic and slightly supersonic velocity fields. For scattering problems including highly

sugersonic velocity fields, there exist, to our knowledge, only the 2D codes by [Dullemond & TLJI'QHA

) (planar/spherical), ivan Noort et al.| (IM) (planar/spherical/cylindrical),|Georgiev et a1.| dM)

and [Zsare6 et al (IAEE) (spherical). The only 3D SC code including arbitrary velocity fields, IRIS

(Ibgui et al.| 2(!135), has also been formulated for planar geometries, and lacks the implementation of
a A-iteration scheme thus far. As has been shown in all these studies, the final performance of the SC
method crucially depends on the choice of the applied interpolation schemes.

4 In future applications, we will include the diffusion limit at the lower boundary.

5 based on|Hennicker et all (2019, Sect. 3).
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3.2.1 The discretized equation of radiative transfer along a ray
The time-independent equation of radiative transfer along a given direction can be written as

d/
—=5-1, 3.7
dr @-7)
where dr := yds is the optical depth length along a ray segment ds. As before, the notation for the
frequency dependence has been skipped. Further, we explicitly distinguish between continuum and
line only when appropriate. Eq. (3.7) can be solved by using integrating factors:

d(le") d/

Ie"+e"— = I¢’ —De"=Se". 3.8
i e+edTEq.me+(S e’ =Se 3.8)

Eq. (3.8) is integrated along a ray propagating through a current grid point p with Cartesian grid
indices (i jk) and corresponding upwind point u/¥. The geometry for a 3D Cartesian grid is shown in
the upper panel of Fig.[3.3l For such a ray segment, we obtain:

P T
f d(le") = Ie™ —Le™ = f ' S(r)e'dr. 3.9
u T

u

Solving for the (unknown) intensity at point p (with indices i jk), we find the formal solution for the
ray segment. In the following, upwind and downwind quantities corresponding to a considered grid

point (k) are indicated by 4" and fo'"‘), while local quantities are denoted either as qffjk) or simply
gijk- We then obtain:
ik Tp - Aty
=T +f e IS (1)dr = [ e AT 4 e 7ATe f 'S (1+1y)dt, (3.10)
Tu O

with upwind optical-depth increment Aty := 7, — 7y > 0, and 7 := 7 — 7. For the SC solution scheme,
the location of the reference point, T = 0, plays no role, since only the optical-depth increments, At
and Aty (see below), are required within our calculations. To calculate the source contribution, the
source function is commonly approximated by first- or second-order polynomials

M, |1an_N_09_tt_eJ;_alJ |20Qj), Bézier curves (Hayek et al |2Qld, |HQlZI£uLeJ‘_&_S_QLanki |2Qlj, |A1E.I]

) or cubic Hermite splines d].bgm_e_t_alj 2Q]_3_d). While the 2nd- (and higher) order methods
reproduce the diffusion limit in optically thick media, they suffer from overshoots and need to be

monotonized with some effort to ensure that any interpolated quantity remains positive between two
given grid points. Monotonicity is usually obtained by manipulating the interpolation scheme when-
ever overshoots occur. Thus, the actual interpolation crucially depends on the specific stratification
of the considered quantity (e.g., the source function). The A-operator then becomes non-linear, be-
cause its elements now explicitly depend on the stratification of source functions (via corresponding
interpolation/integration coefficients). Within any A-iteration scheme, this non-linearity can lead to

oscillations. In extreme cases, ‘flip-flop situations’ dHQlZI@JJ.t@L&_SMankJI |2Qlj, their Appendix A)

may occur, which do not converge at all.

For the source contribution, we implement both a linear approximation as the fastest and most sta-
ble method (monotonicity is always provided), and a quadratic Bézier approximation (see Appendix
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[CT)) for higher accuracyﬁ, which allows us to preserve monotonicity in a rather simple way. The
Bézier interpolation is constructed from two given data points and one control point, the latter setting
the slope of the interpolating curve. The control point is located at the centre of the data-points abscis-
sae, with the ordinate calculated by accounting for the information of a third data point to yield the
parabola intersecting all three data points. Whenever overshoots occur, the value of the control point
will be manipulated to ensure monotonicity (see Fig.[C)). The corresponding formulation is given in
Appendix Egs. (C)-(CI0). Applying these equations to describe the behaviour of the source
function along the optical path, and identifying the indices (i — 1), (i), (i + 1) with the upwind, current
and downwind points, we find, after reordering for the 9, ', 2 terms:

(w—- Z)S(ijk) (1 -w)Aty+ (2 —w)AT1y
—_— u +

. . -1 ..
St+t)=SWP 4 [ (”k)+(w )Sg’k)]-t

Aty AT ATy p ATy

1—w) DA+ AT i (=) i
( W)Sf]z]k)_’_(w ATy Td)Sl(;,k)+ ( w)Sng) 2 G.11)
AT2 ATiATy AtyAty

with downwind optical-depth increment, Atq = 79 — 7 > 0. The parameter w defines the ordinate
of the control point (Eq. [C.4). Within the Bézier interpolation, we emphasize that w may explicitly
depend on S ffjk), S gjk), and S gjk) to ensure monotonicity, and not solely on the grid spacing. A
major advantage of this parameterization is that we can globally define a minimum allowed w that
can be adapted during the iteration process. The flip-flop situations discussed above can then be
avoided by gradually increasing wp;i, towards unity (w = 1 corresponds to a linear interpolation), that
is, by suppressing the curvature of the Bézier interpolation. This way, we can construct an always-
convergent iteration scheme, though with the drawback of using less accurate interpolations.

Integrating Eq. together with a source function described by Eq. (3.11)), we obtain the
discretized equation of radiative transfer:

- - - -
Iijk = al-ijﬁ” )+biijgj )+c,-ijé’" )+dijkll(lu ), (3.12)
with
+cu—2 N l-w b (1 -w)Aty+ (2 —w)Aty +(w—1)(ATu+ATd)
aji=e e e, ik = e e,
VT A T T AR g AtyAtg : AZATy
w-—1 l-w
ik = + s diiy = _AT“,
Cijk ATy €l AT ATy 2 ik =€

A AT, A
ep:=¢e" T“f eldt=1-e 27,
0
AT,
e :=e A f te'dt = Aty —ep,
0

AT,
ey :=e AT f Peldr = A2 - 2ey.
0

6 In this thesis, different interpolation schemes are tested by considering simplified (though physically relevant) continuum
and line scattering problems. We emphasize that our code will be further developed to enable the solution of more
complex, multi-level problems in 3D. For such problems, highly accurate interpolation schemes are required to describe
the variation of the mean intensities along a ray.
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The calculation of the upwind and downwind Art-steps proceeds similarly, where now the opacity
is integrated using the Bézier interpolation. Using Eqs. (C3), (C4) for the upwind interval, and
Egs. (CI1)), (C12) for the downwind interval, one easily obtains:

_ P _ Asy [u,p]
Aty = x(s)ds = 3 (rutxe ™ +xp) (3.13)
u
_ ¢ _ Asg [p.d]
Aty = X(S)dS—T(Xp +xe  tXxd, (3.14)
p

where Asy, Asq describe the path lengths of the upwind and downwind intervals, respectively, and

XE“’P], )(Ep’d] refer to the opacity at the control points in each interval.

3.2.2 Grid refinement

Since the opacity of a line transition depends on the velocity field through the Doppler effect, regions
of significant opacity may become spatially confined in a highly supersonic wind with strong accel-
eration. Thus, a grid refinement along the short characteristic might be required to correctly account
for all resonance zones. Because the profile function is approximated by a Doppler profile and rapidly
vanishes for |x¢me/0] = 3, €.2., Ox(|xXeme/0| =3) = 1074® . (xems /6 = 0), a resonance zone is here defined
by a region where x¢us/0 € [-3,3].

A numerically sufficient condition to resolve all such resonance zones along a given ray is to
demand that [Axcmel/60 = |[AV,]|/6 < 1/3 if a resonance zone lies in between the points [u(ijk),p], where
AV, is the projected velocity step along the ray in units of v}, . Assuming a linear dependence of the
projected velocities on the ray coordinate s, this condition directly translates to an equidistant refined
spatial grid along the ray. For short ray segments (as is mostly the case within our calculations),
neglecting the second-order (curvature) terms of the projected velocity influences the solution only
weakly. In the deeper atmospheric layers, where the velocity field is transonic, curvature effects
potentially play an important role, and our grid-refinement method needs to be revisecﬂ. The line
source function on the refined grid is obtained by Bézier interpolation in s-space (Egs. [C.ZHC.9):

SL(s0) =S¢ =arSW +beS i + e8P, (3.15)

where the index ¢ refers to the points on the refined grid, and u®/®, p@h_ d@k describe the original
geometry of the short characteristic. yr. is obtained analogously, and the required A7, steps are calcu-
lated with the trapezoidal rule, for simplicity. Contrasted to the Sobolev method (which also assumes
a linear velocity law along the ray segment, e.g., MLdﬂ.&.khlmmﬁ_dhm and Appendix [Al), our grid
refinement procedure explicitly accounts for variations of the opacity and the source function.

Using Eq. for the inter-grid points, such that the (local) upwind, current, and downwind

7 TIdeally, such layers would already be highly resolved by the 3D spatial grid, such that a grid-refinement along the charac-
teristic is not necessarily required.
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quantities are now described by the indices [£ —1,¢,£+ 1], we obtain:
Ip=1_1e727 ¢ (agfl[_ |+ by + crdps 1)S k)
+ (agi?g_ L\ +beby+cibes 1)S gjk)
+ (agZ‘[_] +beCr+ceCrri )S gjk)
= Le ™+ @S0+ BV 43,800 (3.16)
For a number of Nt refinement points (including the upwind and current point) within the interval
[u@_ plii] the intensity at point p/% is finally given by:

Nret N, N,
B T ST S . S0 PR L Sy U B e
IUk = Ill e m=2 +Su a/me n=m+1 +SP IBme n=m+1 +Sd ’y’ne n=m+1 5
m=2 m=2 m=2

(3.17)

where the upwind and current points always correspond to the indices m = 1 and m = Ni¢, respectively,
and the sum over m is performed over Nf — 1 intervals. The discretized radiative transfer equation for
the refined grid obviously has the same form as for the standard short characteristic (Eq. B.12), with
different coefficients though.

3.2.3 Upwind and downwind interpolations

To solve the discretized equation of radiative transfer, the opacities yc(u,d), ¥L,d),» source functions
S cud)> S L), and velocity vectors, V(y g), are required at the upwind and downwind points, together
with the incident intensity, /,. We emphasize that the subscript C describes continuum quantities, and
should not be confused with the subscript ¢ denoting the control points of the interpolation scheme.

All required quantities are obtained from a 2D Bézier interpolation (see Appendix on the
surfaces that intersect with a given ray. The intersection surfaces depend on the considered direction
and the size of the upwind and downwind grid cells. For a given direction

Ny sin(6) cos(¢)
n=|n,|=|sin(6)sin(g) |, (3.18)
n, cos(0)

where 6 is the co-latitude (measured from the z-axis), and ¢ is the azimuth (measured from the x-axis),
the distances from a considered grid point to the neighbouring xy-, xz-, and yz-planes are calculated
from trigonometry and yield:

(W _ 2k~ %~y w _Yi~Yi-B ) _ Xi—Xi—q
Ay = n; A = n—y Asye = n—x

(d) _ Sk+y "%k @ _ Yj+B~Yj @ _ Xita —Xi
AT A= Ao =7

with @, 8, set to +1 for direction-vector components ny,n,,n; 2 0, as in Sect. 3. 1.1 The intersection
u,d)

surface on the upwind and downwind side are then found at the minimum of As&‘;’d),Asi‘;’d),As;Z ,

and the corresponding coordinates are easily calculated.
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Figure 3.3: Upper panel: Geometry of the SC method for a particular ray with direction n propagating
from the upwind point u/% to a considered grid point p'/¥'. The downwind point d“/% is required to
set the slope of a Bézier curve representing the opacities and source functions along the ray. The lower
left and lower right panels display all possible upwind and downwind intersection surfaces for a short
characteristic at a grid point (i jk). For rays intersecting the xy-, xz-, and yz-planes, the 2D Bézier
interpolation is obtained from given quantities at grid points located in the cyan, red, and magenta

shaded surfaces, respectively. The coordinate system is indicated at the upper left, where «, gz, ﬁ
determine the direction of the coordinate-axes and are defined in Sect. [3.2.3l From

(2019).

For each surface, the interpolation requires nine points within the corresponding plane (see Fig.
and Eq. [C.19). In each considered plane, we generally use grid points running from (index-2) to
(index) to determine upwind quantities, while downwind quantities are calculated from (index-1)
to (index+1). Such a formulation greatly simplifies the calculation of the A-matrix elements (see
Appendix D). In Fig. B3l we show an example for a ray intersecting the xy-plane at the upwind
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side. The 2D Bézier interpolation for the upwind point then consists of three 1D Bézier interpolations
along the x-axis using the points (J,, Ky, Ly), (Dy, Ey, Fy), My, Ny, Oy), followed by another 1D Bézier
interpolation along the y-axis at the upwind x-coordinates. With the 2D Bézier interpolation given by
Eq. (CI9), we find for each required quantity gy 4:

quk) = XJ qi-2a,j-B k- 27+wB qlozj —B k— 2y+wc %/,Bk 2y

+ %’k)qz —2a, j—Bk- 7+wE qtaJ ~Bok— 7+wF ql] ~Bk—y

+ 8 g 2a/ﬁk+wH qi- a/Bk+w ql/ﬁ’k

+ (])Clz —2a,j-2B,k- y+w;( GQi-a,j- 2,6’k y+w£ qi,j-2B.k—y

+ w1(\l/1])ql 2aj.k— 7+wN ql ka 7+wo ‘Iljky

+ 0y g0 j2pie 2y+wQ Gicaji-2y

+ ;J Gi-a.j-28k +w qz a]k"'wzjkquk (3.19)
qyjk) = ~XJ )LII —a, j+Bk— y+w§3 qi,j+B.k— y+wc q:+oz J+Bk—y

+ ~gj qi- aj+ﬁk+wE q1j+ﬁk+w[: Qz+a1+ﬁk

+ lb((l;J qi- aj+ﬁk+y+wH qu+ﬂk+’y+w[ QI+aJ+ﬁk+y

+ ~(U )ql —a.j- Bk+7+wK qt/ ﬂk+y+wL qt+al —Bk+y

+ ~1(\l/ljk)ql ajk+y+wN qu +y+wo %+ajk+y

+ wg Gita,j-Bk- y+wQ C]z+a]k —y

+ D Givajopr+ B Giva (3.20)

where the coefficients w™/* and @®/® refer to the upwind and downwind interpolations corresponding
to a considered point (i jk). Depending on the intersection surface, ten out of these 19 coefficients
are set to zero. For the upwind interpolation, we have already included the local coefficient (ijk),
which is only required when boundary conditions need to be specified (Sect. B.2.4). We note that all
(non-zero) interpolation coefficients may depend on the specific values of a considered quantity at the
given grid points, via the interpolation parameter w to ensure monotonicity. As in Sect. B.2.1] also
these monotonicity constraints result in non-linear A-operators.

3.2.4 Boundary conditions within the SC method

Since also our 3D SC method is formulated in Cartesian coordinates, the inner boundary is not nec-
essarily aligned with the spatial grid (cf. Sect.[3.1.2), and the upwind (and downwind) interpolations
need to be adapted near the stellar surface. For the upwind point, two situations may occur (see Fig.[3.4]
for an example in the xz-plane): (i) The considered ray originates from the stellar surface (direction ny
in Fig.3.4). In this case, we again use a core-halo approximation and set I, = I = B,(Traq). All other
quantities are obtained from trilinear interpolation using the points (Ey, Fy, Hy,Iu, Ny, Oy, Su, p“/%) in
Fig. 33l where representative estimates need to be defined at the core points (those points that are lo-
cated inside the star). In hydrodynamic simulations, the analogue of these points are so-called ‘ghost
points’. (ii) The considered ray originates from a plane spanned by grid points that are partially lo-
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Figure 3.4: Left panel (from [Hennicker et al.”ALlﬁ): Boundary conditions for rays propagating in the
xz-plane at y-level (j) with three different directions ny, ny, n3, and upwind points uy, up, uz. For point
uy, the intensity is set to [, = I and all remaining quantities are obtained by bilinear interpolation from
points (i—1, j,k—1), (i, j,k—1), (i—1, j,k), and (i jk). The required quantities at point u; are found
from Bézier interpolation using the values at (i -2, j,k—1), (i—1, j,k—1), (i, j,k—1). The (unknown)
quantities inside the core are indicated by red dots, and need to be reasonably approximated (see text).
Right panel: Tangential rays for different grid points indicated with magenta, green, and blue arrows.
Inward directed intensities, I, need to be specified only for directions within the blue shaded areas,
because all other directions either originate directly from the stellar surface, or from outside of the
atmosphere.

cated inside the star (direction n, in Fig.[3.4). Then, the interpolation is performed as in Sect. 3.2.3]
using again representative estimates at the core-points.

Inside the core, we define I7 = St =S¢ = B,(Traa) and set I and all velocity components to zero,
where I is the inward directed intensity which needs to be specified only in rare situations (Fig.[3.4]
right panel). The opacities inside the star are found by extrapolation from the known values outside
the star. While this procedure certainly introduces errors (e.g., by over-/underestimating the upwind
source function in optically thin/thick cases, respectively), it is still favourable to extrapolating all
values directly onto the stellar surface, mainly due to performance reasonsﬁ. In addition to the error
introduced by the predefined values inside the core, the calculation of As; is a certain issue, where
As; is the distance of the current grid point to the stellar surface. Since the radiative transfer near the
stellar surface is (in most cases) very sensitive to the path length of a considered ray, As, needs to be
known exactly. Depending on the shape of the surface, As; can be calculated analytically, or needs to
be determined numerically. A numerical solution, however, might be time consuming and should be

8 For a given grid point, the number of neighbouring grid points that can be used for extrapolation is not a priori clear, and
depends on the shape of the stellar surface, and the considered direction of the ray. Indeed, there are 64 special cases that
would have to be implemented explicitly. This is computationally not feasible.



3.3. GRID CONSTRUCTION 57

o
©
IS

<
)

/
|
OA‘““““\““‘““\“‘QJ‘“““‘A

pdf(x), pdf(r)

Lo b b

©

[

o
o

Figure 3.5: Left panel: Example for the distribution of x-coordinates (indicated with red lines) for
a spherical input grid with equidistant (r,®) coordinates. Right panel (from [Hennicker et a1.| Zmd):
Probability density functions of radial (dashed) and x (solid) coordinates for different spherical and

Cartesian grids. In this example, two spherical grids are given in 2D as input to our 3D code, with
uniformly (black) or logarithmically (red) distributed r-coordinates, and a uniformly distributed polar
angle. The corresponding distributions of x-coordinates are calculated within our grid construction
procedure (see text). Large values of the probability density functions correspond to a high resolution
of x and r-coordinates.

avoided when possible.
Downwind quantities are always calculated from Eq. (3.20), using the estimates at the core points
as defined above when necessary.

3.3 Grid constructiorﬁ

Since the computation time of the 3D code scales with the number of grid points (per axis) to the third
power, an elaborate grid construction is required to minimize the number of floating point operations,
while enabling a reasonably high spatial resolution. Particularly when using the FVM, a reasonable
grid should provide nearly equidistant step sizes of the optical depth in order to minimize errors
introduced by the (first order) solution scheme. Since no grid refinement has been implemented for
the FVM (yet), also the velocity field needs to be resolved to account for all resonance zones within
the atmosphere. This latter property is also advantageous when the SC method is applied, since a
large number of calls to the (computational expensive) grid refinement procedures can be avoided.
Additionally, the (first or second order) interpolations of source functions and opacities perform best
when the density structure is resolved.

Generally, we assume the wind structure (i.e., density, velocity field and temperature) to be given
by an input model obtained from hydrodynamic simulations or external (semi)-analytic calculations.

9 based onHennicker et all (2019, Appendix A).
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Since the input grid is not necessarily compatible with our 3D FVM or SC solver, and to minimize
interpolation errors when calculating upwind and downwind quantities, we construct an own grid
that uses the distribution of the input-grid coordinates in an optimum way. When the input grid uses
spherical coordinates (r,®,®), we define a joint probability distribution

fre(x,2) = (N fo(O)IJ], (3.21)

where f,(r) and fg(®) are the probability density functions derived from the distribution of the input
coordinates, and |[J| = Vx2+z2 is the Jacobian determinant. Since we consider only axisymmetric
atmospheres in this thesis, we use the x-coordinate distribution also for the y-coordinates. We note
that an explicit ®-dependence can be included analogously, that is, by accounting for a different
Jacobian determinant and multiplying Eq. (321 with fo(®). To calculate the probability density
functions for x and z, we simply marginalize f,,(x,z) over z and x, respectively. Fig. shows the
probability density functions of the x-coordinates for two different input distributions of the radial
grid. Here, the polar angle ® has been assumed to be uniformly distributed for both examples.

The discretized coordinates are finally determined by demanding that the probabilities of selecting
a (continuous) coordinate in each (discrete) interval shall be the same. For the x-coordinates, we
obtain:

Xi+1

P(x € [xi-1,x]) = f i fr(x)dx = fe()dx = P(x € [x;,xi01]) 2

Xi

= const. =

(3.22)

! 1/Neore if x€[0,R,]
1/Nnon—core  €lse .

Since the final number of core and non-core points depends on the slope of the probability density
of the radial grid, yielding in worst cases a much larger number of core points than non-core points,
and because the total number of used points is memory-limited, we define two input parameters Neore
and Npon-core to keep control on the final grid. For all test calculations (including those presented
in Sect. £.2), the best solution has always been found for a number of Nore/Npon—core € [0.25,0.5].
An explicit choice of Ncore and Nyon—core COrresponds to a re-normalization of the probability density
function in the regimes x,z € [0,R.] and x,z € [R,, Rmax], Where Ry ,x defines the border of the com-
putational domain. We note that the same procedure can be used for an input grid given in Cartesian
coordinates, with the probability density function of the input-grid coordinates derived directly from
the corresponding (discrete) distribution.

3.4 Angular and frequency integratio@

3.4.1 Angular integration

The mean intensity at each grid point is obtained from the solutions of the radiative transfer equation
for many directions, where the distribution of these directions over the unit sphere depends on the

10based onHennicker et all (2018, Sect. 3.1), and[Hennicker et al| (2019, Sect. 3.5).
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Figure 3.6: Different quadrature schemes for integrating the intensity over solid angle. The Trape-

zoidal, Simpson’s, and Boole’s rule use an equidistant quadrilateral grid (upper left panel), while the

approach of |[Lobel & Blomme (2008) and the Gauss-Legendre quadrature apply a spec

ific sampling

of the solid angle, indicated in the middle and right panel of the upper row, respectively. The lower

left and lower right panels show the triangular grid used for the barycentric interpolation approach,

and the Lebedev nodes. Due to symmetry, we only display the polar angle within ¢ € [0, xr].

used quadrature formula. The resulting intensities are numerically integrated via

1
Jijk = I flijkdg = Zl:wllijk(ﬂz),

(3.23)

with w; the integration weight including the projection factor sin(f), and corresponding to a con-

sidered direction €; = (6;,¢;). The angular integration is particularly challenging for optically thin

atmospheres, since in such situations each (spatial) grid point is illuminated by the stellar surface, and
the distribution of intensities /; % (6, ¢) becomes a 2D step-function in the #-¢-plane (if no upwind in-

terpolation errors were present). Depending on the considered position, the shape of 7; j(

0, ¢) strongly

varies. Thus, elaborate integration methods are required to resolve the star and its edges at any point

of the atmosphere. Several different techniques and directional distributions have been
(see also Fig.[3.6)):

implemented

Newton-Cotes quadratures: Within these methods, both the 6- and the ¢-domain are discretized

with equidistant steps, and the angular integration is performed using either the

Trapezoidal,

Simpson’s or Boole’s rule along the ¢ direction on each 6-level, followed by the integration
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along 6. Thus, the solid-angle is approximated with quadrilaterals in the 8-¢ plane. For equidis-
tant grids, the actual distribution of directions becomes clustered towards the poles.

Trapezoidal rule as used by Lobel & Blomme (IZD_Oﬁ): This method uses the trapezoidal rule as
described above, but with a decreasing number of azimuth grid points towards the poles to
reasonably distribute the direction vectors on the unit sphere. For an equidistant 8-grid, Lobel
& Blomme (@) use an ansatz dQ = const., and obtain different ¢-grids on each 6-level. With
Ageq the ¢-steps specified as input parameter at the equator, one easily obtains:

Adeq
sin(9)

AQ ~sin(0) AA$ = const. = ABAgq — Ap(0) =

(3.24)

Gaussian quadrature: To increase the accuracy, we have implemented both a Gauss-Legendre and
a Gauss-Chebyshev integration scheme (along 6 and ¢). An important property in this respect
is that Gaussian-quadrature rules exactly integrate all (weighted polynomials up to degree
2n— 1, where n is the number of agglied integration nodes. While this is (mathematically) the

highest possible accuracy (e.g., ), the major drawback of the Gaussian-quadrature
schemes is that the integrations nodes are fixed and cannot be chosen arbitrarily. Furthermore,
the directions are clustered towards the integration bounds, resulting in a poor sampling of the
(complete) unit sphere. We note that the calculation of integration nodes for the Gauss-Legendre
quadrature requires the inversion of a large matrix, which directly shows the advantage of a
Cartesian grid, for which the angular nodes and weights are the same at all grid points, and
can be calculated prior to the complete solution scheme. Using a spherical grid, Gaussian
quadrature would become computationally very time-consuming, because the involved angles

w.r.t. the coordinate system depend on position in the atmosphere.

Integration over triangles: All integration schemes mentioned thus far sample the 6-¢ distribution
of the specific intensity with quadrilaterals. For a (potentially) better sampling (particularly
of the edges), we have implemented a triangular quadrature scheme, with the integration per-
formed using barycentric coordinates to describe the variation of the specific intensity linearly
within each triangle, or by applying Gaussian quadrature rules over the triangle. We note that
the latter introduces negative integration weights and is therefore discarded to avoid negative
mean intensities. Furthermore, since no additional information is used when compared to the
quadrilateral approach, the triangular quadrature is not expected to give superior results.

Lebedev quadrature (see, e.g.,|Ahrens & Beylkiﬂ M Bccnt_jcg 2mj and references therein): Fi-

nally, we have implemented the so-called Lebedev quadrature, which is optimized to exactly

integrate the spherical harmonics up to a certain degree, with a (nearly) optimum distribution of
direction vectors on the unit sphere.

Within the quadrilateral approaches, we split the integration into a sum over all octants to obtain a
‘fair’ angular resolution of the unit sphere (i.e., without preferring certain directions). We note already

T'Within the Legendre and Chebyshev quadratures, the weight functions are defined as w(x) = 1 and w(x) = 1/ /(1 —x2),
respectively.



3.4. ANGULAR AND FREQUENCY INTEGRATION 61

here that the best results have been obtained using the Lebedev integration (Sect.d.T.Tland Table E.T)).
However, even for this (relatively elaborate) method, No > 2000 directions are required to obtain an
acceptable numerical error. The corresponding angular resolution is — independent of the coordinate
system — typical when calculating 3D radiative transfer problems in extended stellar atmospheres. For
instance, hlohel_&_ﬁlmmﬁl (IZM) used Nq = 6400 within their 3D finite-volume method.

Since the computation time for obtaining the mean intensity scales with the number of considered

directions, it may be worth testing alternative quadrature schemes (and directional distributions) to
minimize the number of required directions. For future work, we already plan to implement and test
a (truly) uniform distribution of directions, determined from calculating the equilibrium positions of
N equally charged particles (e.g., electrons) on the unit sphere. Then, each position can be associated
with a direction vector, and might be assigned with an integration weight 1/N.

3.4.2 Frequency integration
To calculate the scattering integral at a given point in the atmosphere, we apply the trapezoidal rule to
integrate the specific intensity for a given direction over frequency. The scattering integral then reads:

(max)

- 1 0 (ijk) 1 Xobs (ijk) (i k)
Jix =1~ f I Mo = o | gl - Zwlzx:wxlijk(bxl] ., (325)

obs 1

(min) (max)
obs obs
observer’s frame, derived from the maximum absolute velocity occurring in the atmosphere:

with w, the frequency integration weight, and x and x the required frequency shift in the

E)rtr)lsin) _Z [0l max — 3vth (Rmax) x(max) _ [0l max + 3vth (Rmax) ‘ (3.26)

* obs *
Uth Yth

To resolve the profile function at each point in the atmosphere, we demand that

AXobs
0

AXemf
0

1 1
<= <= 3.27
3 3 (3.27)

:|n:const.
at each position. Since the profile function depends on the ratio of fiducial to actual thermal width, the
fiducial velocity should be set to the minimum thermal velocity present in the atmosphere. Then, the
required resolution is found by determining the number of frequency points, »,, from the condition
that Axgps = (x™*) — xmin)

X
obs obs
jected velocity, the corresponding integration nodes may not be centred around the profile maximum

)/(N, —1) < 1/3. Since the comoving-frame frequency depends on the pro-

anymore. This issue is of only minor importance, and has been checked by a comparison to model
calculations that use Axqps S 1/ 6 As outlined in Sect.[2.2.2] a number of N, ~ 1600 frequency points
would be required for typical wind terminal speeds and thermal velocities (if no micro-turbulent ve-
locities were present). If, on the other hand, the micro-turbulent velocity is high, vy, = 100 km s71,
N, can be reduced considerably, by a factor of ten. Such high values are not un-typical in the winds

12While a highly resolved frequency grid ensures that the frequency nodes are found very near to the line centre, there is
still no guarantee that the line centre is exactly matched. Such a requirement can only be provided by solving the radiative
transfer in the comoving frame.
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of hot stars (see below). Again, when compared to |LQ_bel_&_B]QmmeJ dZD_O_d), who used N, = 100
frequency points for an effective thermal velocity of vy, = 30 kms™!, our frequency grid is much better
resolved, with ~ 15 frequency points distributed over the complete line profile, whereas they resolved
the profile function with three frequency points only.

Microturbulence. To correctly treat the radiative transport in the line, we need to resolve the res-
onance zones, and demand that A(n-v/vy) ~ 1/3 along a given direction. Again, for low micro-
turbulent velocities, we would require a resolution of at least 1600 grid points per spatial dimension
(for a spherical wind accounting for both hemispheres). On the other hand, including a large micro-
turbulent velocity (v = 100 kms™!), as applied here, results in a much lower required resolution,
both in space and frequency. Due to the linear (cubic) scaling of computation time with the number
of frequency (spatial) grid points, this results in a reduction of computation time by a factor of 10%,
when compared to models without large micro-turbulent velocities. Putting it the other way round,
and already mentioning here that typical model-calculations within the 3D FVM take about 50 min-
utes of wallclock time per iteration (and using 16 processors, see Sect. [3.6), a large micro-turbulent
velocity is needed thus far to keep the computation time on a reasonable scale.

Hamann (@) showed that such micro-turbulent velocities can indeed be used to correctly model
the black absorption troughs observed in the P Cygni profiles of hot star winds. From a theoretical
point of view, a large velocity dispersion mimicks the effects of multiply non-monotonic velocity

fields, as originating from the line-driven instability (see, e.g., [LJJ_C;J 1983, |PJ.lls_€_t_alJ [12%1).

Angular integration - revisited. When calculating line transitions, the location of resonance zones
at a given observer’s frame frequency depends also on the considered direction. Thus, the profile
function additionally needs to be resolved by the angular grid. Defining ¢ as the angle between the
considered direction and the velocity vector at a given point, the resolution of the profile function is
given as:

B _d(cos(ﬂ)V) 3

dXem . |
[ Xemf b sin)V &= [Axemelyy—const. = VSIN@AF,  (3.28)

dd ]xobszconst.
with V' the absolute velocity at a given point in units of v;. Thus, the lowest resolution of the
comoving-frame frequency is found for directions perpendicular to the flow, and depends on the ab-
solute value of the velocity. In extreme cases (e.g., V ~ 2000kms~'/100kms~! = 20), we obtain a
resolution of Ax.yf/d ~ 1.5, when assuming that 6 ~ 1, AY ~ V4r/Nq, and Ng ~ 2000. Obviously,
the profile function is not necessarily resolved by the angular grid. This problem, however, occurs
only in the outermost parts of the wind, where the absolute velocities are large. More importantly,
no resonance zone is completely neglected since Axcye/d < 6. By performing test calculations using
a much finer angular resolution for spherically symmetric models, we found that the resulting error
is indeed very small. However, for very large absolute velocities (v > 2000kms™"), or if the thermal
velocity is small (v, < 100km s, the angular resolution needs to be revised.
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3.5 A-iteratio

By now, we are able to construct a formal solution for a given source function. In this section, we dis-
cuss the iteration procedure. The following discussion considers the line case alone, with a frequency-
independent background continuum (i.e., constant continuum opacity and source function), assumed
to be known (either in form of an optically thin continuum, or from previous calculations in the ab-
sence of the line). For convenience, we summarize the basic ideas and corresponding acceleration
techniques via the accelerated A-iteration from first principles.

3.5.1 Matrix equation

To show that the A-formalism can also be applied to our 3D FVM and SC formulations, we derive a
matrix equation for the intensity, mean intensity and scattering integral, and show that these equations
are consistent with an affine representation of the A-operators. Since, however, the final approximate
A-operator (ALO) will be calculated differently, a detailed description of the involved matrices is
skipped in the following.

All 3D quantities are expressed as vectors of length Ny X Ny X N, by introducing a unique ordering
of the (i jk)-triple:

m:=i+Nx(j—1)+NxNy(k—1), (3.29)

with i, j,k € [1,Nxy,], m € [1,NyNyN,], and Ny, Ny, N, the number of spatial grid points of the x,
y, and z coordinates. Eq. (3.29) simply transforms a data cube to a 1D array. For the 3D FVM, we
obtain, after replacing the (i, j,k)-indices in Eq. (3.6) with this unique index, m:

Ly Gy my o lmy 2 OGO ) (3.30)

b " by Y by PN T, NNy Ty S '
where we have collected all intensity terms on the left-hand side. For the 3D SC method, we can pro-
ceed similarly by using the corresponding discretized radiative transfer equation, Eqs. (3.12)/@.17),
with upwind and downwind quantities substituted from Eqgs. (3.19) and (3.20). However, since the in-
terpolation coefficients often depend on the intensity (and source functions) to ensure monotonicity, a
matrix equation similar to Eq. can only be formulated after all interpolation parameters w have
been determined (for a given stratification of source functions and intensities). For further details, we
refer to Sect. and Appendix [Dl Eq. (330) can be written in matrix form,

T-1=0Q-8©+S + Iy, (3.31)

where I;,,. describes the boundary conditions. Since we use a TLA with given opacity (i.e., the opac-
ity does not change during the iteration), and consider time-independent boundary conditions, we
combine the constant vectors from Eq. (331D, Tine := Q- S© + . Inverting the matrix T yields:

I1=7"-80+T7" Tjpe = Ag, - S® +E. (3.32)

13based onHennicker et all (2018, Sect. 3.2), and[Hennicker et al| (2019, Sect. 3.6).
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The vector Egz,v) describes the contribution of the boundary conditions and the background continuum

for a particular direction and frequency. To calculate the mean intensity and scattering integral, we
integrate over all angles (and frequencies):

1 1 I 1
J=— f dQ=— f Ag, SV +EPdQ = — f Ag,dQ-S® + — f EPVde (3.33)
45 ’ 45 ’
——

45 4n
——————
= A, = Eg)

- 1 1
J=— f @, IdxdQ = f @, Ag, SV + @, E(drdQ =

T T

1 (L) 1 =(Qy)
= i D, -Ag,dxdQ-S + e D, -E;" 7 dxdQ, (3.34)
=:A =: EB

with the diagonal matrix @, describing the local profile function, and E](S"), Ep representing the contri-

bution of the boundary conditions and the background continuum to the mean intensity and scattering
integral, respectively. As later shown in Sect. [3.3.3] an explicit calculation of these quantities is not
required to obtain the finally used ALO. We note that also for the continuum case, which is calculated
close (w.r.t. frequency) to the line, Eq. (3.33)) is applicable, with a different A-matrix and boundary
contribution though. A comparison of Egs. (3.32)-(3.34) with the standard A-formalism for the formal
solution of the intensity, mean intensity and scattering integral, directly shows that the A-operator is
an affine operator, i.e., a linear operator given by the A-matrix plus a constant displacement vector Eg
(see ), also for our 3D method:

I= Aqy[ScLl= Aq, ScL+ Eg”), (3.35)
J= AScl= A, SO+EY, (3.36)
J=  ASLl= A-SV+Eg, (3.37)

with subscripts 2 and v defining the dependence of the A-operator on direction and frequency, respec-
tively.

From equations (Z.38)) and (3.34), we could formulate an explicit solution of the radiation field
already now. This, however, would require the calculation, storage and inversion of the complete
A-matrix, which is computationally prohibitive:

(i) The A-matrix is a full matrix with NyNyN, X NyNyN, elements, which would require, for typical
grid sizes of N := Ny = Ny = N, = 93, N® ~ 6.5-10'! numbers, equivalent to 5.2 TB data to be
stored in memory, when double-precision numbers are used.

(i) The A-matrix elements can be obtained, at least in principle, by inversion (see also ),
A = Tn(S" = €,, 25 = 0), (3.38)

with the n-th unit vector e,, and matrix indices m, n related to the 3D indices (i jk) via Eq. (3.29).
The m, n-th matrix-element thus describes the effect of a non-vanishing source function at grid
point 7 onto grid point m. We emphasize that within the 3D SC method, Eq. (3.38) holds only
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for pre-calculated interpolation parameters w, obtained from an already known stratification of
source functions. To calculate the complete A-matrix, Ny X Ny X N, formal solutions would be
required, which again is computationally prohibitive on reasonably well-resolved grids.

An iterative solution is therefore the only possibility to solve problems of this kind.

3.5.2 Accelerated A-iteration

In the following, we concentrate on the line case, noting that the continuum case can be treated
in close analogy. The classical A-iteration scheme is defined by calculating a formal solution for
a given source function using Eq. (3.37), followed by the calculation of a new source function by
means of Eq. (2.38). For optically thick, scattering dominated atmospheres, however, this iteration
scheme suffers from severe convergence problems (see Fig. for the convergence behaviour of
spherically symmetric test models). To overcome these problems, we apply an accelerated A-iteration
scheme based on operator-splitting methods ). For completeness, we mention here a
similar approach, the ‘non-linear multi-grid method’ (see|Fabiani Bendicho et al.”lgﬂl and references
therein), which has even better convergence perties, and, in contrast to the ALI method, does

not depend on the spatial resolution of the gri. Since, however, the multi-grid method is both
complicated to implement and expensive in terms of computation time, we focus on the (at least for
1D problems well established) ALI method within this thesis. The original A-operator is then split
into the combination:

A=AN+(A-AW), (3.39)

where the first term is an appropriately chosen ALO acting on the new source function, S % and the
second term acts on the previous one, S ik Y For the converged solution, this scheme becomes an exact
relation. Appropriately chosen means that A4 should be easily calculated (preferentially, in parallel
with the formal solution), and easily inverted. Moreover, the ALO should reflect the basic physical
properties of the original A-operator, in order to significantly boost the convergence. Using also,
and in analogy to the exact A-operator, an affine representation for the approximate one, AW [S] =
A*-S + Eg (see above), and evaluating A at the previous iteration step, k — 1, we obtain:

g Fa 3D Eq.
L - ~

SR N R ) R

_ * (k) | mk=1) | §Gk=1) * (k=1) _ =(k=1)
= (A S eEg VTV oA S BT

Here, the iteration indices k — 1 and k are indicated as sub- or superscripts, { := 1 — € is a diagonal
matrix, and ¥ := € - B,(T) is the thermal contribution vector. For multi-level atoms, we emphasize
that A and A®) may change within the ALI-cycle due to the variation of opacities (induced by the
subsequently updated occupation numbers). Furthermore, both operators might also change, even
within the simplified TLA approach considered in this thesis, since the corresponding matrix elements

14Within the ALI method, the convergence behaviour is primarily determined by the optical-depth steps, Aty and Atpay
within the FVM and SC methods, respectively, that severely affect the A-matrix coefficients. The finer the grid, the poorer

the convergence behaviour (Kunasz & Olsorl ﬂ%ﬂ).
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depend on the source functions via the interpolation parameters wi—1, wy within the SC method using
Bézier interpolations.
Rearranging terms, we find:

(l_é"AZ—l)'SgC) — {'(j(k_l)

—A ST+ (3.40)
Eq. (340) needs to be solved to obtain a new source function S(Lk ). Since for the 3D SC method,
however, A;_, has been optimized only to ensure monotonicity in a specific step k—1 (based on
source function Sik _1)), the iteration scheme can oscillate due to oscillations in AZ and Az_l. Even
worse, the new source function might become negative. To overcome these problems, non-linear
situations need to be avoided (by providing almost constant A*-matrices over subsequent iteration
steps). The following approach has proved to lead to a stable and convergent scheme: In the first four
iteration steps, we apply purely linear interpolations (wk—1 = wi = 1 and thus A; = A;_,), to obtain an
already smooth stratification of source functions. Additionally, we globally define a minimum allowed
interpolation parameter and demand that w > wpin. Then, w becomes constant (namely w = wmin)
in (most) critical situations, and again, A; approaches A;_,. Whenever negative source functions
or oscillations occur within the iteration scheme, wpy, is gradually increased to unity. With this
approach, we obtain an always convergent iteration scheme, with a formal solution obtained by using
linear interpolations only in most challenging cases. Since the A*-matrices within the 3D FVM are
constant over the complete iteration cycle, the above described problem is completely avoided.

The rate of convergence achieved by the accelerated A-iteration scheme increases with the num-
ber of A-matrix elements included in the ALO. To minimize the computation time of the complete
procedure, the choice of the ALO is always a compromise between the number of matrix-elements to
be calculated, and the resulting convergence speed. We could, for instance, choose A4 = A, which
would result in the direct solution via inversion, and is computationally not feasible, as discussed
above. On the other hand, choosing A® =0 would result in the classical A-iteration, with the known
convergence problems. |Olson et alJ (ILM) showed that an ALO containing only the diagonal of the
exact A-matrix is very efficient, because the matrix (1—¢-A*) becomes diagonal, and Eq. (3.40)

could be solved by a simple scalar division. Furthermore, the diagonal, i.e., the local part, already
contributes most to the radiative transfer (at least in the critical optically thick case), and thus, is
quite a good approximation for the original A- operator Such an ALO corresponds to the well known

Jacobi-iteration (see also [lﬁﬂi for a thoughtful discussion, also
about a Gauss-Seidel method with successive overrelaxation in the context of the ALI).

In 3D calculations, however, a diagonal ALO will not converge fast enough (see Sect. d.2.2)).
To achieve faster convergence rates, a multi-band ALO is favourable, as already shown by Olson
& Kum_%lh for 1D cases, and extended to a 3D, long-characteristics solver by Hauschildt &
Baron (l;O_M) and thus implemented within our 3D FVM and SC framework. For such ALOs, the
matrix (1—¢-A*) is sparse, whereas its inverse is a full matrix, and cannot be stored due to the N®

scaling of required memory. Therefore, we have already formulated Eq. (3.40Q) as a fix-point iteration,
A-S® = p, which can be solved for the new iterate by applying Jacobi or Gauss-Seidel methods.
We found that a Jacobi-iteration, coupled with the storage of the iteration-matrix in coordinate-format
(COO0), is particularly fast and easy, because its computationally most expensive term is a matrix-
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vector multiplication, which reduces to Nnz operations only, where Nz is the number of non-zero
elements (see, e.g., mm and Appendix [El for further details).

3.5.3 Constructing the ALO

To construct a multi-band ALO as aimed at above, we need to calculate the corresponding elements
of the exact A-matrix. This could be done, in principle, by using Eq. (3.32)), which would require the
inversion of T'. Since the local intensity — whether calculated within the FVM or SC method — depends
solely on the intensities at the upwind side of a given direction (and on the local and neighbouring
source functions), we can alternatively simply use Eq. (@.38)), in combination with the discretized
equation of radiative transfer of each method.

The A-matrix elements within the FVM. The A-matrix elements for the FVM are calculated from
Eq. (3.9). Since the (m,n)-th element of the A-matrix describes the impact of a non-vanishing source
term at point n < (i’ j’k’) onto a point m < (ijk), the local contribution is given by n = m, whereas the
coupling with directly neighbouring points is found from:

n(i-1,5,k) =m—1 for n,>0, n(i+1,j,k) =m+1 for n, <0,
n(i,j—1,k) =m— Ny for n,>0, n(i, j+1,k) =m+ Ny for n, <0,
n(i, jk—=1) =m—NxNy for n,>0, n(i, jyk+1) =m+NyNy for n, <0 .

One big advantage of the 3D FVM is that the exact elements of local and neighbouring terms can be
easily calculated from Eq. (3.6),

1 i
Apm = — f f bi @Y dQdx (3.41)
4
A _ L bio1 e @M dQd 3.42
m,m—1 4 i—1jkCijk® x X (3.42)
T nx>0
1 .
Annn, = 2 f f bij-wdix @7P dQdx (3.43)
T ny>0
_ 1 (i)
Amm-NeN, = T bijr-1€ijx @, dQdx (3.44)
T n,>0
_ 1 (ijk)
ANpme1 = e biy1jrcijp®y"dQdx (3.45)
T nx<0
1 .
Aoy = f f bijo1d; @ dQdx (3.46)
T ny<0
1 .
Ay = 3= f f bijis1€6 @0 dQdx (3.47)
T n,<0
We call this ALO ‘direct neighbour’ (DN)-ALO, to discriminate from the ‘nearest neighbour’ (NN)-
ALO from i (|20_Qd), who use all 26 surrounding grid points and the local term,

whereas we are using the local term and the contribution from the six direct neighbours only@. Al-
though it would be possible to include the other neighbouring terms in our calculations, we note that

I5For tests of the convergence properties in Sect. we also calculated a purely diagonal ALO by means of Eq. (3.41)
alone.
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the calculation of the ALO elements in parallel to the formal solution requires, in our case, already
50% of the calculation time, which would increase rapidly when including even more terms for the
ALO. On the other hand, the inversion of the ALO, i.e., the calculation of the new iterate via Jacobi-
iterations, requires only about 0.5% of the calculation time needed for the complete formal solution.
We emphasize that the ALO needs to be calculated only once, because the opacity of the (simpli-
fied) TLA remains constant over subsequent iteration cycles. When considering multi-level atoms (as
planned in the future), the situation changes, and the opacity depends on the occupation numbers, and
thus, also on the radiation field. We therefore implemented the calculation of the ALO in parallel to
the formal solution at each iteration step already at the current stage of our code.

The A-matrix elements within the SC method. To calculate the A-matrix elements within the SC
method (including all upwind and downwind interpolations), we extend the procedure developed by
Olson & Kunasﬂ dl%ll) and [Kunasz 1 M). A detailed derivation is given in Appendix [Dl
Egs. (D.I)-(D.27) correspond to the exact A-matrix elements for a local point and its 26 neighbours,

and thus should give an excellent rate of convergence when included in the ALO (see, e.g., the 26-
neighbour ALO of Proentx/3D, Hauschildt & Baronl 2006). As for the 3D FVM, all elements can
be calculated in parallel to the formal solution also within our SC method. Again, this property be-

comes important when the ALO varies during the iteration scheme, that is, when applying monotonic
Bézier interpolations (as discussed above), or when accounting for multi-level atoms. For the simpli-
fied continuum and the TLA considered in this thesis, the linear interpolation scheme is particularly
advantageous in terms of computation time, since the corresponding ALO remains (similarly to the
ALO within the FVM method) constant over all iteration steps, and therefore needs (in principle) to
be calculated only once.

In Chapter [] of this thesis, we analyse the convergence speed of the ALI for (i) a diagonal ALO
given by Eq. (D.14), (ii) a ‘direct-neighbour’ (DN)-ALO given by Egs. (D.3), (D.11), (D.13), (D.14),
(D.13), (O.17), (D-23) and (iii) a ‘nearest-neighbour’ (NN)-ALO obtained from all Egs. (D.I)-(D.27).
We note that within our SC method, only a moderate reduction of computation time results when
using the diagonal or DN-ALO, since the diagonal and direct-neighbour elements depend on several
other neighbours through the inclusion of downwind interpolations. Since, however, the downwind-
integration weight is generally negative, neglecting these terms will overestimate the considered ma-
trix elements, potentially resulting in a divergent iteration scheme. On the other hand, when using
purely linear interpolations (for the source contribution and upwind interpolations), the calculation of
the ALO is greatly simplified since all coefficients ¢;x and wa, wg, wc, wp, WG, Wy, WK, WL, WM, Wp,

wq, wr vanish. For third-order upwind/downwind interpolations as used in IRIS ([thu_l_e_t_alj )
the calculation of the ALO coefficients becomes computationally prohibitive at some point. Consider-
ing both interpolation techniques used in this thesis, the calculation of the diagonal, DN- and NN-ALO
in parallel to the formal solution requires roughly 20%, 30% and 40% of the total computation time
(of each applied interpolation method).

Ng-extrapolation. To accelerate the iteration scheme further, we implemented the extrapolation

technique from@ (@) (see also|Olson et al”LM). In order to use independent extrapolations, the
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Ng-acceleration is applied in each fifth iteration step.

3.6 Timind@

When calculating line transitions, Ng X N,, formal solutions of the equation of radiative transfer are re-
quired to calculate the scattering integrals. In order to obtain accurate angular and frequency integrals,
the minimum number of integration nodes is basically fixed, and the computation time can only be
further reduced by parallelization. Thus, we have parallelized the code over the frequency grid using
OpeNMP. We note that OPENMP creates a local copy of the 3D arrays representing the intensity and
the (nearest-neighbour) A-matrix. With 27 A-matrix elements (per spatial grid point) included for the
ALO calculations, the (spatial) resolution becomes therefore memory limited. A typical resolution of
Nx = Ny = N, =93, however, is still feasible, and gives reasonable results.

As a first inspection of the performance of our methods, we applied a test calculation using the
same grid as |LQllel_&_B_lQ_mmA (|ZQD_§), with an equidistant grid-spacing and N = 713 grid points. For
the 3D FVM and SC methods, we find computation times of tpyp =~ 0.037s, t(slg e 0.138s, and
tgéémr) ~ (0.448s per iteration, per CPU, and per angular and frequency grid point on an INTEL XEON
X5650 (2.67 GHz) machine with 16 CPUs. As a reference, WiNn3D requires about 724D ~ 0.045s
on a somewhat slower architecture (ITantum-2 (1.5 GHz) CPUs, see ILobel & BIQmmgl M). Since,

however, our FVM algorithms require at least a factor of two more operations due to the calculation of

the (non-local) approximate A-operator in parallel to the formal solution, we are convinced of the effi-
ciency of our implementation of the FVM. For the 3D SC methods using linear/Bézier interpolations,
the computation times are increased by a factor of roughly four/twelve, when compared to our 3D
FVM. These differences originate from the computationally more challenging upwind/downwind in-
terpolations, the integration of the discretized radiative transfer equation on (potentially) refined grids
along a given ray, and from the calculation of an ALO including 26 neighbouring elements (instead
of the six direct neighbours as used for the 3D FVM).

When using a non-uniform grid-spacing, the differences between the FVM and SC methods de-
crease, primarily because the number of calls to the SC grid-refinement procedure becomes dimin-
ished. For the models calculated in Sect. 2.3 typical computation times are fpypm ~ 0.8 h, t(slg’ ¢ ~2h
and t(S]?:éZier) ~ 6h per iteration.

3.7 A long-characteristics postprocessing routine

To calculate synthetic line profiles, we implemented a postprocessing L.C solver based on

(1987), [Busche & Hillieﬂ dﬁﬁj}, and |Sundgvist et a1.| (21!12). For an observer located at a distance

d > Rpax, where Ry is the radius of an emitting sphere (e.g., Rmax = R, for a single star without

wind), we can assume all rays incident on the detector to be parallel. The observed radiation flux per
unit area can then be described by the z-component of Eq. (Z.13):

2 /2
F,= f f 1,9, ¢,d)cos() sin(¢)ddde, (3.48)
0 Jo

16 hased on Hennicker et all (2018, Sect. 3.1), and[Hennicker et al| (2019, Sect. 3.7).
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Figure 3.7: Geometry used for the LC postprocessing routine. Left panel (adapted from
): Definition of & and ¢ angles for calculating the flux in a direction 7 through a sphere with
radius d. For the considered annulus, p describes the impact parameter. Right panel: Coordinate
system for calculating the emergent flux profile. While the Cartesian coordinate system ey, e,, e;
corresponds to the 3D SC/FVM solver, we use cylindrical coordinates with the Z-axis aligned with the
observer’s direction under consideration to integrate over impact-parameter p and angle ¢.

with 9, ¢ defined in Fig. B77l Since no radiation enters the sphere at a distance d, the J-integral is
limited to ¥ € [0,7/2]. With the impact parameter p = dsin(}), Eq. (3.48)) can be rewritten:

dp=dcos®dd, p@=0)=0, p@=nx/2)=d

1

1 27 d 2 max
=F=-5 f Lp.¢.d)pdpde = — f L,(p, ¢, Rmax) pdpdep, (3.49)
0 0 0 0

where the second equality holds since the emitting region is limited to the radius of the emitting
sphere, and because there is no additional absorption between Z € [d, Rmax], such that I,(p,e,d) =
I,(p,p,Rmax). To calculate the corresponding integrals numerically, the converged source function is
used to derive the formal solution along characteristics in a cylindrical coordinate system, with the
Z-axis aligned with the line of sight (see Fig.[3.7). To this end, the p and ¢-domains are discretized
using N, = 200 and N, = 80 grid points. All quantities required on the rays are found by trilinear
interpolation from the Cartesian 3D grid, and the equation of radiative transfer is integrated using
linear interpolations. Finally, the flux is obtained by numerically integrating the emergent intensity
over the projected disc with radius Rpyax.
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Figure 3.8: Flowchart for describing the program structure of the main part (sc3d.eo) of our 3D
radiative transfer solvers, with W the dilution factor (see Eq..T)), and S sopo the line source function
obtained from Sobolev theory (see Eq.[AI7)

3.8 Summary and algorithmic implementatio

In this chapter, we have presented a differential (FVM) and an integral (SC) method tailored for the
solution of 3D continuum- and line-scattering problems in the winds of hot stars. While the FVM
considers all quantities at a given grid point as an average over the corresponding control volume, we

17hased onHennicker et all (2019, Sect. 6).



72 CHAPTER 3. NUMERICAL METHODS

have implemented both a purely linear interpolation scheme (for calculating upwind quantities and for
the solution of the radiative transfer equation along a ray) within the SC method, as well as a second
order, monotonic, Bézier technique. We use Cartesian coordinates with a non-uniform grid spacing
to ensure a reasonable spatial resolution in important regions (i.e., where velocity and/or density gra-
dients are large). As a first step towards full NLTE radiative transfer models, we consider a single
resonance-line transition (approximated by a two-level-atom) assuming an optically thin background
continuum, whereas for pure continuum problems we use the thermalization parameter, ec, and split
the source function into a scattering and a thermal part. A generalization (including multi-level atoms)
is planned for future applications. "An observer’s-frame formulation allows us to consider arbitrary
velocity fields (and density structures).

To calculate strong scattering lines and optically thick, scattering dominated continua, we have
implemented an accelerated A-iteration scheme using different non-local approximate A-operators,
together with applying the Ng-extrapolation method for subsequent iterations.

To provide a flexible handling of our code, we have split the complete program into four (inde-
pendent) subprograms:

(i) model.eo: Within this program, the hydrodynamic structure of the wind is set up either from
semi-analytic models, or from hydrodynamic simulations. For the latter, the (input) file-
structure is re-organized to a file structure that can be read in by our FVM and SC solvers.

(i1) sc3d.eo: Here, the wind-structure as obtained in step (i) is read in, and is interpolated onto
a suitable own grid. Then, the radiative transfer is solved with the above described methods.
Fig. B.8 shows a flowchart summarizing the involved routines and solution methods. When
convergence is obtained, an output-file is created storing the wind model and the (converged)
source functions.

(iii)) modelspec.eo: Similar to step (i), this program transforms an input-file (e.g., the output-file
from step (ii)) to a file-structure that can be read in by the long-characteristics formal solver.
For specific tests, we can easily calculate semi-analytic source functions, or even manipulate
the source-function and wind-model obtained in step (ii) within this program.

(iv) spec.eo: This program reads the input-file created in step (iii), and calculates the emergent line
profiles following Sect. 3.7}

With the numerical tools developed in this chapter, we are able to tackle 3D continuum and line
scattering problems for arbitrary velocity fields. "Before applying our methods to first non-spherical
problems though, we discuss the performance of the code by investigating the reliability of the applied
methods in the following.” To this end, we consider several different test problems, for which either
a theoretical solution is known (e.g., for zero-opacity models), or where an accurate solution can be
found (e.g., for spherically symmetric test models).



Chapter 4

Tests and comparison of the FVM and SC
method

This chapter has been copied — in parts — from|H.ani§;keI_e_t_aL| dZQl_é) and |HﬁnuLCJ&QLe_t_alJ dZQ]_d).

4.1 Zero-opacity model

4.1.1 Testing the angular integration

In this section, we briefly discuss the performance of different angular integration schemes when
applied within a Cartesian coordinate system, by calculating the mean intensity at each point on the
3D grid for zero-opacity models. For a spherical star with radius R,, the theoretical solution is simply
given by:

Jtheo = 1J‘I+d§2—lér
theo—4n_ QCC = )

r

1- 1—(&)2] — Wi, @.1)

with Q. the solid angle subtended by the stellar disc, dilution factor W, and assuming an angle-
independent intensity, /7, emerging from the stellar surface. To test the angular integration scheme,
we use the corresponding expression for the specific intensity at each position (i jk) (i.e., l;jx = IS or
I;jx = 0 for rays hitting the core or not, respectively), and numerically integrate over solid angle using

Eq. B23):

I7  if ray hits the core
Joo = ) wilip( Q) =) wz{ ¢ : (4.2)
; ; 0 else

The mean realtive errors (w.r.t. all grid points, more precisely defined in Sect. d.2) of the mean in-
tensity as obtained from Eq. @.2) with different integration methods, are summarized in Table ]
for a typical grid with Ny = Ny = N, = 133 grid points. For the corresponding zero-opacity model

I Sect. T2 based on Hennicker et all (2018, Sect. 4.2), and [Hennicker et all (2019, Sect. 4.1).



74 CHAPTER 4. TESTS AND COMPARISON OF THE FVM AND SC METHOD

(with boundary condition I} and consistently applying y = 0), Table @.T]additionally shows the mean
relative errors as obtained when the intensities have been calculated with the 3D FVM and SC solvers
using linear or Bézier interpolations (hereafter denoted by SClin and SCbez, respectively). Finally,
in Fig. E1] we display the solution for the mean intensity, when calculated from Eq. (£.2) with dif-
ferent integration methods. We emphasize that the indicated error is the minimum error that can be
achieved (for each considered angular resolution and integration method), even if the radiative transfer
equation could be solved exactly, i.e., without numerical inaccuracies introduced by the discretization
scheme. This issue cannot be solved by a simple renormalization of the integration weights, because
the angular integration error becomes reduced for optically thick atmospheric models (see Sect. E.2.3).

Trapez
Gouss—Legendre
Lebedev E

Trapez
Gauss—Legendre r
Lebedev E 107 e
Jineo — |7 F

Jineo —

/
R I ““”‘\’L IR IR
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Figure 4.1: Mean intensity and corresponding relative error when calculated with the ‘exact’ solution
for zero-opacity atmospheres (Eq..2). The red, blue, and green dots indicate the mean intensities at
all grid points with corresponding radii, r = /x? + y? + z%, as obtained when applying the Trapezoidal
rule (with nodes from Lobel & Blommé ), the Gauss-Legendre quadrature, and the Lebedev
method, respectively. The left and right panels display the solution for No = 1000 and for Ng =~ 2000
directions.

Since both the Simpson’s rule and the (linear) integration over triangles have been formulated
only on equidistant angular grids thus farlq, the angular resolution within these methods is increased
above the poles and decreased in equatorial regions (for a constant number of direction vectors).
Thus, both methods yield a relatively low accuracy (particularly when compared with more elaborate
integration schemes). For future tests, however, the angular resolution might be adapted by modifying
the distribution of direction vectors to (potentially) increase the accuracy slightly.

The best results have been obtained using the Lebedev quadrature, followed by the Trapezoidal
rule (with nodes fr0m|LQbel_&_BlQ_mmé|2mﬂ) and the Gauss-Legendre integration scheme. However,
even when applying the Lebedev quadrature with No ~ 2000 integration nodes, we only achieve an ac-

curacy of ~ 7—8 %, because the angular distribution of the specific intensity at a given point, I; x (6, ¢),

2 We have also tested the integration over co-latitude by applying an equidistant u-grid, with g = cos (6). Since, for a given
¢-angle, such a formulation gives a coarser #-resolution near the poles, thus yielding relatively inaccurate integrals over
co-latitude in polar regions, we preferred to perform the integration in 6-space.



4.1. ZERO-OPACITY MODELS 75

Table 4.1: Mean relative error (defined in Sect. of the mean intensity for a zero-opacity model,
obtained using different angular integration methods: (i) Simpson’s rule with equidistant angular grid
spacing, (ii) Linear interpolations on a triangular grid, (iii) Trapezoidal rule with nodes from Lobel
& Blomme ), (iv) Gauss-Legendre integration, and (v) Lebedev integration. For A_Jex, A_Jscnn,
A_JSCbeZ, and A_JFVM, the incident intensities have been calculated exactly, and by the FVM and SC
methods using linear or Bézier upwind interpolations.
‘ Simpson ‘ Triangle ‘ Trapez ‘ Gauss-Legendre ‘ Lebedev
No 1035 | 2145 | 1073 | 2186 | 1037 | 2105 968 2048 974 | 2030
AJex [%] 176 | 104 | 144 | 9.6 | 12.1 | 8.0 14.3 9.4 112 7.7
AJsciin[%] | 143 | 11.6 | 11.8 | 11.1 | 11.3 | 10.8 10.9 10.8 10.8 | 10.8
AJschez [%] | 10.0 | 99 | 139 | 94 | 10.7 | 9.0 9.3 8.9 9.1 8.8
AJpvm[%] | 125 | 93 9.6 8.8 9.0 8.5 8.6 8.6 85 | 85

is theoretically described by a 2D step function in the zero-opacity case. Since the discontinuity is
usually located at angles in between the applied angular nodeﬁ, the numerical integration of such 2D
step functions becomes challenging. In regions far from the star, the solid angle subtended by the
stellar disc is small, and only few directions contribute to the mean intensity. Thus, the angular inte-
gration becomes difficult particularly in such regions, whereas near to the stellar surface (where many
direction vectors contribute), the associated error is less pronounced (see Fig. .1). With decreasing
number of integration nodes, almost all integration schemes suffer from the same (severe) problems.
¥Particularly the Gauss-Legendre integration should only be applied when the distribution of inten-
sities can be described by high order polynomials, that is, when [;j (6, ¢) is smoothed out (e.g., by
numerical diffusion within the FVM/SC solution schemes, see Sect. EL1.2).* When calculating the
specific intensity with the FVM and SC methods (instead of adopting the theoretical value), the solu-
tion for the mean intensity is only slightly improved (if at all) with increasing angular grid resolution,
for all applied integration methods. We note that the mean relative error does not converge to zero,
due to numerical diffusion errors. Since the Lebedev-integration method performs best, also when the
specific intensity has been calculated from the FVM or SC methods, we apply this quadrature scheme
within all our calculations. We use N = 2030 angular grid points throughout this thesis to avoid
numerical artefacts (e.g., oscillations occurring when too few directions are used), and to ensure that
no resonance-zone has been overlooked (see Sect.[3.4.2)).

4.1.2 Searchlight-beam test

A first test of our 3D FVM and SC methods using linear and Bézier interpolations is the searchlight-

beam test (e.g., Kmaﬂ_&_Au_Qlﬂl%ﬁ) Within this test, we apply a zero-opacity model, and consider
the illumination of the atmosphere by a central star for a single direction, here set to 8 = 45° and
¢ = 0°. Since, the discretized equation of radiative transfer for the SC method (Eqgs. 3.12)[3.17) and

3 While the resolution of the angular grid for N ~ 2000 is roughly A8 ~ A¢ ~ 6°, corresponding to AQ ~ 36 deg?, the solid
angle subtended by the stellar disc at radii » = 2R, and r = 4 R.. is approximately 2763 deg2 and 655 degz, respectively.
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for the FVM (Eq. 3.6)) reduce (for zero-opacity models) to:

(SC) _  7(w),(SC)
Lo = L 4.3)
JEVM) 1 JEVM) 1 (FVM) 1 (FVM) 4.4)
Uk 1 }’l_UA)C,‘ l’lZAX,' i—(l’,j,k 1 nxA.I/j nszj i’j_ﬁ’k 1 + nyAzy n_L/AZk i’j_,BJ( ’ '
nAy;  nyAzg nyAx;  nyAz; nAx; © nAy;

the searchlight-beam test extracts the effects of the applied interpolation scheme for the upwind in-
tensity, and of the competition between the (finite) Ax;/Ay;, Ax;/Azx, and Ay;/Azy terms. Generally,
rays propagating parallel to the grid axes are nearly undisturbed by numerical artefacts, whereas those
propagating at different angles are effectively widened, due to the propagation of intensity into neigh-
bouring cells by ‘numerical diffusion’. The upper panels of Fig. show the propagation of the
specific intensity scaled by I7, in the xz-plane. To obtain a quantitative measure of this effect, the
lower left and lower right panels of Fig. display the specific intensity through a circular area per-
pendicular to the ray direction as a function of impact parameter p, and the specific intensity along the
given direction at the centre of the beam, respectively. The corresponding exact solutions are given by
a constant and rectangular function, respectively. Evidently, numerical diffusion plays a crucial role.
Along the beam centre, the SC methods perfectly reproduce the exact solution, whereas the FVM
solution decreases significantly due to the finite grid-cell size. Considering the intensity through the
perpendicular area, both SC methods perform better than the FVM, with slight advantages of the
SCbez method when compared with the SClin method. Since, however, the searchlight beam remains
almost collimated (with a relatively narrow profile across the beam centre, see lower left panel of
Fig. £.2) also for other directions not shown here, the angular distribution of the specific intensity is
expected to reproduce the (theoretical) 2D step function relatively well, and the angular integration
scheme thus becomes challenging (see Sect. E.1.1). While this problem can be solved by applying
elaborate integration methods (or by increasing the angular grid resolution), we stress that within the
3D SC methods, energy conservation is violated for our zero-opacity models, because the (nominal)
specific intensity jumps from I7 to zero for rays intersecting the stellar surface or not, due to the core-
halo situation. As a consequence, almost all interpolations (and interpolation schemes) overestimate
the specific intensity. In contrast, the number of photons entering and leaving a given grid cell is
(nearly) conserved within the FVM by deﬁnitiorEI. For optically thick models (where a ‘sharp-edged’
I} at the core plays a negligible or minor role), this effect should decrease though. The associated error
can be quantified by calculating the corresponding flux, i.e., by integrating the specific intensity for
a given direction over a corresponding perpendicular area (defined as a circle with virtually infinite
radius). Such a flux as defined here constitutes the most demanding test case, and should not be
confused with the flux density (i.e., the first moment of the specific intensity). Fig. d.3] shows the
resulting fluxes (normalized by the nominal value) for searchlight beams with different directions
defined by 6 = 45° and ¢ € [0°,90°]. For different directions ¢, the searchlight beams propagate
through different domains of the spatial grid (with accordingly different grid-cell sizes). Due to the
distinct behaviour of numerical diffusion errors within these domains, the total flux varies as a function
of ¢. Overall, the total fluxes for the SClin and SCbez methods are larger than theoretically constrained

4 This statement, however, is not completely true for the FVM as formulated by |Ada1ﬂ d_lﬂﬁd), h&hel_&_mam_d dZDDﬁ),

and within this work, since all these implementations apply an (averaged) upwind approximation.
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Figure 4.2: Searchlight-beam test for direction n = (1,0,1) (corresponding to 8 = 45°, ¢ =0°) and a
typical grid resolution with Ny = Ny = N, = 133 grid points. Upper panels: Contour plots of the specific
intensity in the xz-plane, when calculated with the FVM and SC methods using linear or Bézier
interpolations, from left to right. Within the stellar core (indicated by the solid circle), the specific
intensity is set by the boundary condition (for the SC methods, see Sect. 3.2.4l). Lower left panel:
Specific intensity through the perpendicular area indicated by the straight line in the upper panels.
The blue, red, and green profiles correspond to the FVM, SClin, and SCbez methods, respectively.
The dashed line indicates the theoretical profile. Lower right panel: As lower left panel, but along the
centre of the searchlight beam. We note that the SC methods reproduce the exact solution at the centre
of the beam, whereas the FVM solution decreases significantly for r > 2.5R... Upper left panel from

), and the remaining ones from |Hﬁ_ImLCJ&Qr_e_t_alJ ).

by Fiheo = 27er1¢+ , Whereas the FVM gives (despite a small error) reasonable results. This effect is
largest in regions far from the star, and for diagonal directions. Thus, particularly in these regions,
also the mean intensities (for optically thin atmospheres) are expected to become overestimated.

To address the impact of numerical diffusion on the solution for the mean intensity, Fig. 4.4 shows
the mean intensity (scaled by its theoretical value obtained from the dilution factor) for zero-opacity
models, on spherical surfaces at two distinct radii, » = 1.1 R, and r = 3R... We find a clear pattern of
the shape of the mean intensities. For the FVM, and in regions close to the star, the mean intensities
are reasonably accurate on the axes, in contrast to the off-axes regions, where they become overesti-
mated. Far from the star, the situation reverses, with reasonable results away from the axes, and an

overestimate on the axes. This behaviour is explained in the following:
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Figure 4.3: Photon flux as a function of direction angle ¢ (with fixed 6 = 45°) through corresponding

perpendicular areas, and with the opacity set to zero. The central distance of all areas to the stellar

surface has been set to 2R,. The same color coding as in Fig. has been used. From Hennicker

et al. dZng).
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(i)

(iii)

(iv)

For a given grid point on or close to a coordinate axis, and far from the stellar surface, core-
rays, i.e., those originating from the stellar surface, remain nearly undisturbed by numerical
diffusion. Without diffusion, only such core-rays would contribute to the mean intensity. Due
to numerical diffusion, however, also non-core rays contribute, i.e., those which form a certain
angle w.r.t. the considered grid axis, since they have been fed with intensity by corresponding
core-rays propagating in the same direction (widening of the effective aperture, see above).
Consequently, the mean intensity becomes overestimated.

For grid points far from the star, and away from the major axes, core-rays and non-core rays are
both affected by numerical diffusion, resulting in an under- and over-estimation of the intensity,
respectively. Consequently, there is a significant cancellation of both effects, and the mean
intensity remains close to its expected value.

At points located on the grid axes close to the star, numerical diffusion plays only a minor
role, mostly because the contributing non-core rays are propagating almost perpendicular to the
considered axis, i.e., parallel to one of the other axes, with negligible diffusion errors.

Away from the axes, and close to the star, contributing non-core rays are significantly inclined
w.r.t. the coordinate axes, and thus strongly fed by diffusion effects. Thus, the mean intensities
become overestimated.

A similar behaviour of numerical diffusion is also found for the SC methods. The magnitude

of the error, however, is significantly reduced, due to the higher accuracy of upwind interpolations

(particularly for diagonal directions and close to the stellar surface). In regions far from the star, the

mean intensities become overestimated for both SC methods (see above), with (slight) advantages of

the Bézier technique when compared with the intensities obtained from linear interpolations.
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Figure 4.4: Contours of the mean intensity for a zero-opacity model, normalized by its theoretical
value, on spherical surfaces, r = 1.1 R, (top row) and r = 3R, (bottom row). The mean intensity as
obtained from the FVM, SClin and SCbez methods are shown from left to right. The line of sight is
along the vector n = (1,1,1). Ny = Ny, = N, = 133 grid points have been used. Upper left and lower
left panels from i ).

Due to the different effects for different ray directions and for different regions in the atmosphere,
any underlying (e.g., spherical) symmetry of a specific problem will be broken. We emphasize that
numerical diffusion errors can only be avoided by increasing the grid resolution, by using higher
order upwind-interpolation schemes, or by applying the long-characteristics method for solving the
equation of radiative transfer.

As the important part of the radiative transfer, however, is mainly located near to the star (where
the densities are largest), and the numerical diffusion errors are not too large in this regime (up to a
radius of r < 3—-4R,), the 3D FVM and SC solution schemes should deliver (at least qualitatively)
correct results. We note that numerical diffusion errors are expected to be most severe when photons
propagate over large distances, for instance, when considering optically thin continua, or, in the line
case, before they hit the resonance zones. Since the resonance zones are mostly quite narrow, while
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Table 4.2: Input parameters used for our spherically symmetric test models. These parameters roughly
correspond to the wind from the O4 supergiant { Pup, when assuming an unclumped wind.
Tefr [kK] R, [RO] Umin [km S_l] Uoo [km S_l] ﬁ M [Moyf_l] Rmax [R*] Uturb [km S_l]
40 19 10 2000 1 5-1076 12 100

the path-length of freely propagating line photons is usually quite large (at least if the continuum is
comparatively weak, as in most realistic conditions), numerical diffusion errors are of major concern
for the line transfer.

4.2 Spherically symmetric windﬁ

In the following, we discuss the performance of the code when applied to spherically symmetric,
stationary atmospheres. To this end, we compare the solutions obtained from the 3D FVM and SC
methods, with those obtained from accurate 1D solverd.

4.2.1 Atmospheric model

The spherically symmetric models to be compared with are calculated from a prescribed S-velocity
law and from the equation of continuity (Eq.[L.2). For stellar and wind parameters summarized in
Table the density stratification and the velocity field are completely determined. Effects of the
temperature stratification are negligible for the considered scattering problems (ec = e = 107%). The
continuum and (frequency integrated) line opacities have been calculated from Eqgs. (2.61)), 2.62),
with the electron density derived for a completely ionized H/He plasma with helium abundance
Nue/Nu =0.1. We have calculated three different continuum models by scaling the electron-scattering
opacity with kc = [1,10, 100], respectively. These models correspond to an optically thin, marginally
optically thick, and optically thick atmosphere, with radial optical depths 7, = [0.17,1.7,17]. The line
transport has been calculated for a weak, intermediate, and strong generic UV resonance line, with
line-strengths &y, = [1, 103,10°]. To calculate the thermal width, we used ma = 12my,, m, being the
proton mass. The total width of the line profile, however, is mainly controlled by the micro-turbulent
velocity, where we use vy, = 100km 57! throughout this thesis to minimize the computation time (see
Sect.324.2).

To obtain a reasonable resolution of the (spherically symmetric) wind on a Cartesian grid, we
calculate the wind-model on a spherical grid within our first subprogram model.eo. The radial coor-
dinates are computed such that the (radial) continuum optical-depth -and velocity-steps, At, and Av,,
are (nearly) equidistant. The Cartesian x, y, and z-coordinates are then calculated following the grid-
construction procedure described in Sect. If not indicated explicitly, we use Ny = Ny = N, = 133

5 Sects. 2T toE2 3 based on|Hennicker et all (2018, Sect. 4), and [Hennicker et al! m, Sect. 4.2).

6 The 1D solution for the continuum transport has been found from the Rybicki-algorithm (combined with the solution
of the moment equations using variable Eddington factors, see, e.g., M@) To calculate the line, a comoving-
frame ray-by-ray solution scheme in pz-geometry has been applied, ensuring convergence by means of an accelerated
A-iteration scheme using a diagonal ALO.
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Figure 4.5: Spatial grid in the xz-plane with Ny = Ny = N, = 93 grid points, as obtained from our
grid-construction procedure for the spherically symmetric test models.

grid points for the continuum, and Ny = Ny = N, = 93 grid points for the line formation, distributed
over the complete range, [—Rmax, Rmax ], Where Ry« defines the spatial domain. We allow for a higher
grid resolution within the continuum calculations, since only one frequency point needs to be consid-
ered, and we thus have lower computation times anyhow. For comparison, M&M dﬂ)ﬁ)
used only Ny = Ny = N, =71 grid points for their (optically thin) models. A typical grid in the xz-
plane is shown in Fig. Particularly for the FVM (where no grid-refinement has been implemented
thus far), the applied grid resolution is required to properly resolve the resonance zones (where the
line opacity in the comoving frame and the corresponding profile function is non-negligible), and to

obtain reasonable discretized optical-depth steps.

4.2.2 Convergence behaviour

To test the convergence behaviour of our ALI implementation with corresponding ALO, we con-
sider the continuum and line formation in the stellar wind as described above. Fig. shows the
maximum relative corrections of the mean intensity (left panel) and scattering integral (right panel)
after each iteration step. Different methods (FVM, SClin and SCbez), and different acceleration tech-
niques (classical A-iteration, and diagonal-, direct-neighbour-, nearest-neighbour-ALO with the Ng-
extrapolation switched on or off) have been applied. We display the continuum and line calculations
for kc = [10,100] and ki, = [10,10°], respectively, using Ny = Ny = N, = 93 spatial and Ng = 974
angular grid points (to save computation time when calculating the slowly converging classical A-
iteration). We usually stop the iteration scheme when the maximum relative corrections become less
than 1073 between subsequent iteration steps, emphasizing that a truly converged solution is only
found when the curve describing subsequent relative corrections is sufficiently stee[ﬂ For instance,

7 For linearly convergent iteration schemes, the steepness of the convergence curve is described by the relative corrections
in subsequent iterations steps, Ax/Ax—1 = const. =: q. To obtain a solution within a reasonable amount of computation
time, we may demand that ¢ < 0.8, corresponding to a reduction of relative errors by a factor of 1073 every 30th iteration
step.
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Figure 4.6: Convergence behaviour of the standard spherically symmetric model calculated with the
3D FVM (blue) and the 3D SC method using linear (red) or Bézier (green) interpolations. The left and
right panels show the convergence behaviour of the continuum and line transfer for ec = ¢ = 1079,
respectively, with maximum relative corrections between subsequent iteration steps calculated with
respect to the mean intensity and scattering integral. While the upper row displays the optically thin
models with kc = 10 and &, = 10, the lower row has been calculated using kc = 100 and ki, = 10°.
Different acceleration techniques have been applied, where the NN-ALO has been implemented only

for the SC method. From [Hennicker et alJ (md).

the classical A-iteration (with A* = 0) fails to converge for strong scattering lines (Fig. lower
right panel), since the relative corrections become almost constant in each iteration step (‘false con-

vergence’, cf. |Huh€n;L&_M1hala.§{ |2QlAI).

Overall, and as expected, the number of iterations needed to obtain the converged solution is

decreasing with increasing number of matrix elements used to define the ALO (see also Hauschildt

et al. 1994 and Hauschildt & Baron 2006 for multi-band ALOs coupled to a 1D-SC and 3D-LC

formal solution scheme, respectively). In most cases, the convergence of the SClin is faster than that

of the SCbez method, because the interpolation scheme is intrinsically more localized (with stronger
weights assigned to local A-matrix elements). The FVM always performs best, since only the direct
neighbours directly influence the formal solution within this method. For parameters kc,k;, < 10
(Fig. upper panels), all ALOs yield a converged solution within Nje; ~ 10 iteration steps. When
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applying the SCbez method, the first peak results from switching the linear interpolations to Bézier
interpolations at the fifth iteration step. This peak is less pronounced for parameters kc, k. = 100,10,
since the maximum relative corrections are still relatively large in the first few iteration steps.

For the optically thick continuum model (Fig. lower left panel), the classical A-iteration con-
verges only very slowly (if at all), requiring Négf\fsml) 2 90 iterations until our convergence criterion
of maximum relative corrections being less than 1073 is fulfilled. On the other hand, when using the
diagonal, DN- and NN-ALO within the SClin and SCbez method, the number of iterations until con-
vergence is reduced from Ng:;g ~ 75 to Ngj ~ 65 and N};gj ~ 45, respectively. For the FVM method,
already the DN-ALO performs reasonably well with Ngf ~ 45. The Ng-extrapolation significantly
reduces Nje, further, and is required to obtain the converged solution in < 20 iteration steps for all
applied methods.

Since the line transport is restricted to the finite widths of the resonance zones, and is therefore
intrinsically much more local than the continuum, the convergence behaviour is accelerated consider-
ably already by the diagonal and multi-band ALOs. For the strong line (Fig. lower right panel),
convergence is obtained within Ngzg ~50+5 and NPN ~ 3545 iteration steps for the diagonal and DN-
ALO, respectively. For the SC methods, the NN-ALO with the Ng-extrapolation scheme switched on
again performs on the same level as the DN-ALO (+ Ng-extrapolation) within the FVM, and reduces
the number of iteration steps until convergence to < 20.

In total, we conclude that a multi-band ALO is required for our implementation of 3D radiative
transfer solvers to obtain a fast convergence behaviour. While a DN-ALO together with the Ng-
extrapolation is typically sufficient for the FVM method, a NN-ALO is required when the SC methods
using linear or Bézier interpolations are applied. These ALOs, however, also perform excellently
for extreme test-cases, that is, for optically thick continua and strong lines in scattering dominated
atmospheres.

4.2.3 Accuracy of continuum and line solutions

Convinced by the sound convergence properties (at least for the non-local ALOs), we investigate the
accuracy of the FVM and SC methods in the following. To this end, we apply the DN- and NN-ALO
for the 3D FVM and SC solution scheme, respectively, together with the Ng-extrapolation, and com-
pare the obtained solutions with (almost) exact results (see begin of Sect. 4.2)). For the converged
solution then, all differences between the 1D and 3D FVM/SC methods originate only from the spe-
cific discretization of the radiative transfer equation. Fig. .7 shows the continuum and line solutions
together with corresponding relative errors, obtained for the spherically symmetric model when cal-
culated with the FVM, SClin, and SCbez methods and compared to the ‘exact’ 1D solution. The
mean and maximum relative errors are shown for different regions in Table £.3] where the mean and
maximum relative errors of any quantity are defined throughout this work by

(exact) | _(exact) |

N
— 1 Y gi-q 9 =4
Ag:= N; e 0 Adme= T e
= i !

’

with N the number of grid points within the considered region.
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Figure 4.7: Solutions for the standard spherically symmetric model as calculated with the 3D FVM
(blue) and 3D SC methods using linear (red) or Bézier (green) interpolations, compared to an accurate
1D solution (black solid line). The dots represent the solutions at specific grid points (with different
latitudes and longitudes), where only a subset of all grid points is displayed to compress the image.
Corresponding errors are indicated at the bottom of each chart. The top panel shows the mean intensity
for the continuum transfer as a function of radius, with ec = 10° and k¢ = [1, 10, 100] from left to
right. The bottom panel shows the line source function with e = 107°, and k. =[10°,103,10°] from

left to right. From |HQI1HLCJ&QLQL&1J dZ_Q]_d).

Continuum. For the continuum models, the solutions obtained from the 3D SC methods are superior
to the solution obtained from the FVM in most cases. Particularly near the stellar surface (at r < 3R.),
both SC methods are in good agreement with the 1D solution (see Fig. 47l top panel, and bottom of
each chart for the radial dependence of the relative errors). When considering the most challenging
problem of optically thick, scattering dominated atmospheres, the mean relative errors of the SClin
and SCbez method for the complete calculation region are on the 20- and 10 %-level, respectively.
For such models, the FVM breaks down due to the order of accuracyﬁ, and a (high order) SC method
is indeed required to solve the radiative transfer with reasonable accuracy. For marginally optically
thick continua, the mean relative errors of the SClin and SCbez methods are on the 5 %-level and
below. While the FVM (with a mean relative error ~ 20 %) allows for a qualitative interpretation of
the radiation field for such models, the SC methods should be used for quantitative discussions. The
optically thin model calculations give mean relative errors on the order of 5% for all methods, with
the maximum relative error being lowest for the FVM. Since, additionally, the computation times of
the SClin and SCbez methods are typically highest (see Sect. 3.6), the FVM is to be preferred when
calculating optically thin continua. For the SC methods, we note that all errors originate from the
interplay between upwind/downwind interpolations of opacities, source functions and intensities, and

8 The first-order FVM is sufficiently accurate if exp(~A7) ~ 1 — At, i.e., if the optical-depth steps, A7, are small.
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Table 4.3: Mean and maximum relative errors of the FVM and SClin, SCbez methods, when applied

to the spherically symmetric test models. The mean relative errors are listed for different regions with
r€[R.,3R.], r € [3R.,Rmax] and r € [R,, Riax ], from top to bottom.

AJ[%] for r € [R.,3R.]

AS | [%] for r € [R.,3R.]

kc 7. FVM SClin SCbez

ki FVM  SClin  SCbez

10°0.17 34 62 66
0'1.17 18 12 22
102 17.0 120 9.7 5.7

AJ [%] for r € [3R., Rmax]

10° 8.7 2.0 2.4
10° 94 2.0 2.6
100 10 3.3 2.2

AS| [%] for r € [3Rs, Riax]

kc 7, FVM SClin SCbez

ki, FVM SClin  SCbez

10°0.17 52 44 43
10! 1.17 22 10 3.7
102 17.0 120 36 16

A_J[%] for r € [R., Rimax]

100 4.8 5.9 4.7
10 5.9 10 5.1
100 12 19 6.2

ATL [%] for r € [R., Rmax]

kc 7. FVM SClin SCbez

kb FVM  SClin  SCbez

10°0.17 44 52 54
101 1.17 20 6.0 3.0
102 17.0 120 23 11

AJmax [%] for 1 € [R., Rmax]

10° 6.3 45 3.9
103 72 7.0 4.2
100 11 13 4.7

ASL,max [%] for r € [Ry, Rimax]

kc 7, FVMSClin SCbez k. FVM SClin SCbez
10°0.17 17 51 49 100 27 46 45
10" 1.17 36 39 14 100 73 50 45
102 17.0 150 46 24 10° 70 65 55

the integration of the discretized radiative transfer equation. Numerical diffusion and the associated
violation of energy conservation influences the converged solution particularly in the optically thin
regime.

Line transition. The mean relative errors for the line transition are on the order of 5 — 10 %, with
increasing accuracy from strong to weak lines, and slight advantages of the SCbez method when
compared to the FVM and SClin method (that yield a similar error). Particularly for the FVM, the
errors in the line case are lower than those for the continuum, because the radiative transfer is much
more locaﬂ and thus, the error is not being propagated through the complete grid. On the other hand,

9 We emphasize that for the line transfer, the ratio of the photon destruction probability, € , to the photon escape probability,
is less than unity for all our models, indicating that the line-transfer is, in principle, non-local. However, for the considered
spherically symmetric problems, no multiple resonances arise, and the line is formed within a single, well-localized
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Figure 4.8: Emergent flux profiles of an intermediate (k;, = 103, left panel) and strong (k.. = 10°, right
panel) line. The blue, red, and green curves correspond to the solution of the FVM, SClin, and SCbez
methods, respectively. The reference profile (black solid line) has been derived from the ‘exact’ 1D
source function interpolated onto the 3D Cartesian grid. Corresponding relative and absolute errors
are shown at the bottom of each chart. For all profiles, the continuum level has been determined from
a zero-opacity model. Fr0m|H.anj_c_er_e_t_aL| (|2Q]_d).

numerical diffusion plays a larger role (see Sect. . 1.2)), resulting in minimum errors of ~ 5% even
for very weak lines. The radial stratification of relative errors for each considered line is shown in
the lower panel of Fig.[d4.7] bottom of each chart. While the FVM gives largest errors near the stellar
surface (at r < 3R,), both SC techniques are in excellent agreement with the 1D solution in such
regions. At larger radii, however, the SC solutions are generally overestimated when compared to the
1D solution, due to numerical diffusion errors.

The distinct behaviour of the applied solution schemes in different atmospheric regions finally
determines the quality of emergent flux profiles.

Emergent flux profile. The converged source functions are used to calculate the emergent flux pro-
files using the postprocessing LC solver as described in Sect.[3.7] To extract the error resulting from
the FVM and SC methods alone, we interpolated the ‘exact’ 1D source function onto our 3D grid,
and calculated the reference profile using the same technique. The continuum has been calculated
within the LC postprocessing routine from a zero-opacity model given by the unattenuated illumina-
tion from the projected stellar disc. Then, the differences of line profiles are exclusively related to the
differences of line source functions. Fig. shows the line profiles with corresponding absolute and
relative errors for the intermediate (ki = 10%) and strong (kg = 10°) line, obtained from the converged
source functions from above.

The line profiles are in good agreement with the 1D solution for both applied SC methods, with

resonance region.
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slight advantages of the SCbez method when compared to the SClin. Major (relative) deviations arise
particularly at large frequency shifts on the blue side, due to the enlarged source functions in corre-
sponding resonance regions (i.e., at large radii in front of the star). At such frequency shifts, however,
the line profile is mainly controlled by absorption, and the absolute error remains small. At low fre-
quency shifts, the emission peak becomes slightly overestimated, particularly when considering the
strong line. The corresponding resonance regions are mainly located near to the star (at low absolute
velocities), and in the whole plane perpendicular to the line of sight (with low projected velocities).
For the intermediate line, the emission from this plane at large radii only plays a minor role, due to rel-
atively small optical-depth increments along the line of sight. Thus, both SC methods are in excellent
agreement with the 1D reference profile. With increasing line strength, however, the emission from
the outer wind region contributes significantly to the line formation, and the discrepancies between
the 1D and the SClin/SCbez methods become more pronounced. For the FVM, the emission part
becomes overestimated for all line profiles, due to the typically enhanced source functions close to the
stellar surface (i.e., at low absolute velocities). For all test calculations, the Bézier method performs
best, closely followed by the SClin method and (far behind) the FVM.

With Fig.H.8land the argumentation from above, we conclude that (at least) a short-characteristics
solution scheme is required to enable a quantitative interpretation of UV resonance line profiles, where
both the linear and Bézier interpolation techniques perform similarly well. The less accurate (however
computationally cheaper) FVM can still be applied for qualitative discussions.

4.2.4 Flux conservation

As a last test of our 3D solution schemes, we consider purely scattering continua (ec = 0) within
the spherically symmetric wind model described above. Since photons are neither thermally created
nor absorbed for such problems, the radiative flux density is conserved (at least in theory). With the
definition of the Eddington flux (Eq. 2.I3) and of the mean intensity (Eq. 2.10), flux conservation
can easily be derived by considering the first (angular) moment of the radiative transfer equation

(Eq.233):
lanIdQ— ldeQ lfIdQ
¥ Y C 4rx Y ar v
1 1
= VH, = XVJV—fdQ—XV—fIVdQ:O, (4.5)
4 i¥ig

where we have used that S, = J,, for the considered scattering problem, and that the continuum opacity
and mean intensity are independent of solid angle. Additionally, one can easily show, that the 9 and
¢ components of the Eddington flux, Hy and H,, vanish due to symmetry, where ¢} and ¢ are the
co-latitude and azimuth in a local spherical coordinate system of a considered point (i, j, k) with radial
coordinate pointing along the position vector of that point. The Eddington flux is then solely given by
its radial component, H,:
1 8(r2H ,) 5
VH, = 273 =0 <<= H,r" =const.. 4.6)
r r
Fig. shows the components of the Eddington flux as obtained from the FVM and SC methods,
with the tangential components scaled by the radial ones. For all applied models, the tangential com-
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Figure 4.9: ¢, ¥, and r components (from top to bottom) of the Eddington flux as obtained from the
FVM and SC methods, when applied to spherically symmetric atmospheres with ec = 0 and kc =
[1,10,100] from left to right. The same color-coding as in Fig. & 7lhas been used, with the black solid
line indicating the 1D solutions (with Hl(?lD) = HSD) = 0). The tangential components as obtained
from the 3D solution methods have been scaled by the corresponding radial ones. The bottom panel
shows the relative errors of the radial components of the Eddington flux when compared with the 1D
solution.

ponents of the Eddington flux are small, yielding Hy, H, < H,/20 in most cases, and with somewhat
larger deviations found for the marginally optically thick and optically thick models, when calculated
with the FVM. Also when concentrating on the radial component, the FVM performs reasonably well
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only for the optically thin model with kc = 1. Particularly in regions far from the stellar surface, the
SC methods show a relatively large scatter for this model, due to numerical diffusion errors. With in-
creasing kc, the FVM overestimates the radiative flux, resulting from the order of accuracy. Although
the SC methods show superior results, the relative error, when compared to the 1D solution, are still on
the 10 — 40 % level. Most importantly, however, the Eddington flux (scaled with %) remains approxi-
mately constant for all applied methods, as theoretically constrained. For the FVM, the scatter of the
radial flux component is largest, and becomes significantly reduced for the SC methods. Particularly
for the SC solution scheme using Bézier interpolations, H,* is limited to a relatively narrow range.

We conclude that at least the theoretically constrained qualitative behaviour of the flux compo-
nents can be approximately reproduced by our FVM and SC methods. However, as pointed out in
Sect. already small (tangential) flux components can have a severe impact on the wind structure
(e.g., preventing the formation of a disc in the context of Sect.[I.2.3)), and this problem needs to be
solved when our multi-D radiative transfer methods shall be coupled with radiation-hydrodynamic
solution schemes. Thus, a more detailed investigation of the flux components is planned for the fu-
ture. In this respect, increasing the spatial grid resolution, or even reformulating the discretized 3D
radiative transfer equation by applying spherical coordinates, might become inevitable.

4.3 Summary@

In this chapter, we have investigated the reliability of the numerical tools developed in Chapter [3
mostly by applying our 3D code to spherically symmetric conditions. Several different tests have
been performed to understand certain shortcomings of the one or other method, and to probe the
ALI-cycle and the angular integration schemes:

Angular integration: For zero-opacity models, we showed that the Lebedev quadrature performs
best for obtaining the mean intensity on a typical 3D spatial grid, and that a number of Ng >
2000 directions is sufficient to accurately perform the solid angle integration within the 3D
FVM and SC methods.

Numerical Diffusion: Due to significant numerical diffusion, intrinsic to both the FVM and SC meth-
ods, we found a minimum error for the mean intensity and line source function of roughly 5%
when considering optically thin continua and weak lines. Additionally, the (e.g., spherical)
symmetry of a considered problem is broken, due to the distinct behaviour of numerical diffu-
sion for different ray directions, and in different regions of the atmosphere. Numerical diffusion
errors, however, can be minimized by increasing the grid resolution.

Convergence behaviour: With increasing complexity of the approximate A-operator (i.e., from a
purely diagonal ALO to a direct-neighbour and nearest-neighbour ALO, the latter including
26 neighbouring terms), the rate of convergence is generally improved. When applying the
non-local ALOs within our 3D FVM and SC methods, we obtained a satisfying convergence
behaviour, with relative corrections between subsequent iterates of less than 1073 within 20

10hased on|Hennicker et all (2018, Sect. 7), and [Hennicker et all (2019, Sect. 6).
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iteration steps, even for the most challenging test cases. Due to this convergence behaviour,
we were able to analyse the performance of our methods for such optically thick, scattering
dominated atmospheres.

Pure continuum: We have estimated the error of the applied methods in different regimes, by in-
vestigating spherically symmetric test models within our 3D SC framework, and with a 3D
finite-volume method, where both solution schemes have been formulated on a 3D Cartesian
grid. To our knowledge, this is the first study, where different 3D solution schemes for spherical
problems have been compared, and their precision explored. When rated against the solution
obtained from (accurate) 1D solvers, we found a mean relative error for the converged con-
tinuum source function of roughly 5—-10% and 5 —20% when using Bézier and linear inter-
polations, respectively. Particularly for optically thick continua, the (first order) FVM method
breaks down, and a (high order) SC or LC method is required to accurately solve the radiative
transfer. This problem, however, arises only at large optical depths (e.g., when considering the
winds of Wolf-Rayet stars), and is of only minor importance for the winds of OB stars with (at
most) marginally optically thick atmospheres.

Line transitions: When considering the solution for the line source function for different line-
strength parameters, the mean relative errors of both SC methods are on the 10 %-level and
below, with slight advantages of the Bézier technique, compared to purely linear interpolations.
The resulting synthetic line profiles are calculated with a long-characteristics postprocessing
routine, using the corresponding converged source functions. The SC method using Bézier in-
terpolations almost perfectly matches the 1D reference profiles for all our models (i.e., for weak
and strong lines). When linear interpolations are used, we obtain slight deviations, originating
mainly in the outer wind regions. In contrast, the 3D FVM always overestimates the emission,
due to an overestimation of the line source function in regions near to the stellar surface.

Flux conservation: For purely scattering atmospheres, we investigated in how far our 3D FVM and
SC methods reproduce the theoretically requested conservation of the radiative flux. Within
our 3D solution schemes, we found that the tangential components are — almost consistent with
theory — small (Hy, H, < 5% H,), when compared with the radial one. The radial component,
r?H,, on the other hand is generally overestimated when compared with an accurate 1D solution,
and remains only approximately constant over the radial coordinate. Particularly for the FVM,
this point requires further investigations.

Overall, the 3D SC methods typically yield a higher accuracy than the FVM, with slight advantages
when using Bézier interpolations instead of linear ones. Nevertheless, all methods have their own ad-
vantages and disadvantages, particularly when also accounting for the computation time (with fastest
turn-around times for the FVM method). Thus, the 3D FVM method should be used for qualitative in-
terpretations and for finding (rough) estimates of the parameters of interest, while the SC methods are
to be preferred when aiming at a quantitative analysis of line profiles, and for optically thick continua.
All methods can readily be applied to non-spherical problems.



Chapter 5

Applications

This chapter has been copied — to a major part — from Hennicker et all M) and [Hennicker et al]

5.1 Wind ablatio

Using 3D radiation-hydrodynamic simulations, Keﬂ M) and Kee et a1.| dM) modelled the ab-
lation of circumstellar discs around massive stars, due to radiative line driving. They showed that a
significant line force arises due to the coupling of non-radially streaming photons to the non-radial
velocity field of circumstellar discs (see also , their Figure 1). The line force has been
calculated within a Sobolev approach, by means of line-strength distribution functions. Contrasted to
the original formulation by , they followed the parameterization by (@). The full 3D
line acceleration can then be written a

gi - Ke Q
tines ™ (1 — @)c(Qokecp)®

where n and v describe the direction of the considered ray and the velocity-vector, respectively. p is

f(n-V <(n-v))"I(n)ndQ, (5.1

the density, O, Qp, and « describe the line-strength distribution, and were taken from the calibration
of , their Table 2), for the considered 7.

Table 5.1: Stellar and wind parameters for the wind-ablation model. The line-strength parameters
have been set to a = 0.66, Q = 2500, and Qg = 2200.
Ten [KK] R.[Ro] 10gg vmin[kms™'] ve[kms™'] B Mying [Moyr™']
36 9.4 39 22 2200 1 1.5-1077

1 copied from|Hennicker et al] (IM, Sect. 5).
2 Strictly speaking, Eq. (3.1) holds only when the strongest line is optically thick. See@ m, Chapter 2), for a complete
derivation and discussion.
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Figure 5.1: Left panel: Density structure for the wind-ablation model with 74ic = 1400, in the xz-
plane. The middle and right panels display the radiation temperatures as obtained by the 3D FVM
and 3D SC method (using linear interpolations), respectively. Additionally, the density contours cor-
responding to a decrease in line force by f = 10 (solid) and f = 100 (dashed) are displayed. Both
contours indicate the transition region from wind to disc (see text). The grey colour corresponds
to radiation temperatures less than the colour-coded minimum value. Left and middle panel from

(2018).

For optically thin continua (e.g., in classical Be starﬁ, the incident intensity /(n) can be directly
, I7, and Eq. (3.I) can be solved by quadra-
ture, for a given density and velocity structure. For accreting high-mass stars (see Sect. [L.2.6), that is,

replaced by the intensity originating from the stellar cor

for massive objects in their late formation phases, however, the circumstellar discs are optically thick,
and at least two major problems arise:

Firstly, due to absorption and scattering processes, the incident intensity at a considered point
needs to be calculated by a global solution of the radiation field, which is very time consuming in
hydrodynamic simulations. @ ) developed an efficient method to delimit the contribution by
either calculating the absorption part alone (giving a lower limit of the incident intensity), or assuming
the disc to be optically thin (giving an upper limit). A comparison between the irradiation obtained
from their method to the irradiation obtained from our 3D code (including scattering of photons) will
be presented in future studies, and shall not be discussed here.

In this thesis, we consider the second problem of optically thick environments: Since the disc
partly blocks the irradiation from the star, the radiation field might become considerably reduced.
However, since the density in the wind-ablation regions is not too different from the density in the
wind, it is this (ionizing) radiation field, which mainly determines the ionization stages of the con-
sidered plasma, and consequently might influence the line-strength distribution function. To address
this issue, we proceed as follows: First, the radiation field for a specific hydrodynamic structure (see

3 Due to gravity darkening, the intensity emerging from the stellar core of rapidly rotating stars (e.g., Be stars) becomes
latitude dependent. For the O7 model discussed below, we assumed negligible rotation rates to remain consistent with

2016).



5.1. WIND ABLATION 93

below) is computed by our 3D code, and the resulting mean intensity is translated to a corresponding
radiation temperature (using J, =: W - B, (T,q) with dilution factor W; the derived radiation temper-
ature would correspond to T.g if the star had an optically thin, spherically symmetric atmosphere).

Corresponding line-strength parameters could again be obtained from [Puls et a.|.| ). In regions
where the local radiation temperature is similar to the effective one, one can safely assume that the
parameters of the line-strength distribution remain at their original input values, and indeed can be
used to calculate the line force throughout all following hydro-timesteps. If, on the other hand, Tyaqg
differed significantly from 7., the line-strength distribution would need to be consistently adapted
within the hydrodynamical evolution.

For our analysis, we used a wind+Keplerian-disc model similar to the initial conditions for the
accreting O7-star system as considered by Kee et all (|2Ql_d). This model describes such objects as

alreadi defined in Sect. [[.2.6] as accreting high-mass stars (see also Hosokawa et al. |2Qld, Kuiper
et al. ). The wind and stellar parameters are given in Table 5.1] following m (M). A

radial optical depth of the disc, T4isc = 1400, has been adopted. We approximated the continuum by

pure Thomson-scattering, ec = 0, to ensure frequency independence. This is a fair assumption for the
500-2000 A range, where the majority of line-driving happens (e.g., IMIM) Of course, we
would expect thermalization in the disc’s deeper layers. Due to the dominating p~“-dependence of the
line force (Eq. B.1) and the large densities inside the disc, however, most of the wind-ablation occurs
at the surface layers, and we do not need to care about the details in the inner parts. This fact is even
more important, since it allows us to apply our 3D FVM method, although being aware of the large
errors of the continuum transfer for optically thick media.

To ensure that the transition region from the wind to the disc is not subject to (larger) numerical
uncertainties, we have performed a test calculation with doubled grid resolution (N, = Ny = N, =
265). Although we found, as expected, differences in the inner part of the disc, our results for the
outer part and the wind region are (almost) identical. Furthermore, we have compared the solution as
obtained from the FVM with corresponding ones when calculated with the SC method using linear
interpolations. At least in the considered wind-ablation regions, both solutions are fairly consistent
(see Fig. 5.l middle and right panel). In these regions, we can therefore safely assume, that the
obtained solutions are only mildly affected by numerical artefacts.

The density structure and radiation temperature (the latter computed by our code) are shown in
Fig.[5.1l The radiation temperature in the wind (here: along the z-axis) exceeds the effective tem-
perature by a factor of roughly 1.25. In order to ensure that this is not a numerical effect, we have
checked this issue by calculating the same wind model, however applying an optically thin disc with
Tdgise = 1.4-1073. For such a model, T,q and T.q turned out to be fairly identical. We thus conclude
that the enhancement of radiation temperature in our original model is due to additional irradiation of
the wind from the disc, by scattering off photons from the disc. Most likely, this effect will induce
latitudinal line-force components (also to be addressed in forthcoming investigations).

Wind-ablation dominates in the transition region between wind and disc. We define this region by
calculating the decrease in line force by a certain factor, f, due to density effects alone, that means
assuming the same ionization stages and the same velocity structure. Such a reduction of line force or
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line acceleration is easily cast into an enhancement of density via Eq. (3.1)),

(disc) @
ines r’® 1 isc\7s
ines (10) o (p—d o G)) > 1, (52)

(wind) .y <7 Pwind(r)

glines

where the radius-dependent quantities from the wind can be measured along the z-axis. In this picture,
f should be chosen such that the corresponding decrease in line force represents the border from the
wind region to the region where the line force is negligible (i.e., inside the disc). As a first guess, we
adopted f = 10, and display the corresponding density contour in Fig.[5.1l Since a factor f = 10 seems
to be somewhat artificial, we additionally display the density contour corresponding to f = 100.

From our simulations, we then find that both contours are located within a range of Ty,q between
roughly 31 and 33kK, which is of the same order as the effective temperature, Teg = 36 kK. We thus
conclude that the ionization stages at the disc surface are not changing too much, when compared
to the ionization stages in the wind, and that the line-strength parameterization of the wind can also
be used to calculate the line force at the surface of such optically thick circumstellar discs. Due to
significant scattering of photons off the disc, a multi-D description of the radiative transfer might need
to be incorporated into the hydrodynamic simulations, to account for all force components.

5.2 Dynamical magnetospheres: HD191612E|

As a first application of the FVM to line transitions, we modelled UV resonance lines in dynamical
magnetospheres, that is, in atmospheres which form in slowly rotating magnetic OB stars (in contrast
to the so-called centrifugal magnetospheres, which form in fast rotating magnetic OB stars). As a
prototypical case, we considered the Of?p star HD191612, which has a negligible equatorial rotation

speed of vyo & 1.4kms™! dHM&IIh_e_LathDiﬂl, [Sm].dgmsl_ct_al]hﬂlj) |Ma];csﬂm£w_t_al.| (IZQ]j) already

calculated corresponding resonance lines for this star, by extending the 3D formal solver developed
by[Sde_qy_'LsI_e_t_alJ (IZD_ld) to a ‘3D Sobolev with exact integration’ method (SEI, |Lame_l:s_e_t_al.||1281|),
and applying this method to a set of 100 2D MHD-simulation snapshots, equidistantly distributed
over the azimuth-angle to enable a 3D description of the atmosphere. At least for the H,, line (where
the source function is taken from prototypical 1D NLTE-calculations), such a patching-technique
produces quite similar results as full 3D MHD simulations (see ud-Doula et alJM). In Sect. 3.2.11
we use the same simulations as a benchmark for our 3D code, and compare the obtained line profiles
to those fromMaE;hunLe_t_aﬂ (|2J)i3|). In Sect.[5.2.2] we calculate analogous line profiles for the ADM
model developed by |Q\5&ck_le_t_alj (M), to investigate in how far their simplified description of the
magnetosphere can be used as a reasonable substitute for elaborate MHD simulations. We already note
here, that such a simplified approach would be favourable to MHD simulations, because it provides
(within the applied approximations) an average, steady state solution for the magnetospheric structure,

and avoids time-consuming hydrodynamic simulations.

4 copied from|Hennicker et al] dm, Sect. 6).
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5.2.1 MHD models

To understand the behaviour of the line profiles presented below, we first explain the basic charac-
teristics of (non-rotating) magnetic winds. For a more detailed discussion, we refer the reader to the

seminal work by h.Ld;llLula_&M&ckJ (IZM) and |1.1_d;lllula_¢_t_al.| (IZ_OQé). These authors introduced

a magnetic dipole field as an initial condition, and evolved the (initially spherical) stellar wind ac-

cording to the MHD equations. Within ideal MHlﬂ the material follows the (closed) magnetic-field
lines in regions where the magnetic energy exceeds the kinetic energy of the wind (close to the star),
whereas, in the opposite case, the field lines follow the (almost radial) mass flow (far from the star).
The border of both regions can be roughly described by the Alfvén-Radius, Ra ~ 0.3 + (17, +0.25) /4,
with wind-confinement parameter 7, := (Bng) /(4Mp—ov), and By, the polar magnetic-field strength
evaluated at the stellar radius (see M_e_t_aﬂ M and Sect. [[L.Z.3).

Within closed-field regions, material originating from opposite footpoints shocks (and accumu-

lates) in the equatorial plane. Due to the 1/p%-dependence of the line-force (see Eq. 5.1)), the net-force
becomes dominated by gravity, and produces an inflow along the magnetic field lines in a ‘snake-like’
pattern.

In the open-field regions, the presence of the magnetic field, together with a frozen-in mass flow,
results in a density decrease when compared with spherically symmetric models, due to the faster-
than-radial expansion of the flow-tube area (see Figure 7 inlud-Doula & ( zwgglgiM). Consequently,
the line-force becomes increased, resulting in higher terminal velocities than in 1D non-magnetic

models. A single snapshot and an azimuthal average of the applied MHD simulations are shown in
Fig.

Based on such MHD simulations, [Sjmdgmsi_e_t_al] dZQ]_j) calculated corresponding H,-line pro-
files, while |MaLCQJm.0_e_t_alJ dZQL“J) investigated the UV resonance-line formation. To remain consis-
tent with the calculations by i ), we apply e, = 0, and use their description of the

line-strength parameter, kg, originally introduced by ). ko is related to the line-strength
parameter from Eq. 2.61) by

_ 1 M 1+ Ige Yie
 damy Rv2 1 +4Yhe

Ko O'el)?hkL, (53)
with Iy = 2 and Yye = Nge/Ng = 0.1, the number of free electrons per helium atom, and helium
abundance by number, respectively.

Although we use a micro-turbulent velocity of vy, = 100 kms~! for the determination of the
source function, we calculate the final line profile (somewhat inconsistently) for vy, =50 km s7!, as
done by |Mar§mmw_alj dZQ]_:ﬁ]). The line profiles obtained from our 3D code and the SEI line profiles
from|MaI§QJin£Le_t_aL| (I2_Q]_3]) are displayed in Fig. 53] for two different line-strength parameters, kg

= 0.1 and 1.0, respectively.

The agreement between the two methods is excellent. The minor differences in the emission part
are related to two effects: Firstly, the methods for determining the source functions (SEI implying
very narrow resonance lines vs. FVM accounting for much broader ones, due to vy, = 100 km s7h)
are quite different, and a certain deviation must be present. Secondly, the (general) overestimation of

5 Ideal MHD is a fair approximation in hot star winds, due to the high conductivity.
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Figure 5.2: Left panel: density structure for an example snapshot from the MHD simulations for
HD191612, as performed by lSJm.dngsL_e_t_alJ dZQlj). Right panel: azimuthal average of the MHD
simulations. In both figures, the density has been normalized by a typical downflow density, p. :=
Mg-o/ (47rR£vesc), with Mp—o from Table 5.2 and ves. ~ 800kms™! the photospheric escape velocity.
The velocity field is displayed by arrows, with the length of the velocity vectors limited to 0.5 vegc.
We additionally show the dipole magnetic field of the ADM models used in Sect. (solid lines,
and thick solid line for Ry = 2.7 R..). The corresponding magnetic axis is aligned with the z-axis. The
ﬁiyézolour corresponds to densities outside the range indicated on the right. From

).
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Figure 5.3: UV resonance-line profiles for the MHD models, as obtained from our 3D FVM code
(black) and from the SEI method by Marcolino et all (IZQ]_Z]) (red). Two different line-strength param-
eters, ko = 0.1 and 1.0, have been used. For convenience, the line profiles for ko = 0.1 have been
shifted vertically by 1.5. The left and right panels show the synthetic line profiles for pole-on and
equator-on observers, respectively. The abscissa has been scaled to v, = 2700 kms™', the ‘observed’

1D value applied by lM.arﬁﬂmsLe_LalJ (|2Q]_3I). Fromlliennid&er_e_t_alJ (|2Ql_é).

the scattering integrals and thus source functions due to the FVM might play a role as well. Also the
absorption parts of the line profiles observed equator-on (lower panel of Fig. 5.3)) are not perfectly
matched. This (small) effect is most likely simply due to different formulations of the numerical
solvers.
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Table 5.2: Stellar and wind parameters of HD191612 (upper row). Tef, logg, R., M, v have been
derived by |H£M&I1h_e_t_al.| dZDDll), and Bj, is adopted from Mad_e_e_t_al] ‘ZD_L]J). For the ADM model,
we adapted the mass-loss rate and terminal velocity at the pole (bottom row), to be consistent with the
MHD simulations from Fig.

Terr [KK]|R, [Rol|logg| ve [kms™'] | M [Moyr™'] |B,[G]
35 145 |35 2700 1.6-107 | 2450
o® [kms1][Mp_o[ Moyr'] RA[R.]
3963 1.1-10°¢ 2.7

A comparison of these line profiles with those from corresponding spherically symmetric models
has already been performed by M&m&_&ﬂ M), and we summarize only the most important
characteristics: (1) The absorption trough for pole-on and equator-on observers extends beyond the
1D terminal velocity, as expected from the MHD atmospheric structure. We note that such a large

extension has not been observed for HD191612. (2) The emission for equator-on observers is reduced
(compared to the 1D case), due to the lower densities in the emission plane (e.g., the polar plane for
line-centre frequencies with xgps = 0). (3) The particular form of the line profiles is determined by the
different mapping of projected velocities for different observer directions.

Given the overall agreement of the two different methods, we conclude that the SEI and our 3D
FVM solutions are consistent. Since both methods are completely independent, this result shows two
points: Firstly, our 3D FVM performs well also for non-spherical 3D wind structures, and secondly,
also the 3D SEI method as applied by [Marcolino et alJ M) is validated. We emphasize, however,
that the ‘simple’ Sobolev approach can only be applied for single lines (and steep velocity fields),
whereas situations with line overlap (e.g., resonance doublets) can be computed in a comparatively
simple way only by our 3D method. Being highly confident that the line formation in (arbitrary) wind

structures is described correctly, we are able to study the UV line formation within the ADM model.

5.2.2 ADM models

Owocki et al. (IM) developed an analytic description of dynamical magnetospheres, in order to set
a framework similar to the -velocity-field prescription for spherically symmetric winds. This ADM
formalism provides a time-independent, steady-state solution for dynamical magnetospheres, which
is comparable to the average of several MHD-simulation snapshots, and has been corroborated by a
comparison of synthetic H, lines with observations. The formation of resonance lines within the ADM
framework, however, has not been analysed yet, and is the focus of this section. For that purpose, we
aim at modelling the MHD atmospheric structure from above with the ADM method, and compare
the resulting line profiles.

Within the ADM method, [Owocki et a1.| M) divide the atmosphere into two major zones. The
border between both regions is given by the condition r, = R, where the apex-radius, ry,, is defined as

the distance between the origin and the intersection of magnetic equator and closed dipole magnetic-
field line attached to a considered point (see left panel of Fig. for clarification). In the following,
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Figure 5.4: UV resonance-line profiles obtained from our 3D FVM code, for the MHD simulation
(black, as Fig. 5.3)), and the different ADM models, (i) to (iv) (see text). The line-strength parameter
has been set to ko = 1. The left and right panels show the synthetic profiles for pole-on and equator-on
view, respectively. As in Fig.[5.3] the abscissa has been scaled to v, = 2700 kms~!, the ‘observed’

1D value applied by Marcolino §£ ;1] 12{21;3]). From |[Hennicker et alJ (2(213).

we call these two regions the ‘closed-field region’ (1, < Ra) and the ‘outer wind’ (7, > Ra). The
closed-field region consists of three different components:

e wind-upflow component: The magnetic loops are fed with material ejected from the stellar sur-
face. The matter flow follows the dipole magnetic-field lines, with absolute velocities calculated
from a S-velocity law, using 8 = 1.

e post-shock component: The collision of outflows following the B-field lines from opposite
footpoints leads to a shock at the magnetic equator, resulting in a hot and dense post-shock
region. The extent of this region is controlled by a (dimensionless) cooling parameter, Yo,
where 1/y describes the efficiency of radiative cooling by X-ray emission (see mﬁ]
for details). In test calculations, however, this component turned out to have only very
small influence on the UV line formation. Thus, and to keep the model as simple as possible,
we neglect the post-shock component in this work.

e cooled-downflow component: As the post-shock gas cools, its density increases, and the line-
force decreases. Thus, the cooled and compressed gas is pulled back onto the stellar surface by
gravity, resulting in a downflow starting at the magnetic equator. The gas is accelerated from
zero velocity along the B-field lines to the escape speed at the stellar surface.

For their H, analysis, (Owocki et al.| (IM) only considered the cooled downflow, because of the
mostly larger densities of this component. Since the infall occurs in episodic infall events, the closed-
field region is actually highly structured, and these authors found rather large ‘clumping factors’ (see
Sect. [LZ.2)), of the order of several tens. Under the assumption of clumps that are optically thin,
this clumping factor can be used to translate the actual (structured) density-distribution to the mean
opacities and emissivities of recombination lines (p>-processes, see e.g., ). For the UV
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resonance-line formation (linear in p), micro-clumping (i.e., optically thin clumping) has no direct
impact on the mean opacities. Therefore, and because of the different densities and velocities within
the upflow and downflow components, an explicit description of the structured medium is required
when considering UV resonance lines. As it is not a priori clear how to treat the combination of
the above mentioned components, we consider four different approaches, and model the closed-field
region by:

(i) Applying only the cooled-downflow component.

(i1) Introducing a statistical treatment, where the probabilities of using either the wind-upflow or
the cooled downflow-component when calculating the radiative transfer are here defined as

po=—F _1_p,.

J = =
Pw +Pc

a pw+pe’

This approach preferentially chooses the component with higher density and lower Velocityﬁ, in
other words, that component with the larger timescale for the matter flow.

(iii) Introducing flux-tubes that alternating consist of the downflow and upflow component.
(iv) Applying only the wind-upflow component.

The models are ordered such that the contribution of the wind-upflow component is increasing from
model (1) to (iv).

As a zeroth-order approximation, [Owocki et al.| (M) model the outer wind (at r, > Ra) by
the wind-upflow component, that means by a flow following closed magnetic-field lines even in that

region. This is a fair assumption for modelling the polar regions, since it accounts for the faster
than radial decline of the density (see also (Owocki & ud—DQul;J MMI). Moreover, the magnetic field
lines are nearly radial in these regions, thus resulting in a nearly radial outflow similar to the MHD

simulations. On the other hand, the velocity vectors near the equatorial regions are modelled with
a large latitudinal component, whereas they are radially directed within the (more realisticy MHD
simulations. Thus, a match of the ADM and MHD magnetospheric structure in the equatorial region
cannot be achieved within the standard formulation. With respect to UV line formation, this is the
major drawback of the ADM formalism, and will influence the line formation (see below).

To set the base density, kbmk_le_t_aﬂ dM) introduced the mass-loss rate of the star if it had no
magnetic field, Mp—o, which determines the loop-feeding rate. With the input parameters from Table
the dynamical magnetosphere can be modelled according to the recipe from/Owocki et al.| Mﬂ
We used the values of Mp_g and vaOle) in Table[5.2] right panel, to adapt the ADM model to the MHD
simulations. For our model parameters, the Alfvén-Radius, Ry =2.7 R,, has been calculated from the

mass-loss rate, terminal velocity, and magnetic-field strengthﬁ We stress that the adopted mass-loss

6 Both quantities are connected by the continuity equation.

7 We have increased the wind-upflow and cooled-downflow densities by a factor of two, which is missing in their original
equations.

8 For the input parameters given in Table[5.2] we actually would obtain Ro ~ 3 R.. However, taking Ry ~ 2.7 R, is somewhat
more consistent with the magnetospheric structure obtained within the MHD simulations (cf. Fig.[5.2).
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rate is not necessarily the ‘true’ one, nor the mass-loss rate the star would have if no magnetic field
was present. For the applied ADM models, the resulting density stratification, magnetic-field lines
and velocity vectors in the xz-plane are shown in the left panel of Fig. Here and in the following,
the equatorial plane coincides with the plane of the magnetic equator, since we assume the magnetic
axis to be aligned with the z-axis.

Compared to the MHD structure (see Fig.[5.2), the ADM densities in the closed-field region are
best represented by model (ii) and (iii), that is, by a combination of downflow and upflow component.
In the outer wind near the equator, the densities are underestimated due to the aforementioned different
description of the velocity field (see Fig. left panel).

Once again we apply ¢ = 0, and compare the corresponding line profiles with line-strength pa-
rameter, ko = 1, for equator-on and pole-on observers, with the line profiles obtained from the MHD
simulations (see Fig. 5.4). For clarification, Fig. additionally displays all line profiles with their
emission and absorption parts. The differences between the profile-sets can be explained as follows.

For pole-on observers: With increasing contribution from the upflow component, the emission
peak becomes broader, because the emitting volume at intermediate to high velocities increases. Si-
multaneously, the cooled downflow component with only low absolute velocities decreases, resulting
in a lower emission peak near the line centre. An exception is model (i), for which the emission peak
at low frequency shifts is lowest, because the emission of the upflow component near the star (with
high densities and low velocities) is missing. When compared to the line profiles from the MHD
simulations, the best result is obtained for model (ii), that is, for the statistical description of upflow
and downflow component in the closed-field region. Even for this model, however, we only get a rela-
tively poor match with the MHD profiles. Since our ADM models cover a large range of combinations
of upflow and downflow component (including the most extreme cases of a pure upflow and a pure
downflow), this finding suggests that the outer wind region is inadequately modelled. Indeed, the ma-
jor differences of the line profiles can be explained (at least qualitatively) by the different description
of the outer wind: (1) In the ADM models, the emission peaks close to line centre (i.e., at xqps = 0, with
corresponding resonance zones at projected velocities n-v ~ 0) are underestimated compared to the
MHD model, since within all ADM models also the mass flow in the outer wind is adopted to follow
closed magnetic field lines. This assumption becomes problematic in equatorial regions, since here
the ADM wind flows almost perpendicular to the plane, whereas it is almost radial in the MHD case.
Consequently, when viewed pole on, only large projected velocities are present in the corresponding
area of the equatorial plane, where the latter creates a large part of low-velocity emission in the MHD
model. This part is now missing in the ADM models, and the emitting area is almost limited to the
downflow component (with generally low projected velocities). Thus, the profile becomes shallower
than in the MHD case. (2) Within the blue absorption trough, the absorption column in front of the
star is slightly decreased, because the velocity vectors are once again following the magnetic field
lines, and do not perfectly match the MHD simulations. The differences of the line profiles can thus
be explained by the different description of the outer wind region alone.

For equator-on observers, the emission peak of the ADM models becomes stronger and shifted to
the blue side with increasing contribution of the upflow component. Additionally, the absorption part
on the blue side increases, while it decreases on the red side. This behaviour is readily explained: As
the upflow contribution in front of the star (with projected velocities directed towards the observer,
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Figure 5.5: Left panel: As Fig. but for the corresponding ADM model structures. To clarify the
definition of the apex radius, ry,, we have displayed a specific value, rp,=2 R, as a red arrow, where
this value corresponds to all points located on the red magnetic-field line. In the closed-field region
(inside rm=R4, displayed by a thick line), the models contain, from top to bottom: (i) The cooled-
downflow component alone. (ii) A statistical approach for the downflow and upflow component.
(iii) Alternating flux tubes with cooled-downflow and wind-upflow component. (iv) The wind-upflow
component alone. Middle panel: As Fig. [5.4] for pole-on observers, and for the different ADM models
(i) to (iv). The dashed and dotted lines display the emission part and the absorption part of the line
profiles, respectively. Right panel: As middle panel, but for equator-on observers. From Hennicker
et al. (IZQlﬁ).

thus affecting the blue side of the profile) grows, the downwind contribution (with projected velocities
directed away from the observer, and affecting the red side of the profile) is diminished. Consequently,
the absorption in front of the star increases on the blue side, and decreases on the red one. Again, when
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compared to the MHD model, none of the obtained profiles provides a good agreement. While model
(iv) reproduces the absorption part on the blue side relatively well, the red-sided absorption part is
highly underestimated. On the other hand, a better model for the red-sided absorption (e.g., model iii)
underestimates the absorption part on the blue side. In fact, it is not possible to simultaneously model
the blue and red absorption by only tuning the composition of the closed-field region, suggesting that
(at least) the outer wind needs to be treated differently. For instance, assuming a radial outflow in the
equatorial plane of the outer wind region would increase the blue-sided absorption (and emission),
while preserving the rather good behaviour of model (iii) on the red side.

Taking all this evidence together, we conclude that the (present) ADM model needs to be improved
for the modelling of UV resonance lines, at least in the outer wind. Such a re-formulation then needs
to include a consistent description of the actual velocity and density stratification, accounting for the
delicate interplay between B-field and wind.

5.3 Rotating Windﬂ

As a first application of the 3D SC method to non-spherical atmospheres, we consider the UV
resonance-line formation in the winds of (fast) rotating O stars. Fast rotation has two immediate
consequences on the stellar geometry and wind structure: (i) The surface of any rotating star becomes
distorted, with Req/Rpole approaching 3/2 for rotational speeds near the critical velocity
assuming a Roche model, and the critical velocity defined by Eq.[5.3for Q = 1). (ii) The emergent flux
depends on the (local) effective gravity (corrected for the centrifugal acceleration), and thus, decreases
towards the equator (‘gravity darkening’, see von Zeipel M, and |Maﬁ_d_e_r”lm Maeder & Mcyncﬂ
for uniform and shellular rotation, respectively). As outlined in Sect.[[L.2.3] gravity darkening
together with the effects of non-radial line forces predicts a prolate wind structure, whereas latitudinal

variations of ionization stages (particularly near the bi-stability jump) still allow for an oblate rotating
wind.

As a consequence of the distinct wind structure resulting from a particular model, the wind lines
of rotating stars are expected to differ as a function of rotational speed and inclination. To predict
UV resonance-line profiles of fast rotating stars, we calculate the source function of a prototypical
resonance-line transition including the effects of gravity darkening (described here by the von-Zeipel
description) and surface distortion (obtained from a Roche model) for models with different rotational
velocities. As a first step, we use a wind description that is consistent with the prolate wind model.
For all calculations, we apply the SClin method.

5.3.1 Wind model

To obtain a model for the structure of rotating winds, we apply a two-dimensional version of the
VH-1 codeE developed by J. M. Blondin and co-workers. Our model includes the effects of surface
distortion and gravity darkening. Using a 1D input model derived from radiation driven wind theory

including finite cone angle corrections (|QAK| and [Pauldrach et al [l%ﬂ) for the first time step, the
9 copied from [Hennicker et al] m Sect. 5).

10http ://wonka.physics.ncsu.edu/pub/VH-1/



http://wonka.physics.ncsu.edu/pub/VH-1/

5.3. ROTATING WINDS 103

Figure 5.6: Contours of the density in the xz-plane (z being the rotation axis) for a prototypical rotating
O star with L, = 10° Lo, M. = 52.5 Mg, R, = 19 R, and vy = 432kms™! (corresponding to Q = 0.9).
The density has been scaled by values from the non-rotating model with Q = 0. While the thick solid
line corresponds to the surface of the (distorted) star, the dashed line would correspond to a spherical
surface. Additionally, the velocity vectors are displayed. Fr0m|H.e_nni_cke_t_e_t_aL| dZQlQ).

Table 5.3: Specific parameters used and obtained for the rotating wind models. For a given stellar
luminosity L, = 10° Ly, stellar mass M, = 52.5 My, and polar radius Ry = 19Rs, rows two to eight
display the rotation parameter €2, the equatorial radius Req, the polar and equatorial effective tempera-
ture Tefr p, Teft,eq. the total mass loss rate M, and the polar and equatorial terminal velocity Ve p, Voo eqs
for different equatorial rotation speeds vyot.

Uror [kms™!] 0 210 294 432
Q 0 05 07 09
Req [Ry] 1 104 109 122

Terrp [KK] 41.84 4244 43.07 44.66
Tefreq [KK] 41.84 40.61 3928 35.20
M[10Mgeyr™'] 270 273 279 293
Veop [kms™!] 2781 2989 3255 3159
Usoeq [kms™'] 2781 2651 2556 2273

radiation hydrodynamic equations (accounting for non-radial line forces) are solved until a (quasi)
stationary solution is obtained (see Cranmer & Owocki 1995 and Owocki et all[1996 for the descrip-

tion of the line force). Assuming azimuthal symmetry, the resulting 2D density and velocity structure
is then used as input for our 3D SC code. Table[5.3]summarizes specific parameters used and obtained
for our model calculations. While the surface integrated mass flux, M, becomes only slightly increased
with increasing rotational speed, the polar (equatorial) terminal velocities are significantly enhanced
(reduced). For the fastest rotating model (v;o; = 432kms™"), Fig. shows corresponding density
contours in the xz-plane. The z-axis is aligned with the rotation axis. To explicitly show the prolate
wind structure, we have scaled the density by the density resulting from the non-rotating (spherically
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Figure 5.7: Density and radial velocity as a function of distance from the stellar surface in polar (left

panels) and equatorial (right panels) regions, for different rotation parameters Q. From Hennicker

et al. ).

symmetric) model, as a function of distance from the stellar surface. For different rotational speeds,
Fig.[37ldisplays the density and radial velocity along the polar axis and along an (arbitrarily defined)
axis in the equatorial plane. When compared with the spherically symmetric wind, the densities of the
rotating models are enhanced in polar regions, and become reduced in equatorial ones. Further, the
radial velocity along the polar axis remains nearly the same, except in regions far from the star, where
the terminal velocity of all rotating models becomes enhanced with increasing v,o¢. On the other hand,
the radial velocity in equatorial regions is significantly reduced at all distances, when compared to
the non-rotating wind, and the deviations from spherical symmetry become more pronounced with
increasing rotational velocity. Although we have averaged the hydrodynamic simulations over the last
20 time steps, the atmospheric structure still suffers from small numerical artefacts.

To calculate the stellar surface distortion, we consider the gravitational potential of the star ac-
counting for the effects of centrifugal forces. Under reasonable assumptions, we can approximate
this potential by a Roche model (e.g., (Cranmer & Owocki 1995, see also Sect. 23] and Eq. [L3).
The surface of the star is then defined on equipotential lines and can be calculated by setting
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D(R,,0 =0) = P(R.(0),0), with R, the polar radius. Solving the resulting cubic equation, one finds:

5.4

R.(Q,0) 3 (71 +cos”! Q sin(@)))
R ~ Qsin(®) €08 3 ’

with Q = w/weie the ratio of the actual to the critical (‘breakup’) angular velocity. Defining the

rotational speed at the equator, vy, as input parameter, one easily obtains (cf. |[Cranmer & nggki

11993, their Eq. 27):

Q = bo ! (5.5)
Req Werit

Req = Ry (5.6)

e 1-v2 Ry/2GM.,’ '

with equatorial radius R.q. Following |Ma.6_d_6L&_M6¥Il€_I| dZDDd), we use the actual stellar mass to

calculate the equatorial radius and critical velocity, without correcting for Thomson-accelerations.
Additionally, we note that our stellar models are well below the Eddington limit (I'; = 0.5). Thus,
the critical angular velocity is simply given by wci = (8GM, /27R13>)1/ 2. Instead of using Eq. (5.4)
in our final implementation, we approximate the stellar surface by a spheroid with semi-major axes
a = b = Req and semi-minor axis ¢ = Ry:

R.(©) Req
Boo R2sin? () + B2 cos2 (0)

(5.7)

Such a formulation greatly simplifies the calculation of the intersection of a given ray with the stel-
lar surface (required for the boundary conditions, see Sect. B.2.4). For the most extreme test case
considered here (Q2 = 0.9), the maximum error on R.(®) due to this approximation is well below the
2%-level, and rapidly decreases for lower rotational velocities.

To calculate the intensity emerging from the stellar core, we set I7(®) = B, (Te(®)), with the
effective temperature as a function of co-latitude. For a given luminosity of the star, L., we obtain

(see also Petrenz & Puls Llﬁ%d):

L. w 1/4
Teg(®) = [2710 E|| ] (5.8)
> = f lg |4,BZR2(®)Sln(®)d®’
-9,/lgl

with op the Stefan Boltzmann constant, and the surface integrated effective gravity X derived
from ¢g(®) = -VO(R.(®),0). The parameter Sz describes the gravity darkening law in terms of
Te(®) o |g(®)P2. As originally formulated by von Zeipel (|1224|) Bz = 1/4. Though 5z might be

lower (e.g. ,Dammnmd_e_sguza_e_t_aljbﬂléﬂ |£.‘v_a.gmgr_e_t_a]_||2_0_]ﬂ) for simplicity we nevertheless used

Bz = 1/4. As long as we assume constant ionization fractions and a predefined hydro-model (which

strongly depends on S7), the effect of 57z on the line profiles will be minor anyway, at least if the
von-Zeipel parameter is not too far from its original value (as to be expected in radiative envelopes).
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Figure 5.8: Predicted emergent flux profiles for the rotating star models with Q = [0,0.5,0.7,0.9] (see
Table [5.3). The upper and lower panels show the intermediate and strong line with ki, = 10° and
ky = 10°, respectively. The inclination angle has been set to sin(i) = [0,0.707, 1] from left to right.

From [Hennicker et al.| M).

5.3.2 Line formation

For our test models, we use Umicro = 100kms™!, and calculate the frequency integrated opacity from
Eq. 261l for an intermediate and a strong line with line-strength parameter ki, = 103 and &, = 10°.
To obtain the source function, we apply the 3D SClin method and set ¢ = 107°. The resulting (nor-
malized) line profiles are shown in Fig. for different rotational velocities and inclination angles.
Additionally, we display the continuum flux used for normalization in Fig. Due to gravity dark-
ening and surface distortion, the continuum depends on the rotation rate and inclination, with largest
fluxes found for high rotation rates and low inclinations (resulting from the higher temperatures in
polar regions and a larger projected stellar disc). In Figs.[5.8land[5.9] the x-axes have been normalized
to an (arbitrarily chosen) terminal velocity ve = 3000kms™!.

The behaviour of the line profiles can be qualitatively explained with the hydrodynamic structure:

(i) For pole on observers (sin(i) = 0, left panel of Fig. 3.8]), the absorption column in front of the
star is enhanced with increasing rotational velocity due to the larger densities (and opacities)
in polar regions. Thus, the absorption trough (of unsaturated lines) becomes more pronounced.
The absorption edge of the intermediate lines is found at slightly lower velocities than expected
from the hydrodynamic simulations, because the optical depths of the corresponding resonance
regions are too low to efficiently contribute to the absorption. When considering the strong
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lines, the optical depth is larger, and the absorption edge is more consistent with the actual
terminal velocity. For both applied line strength parameters, the emission peak becomes weaker
with increasing rotation rate, particularly at low projected velocities on the red side of the line
centre (for negative xqps). This effect can be partly explained by the reduced emission from the
equatorial plane, due to the lower densities in these regions. More importantly, however, is the
increased continuum flux that mainly determines the (normalized) height of the emission peak.

(i) When increasing the inclination towards equator-on observers (sin(i) = 1, right panel of
Fig. [5.8), the behaviour is reversed. For such directions, the continuum plays an only mi-
nor role, since the lower (equatorial) effective temperatures of the rotating models are nearly
compensated by the enlarged projected stellar disc. With increasing rotation parameter, the ab-
sorption trough of the intermediate line becomes reduced and shifted towards lower terminal
velocities, consistent with the hydrodynamical model. When considering the strong line, the
absorption becomes saturated, and only the impact of the different terminal velocities can be
observed. Additionally, and for both line strengths, the absorption slightly extends towards the
red side, because of (negative) projected line of sight velocities near the stellar surface induced
by rotation. For the fastest rotating model with © = 0.9, this effect becomes suppressed due to an
increased emission from the (dense) prolate wind structure. This latter effect is only moderate
for lower rotational speeds.

Based on the current hydrodynamic wind structure, we would therefore expect to observe either rather
low terminal velocities or relatively deep absorption troughs for fast rotating stars, and we are able —
at least in principle — to check the theory by comparing our synthetic spectra with (past or future) UV
observations, planned for the future.

Finally, if the projected rotational velocity is known (e.g., measured from the broadening of photo-
spheric lines in the optical), one might even estimate the actual rotational velocity from UV resonance
lines. This latter point becomes clear from Fig. where we predict the line profiles of models
with different rotational speed for a given vsin(i) (set here to 200km s™1). Since, at least for the inter-
mediate line, the profile shapes differ, sin(i) could be derived if vsin(i) was known. Of course, such
constraints will become feasible only if the underlying models correctly describe the wind structure
(including possibly varying ionization stages) of rotating stars.

5.4 Summar

In this Chapter, we applied our 3D radiative transfer code to first non-spherical problems, in order to
answer specific questions related to current research, and to show the capabilities of our numerical
tools.

As afirst application to continuum-scattering problems, we estimated the radiation temperatures of
wind-ablation models, focussing on the transition region between a line-driven wind and the optically
thick circumstellar disc (as present during the late phases of massive star formation in accreting high
mass stars). We found a reduction of radiation temperatures by only few percent, which indicates

based on|Hennicker et all (2018, Sect. 7), and [Hennicker et all (2019, Sect. 6).
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Figure 5.9: Continuum fluxes for different inclinations sin(i) = [0,0.707,1] from left to right, and
different rotation parameters (using the same color coding as in Fig.[5.8]). The continuum fluxes have
been scaled by the corresponding flux obtained from the non-rotating model. From
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Figure 5.10: Predicted emergent flux profiles for the rotating star models with Q =
[0.5,0.6,0.7,0.8,0.9], and different inclination angles such that vsin(i) = 200kms~! for all models.
The left and right panels display the intermediate (ki = 10%) and strong (ki = 10°) line, respectively.

From [Hennicker et alJ M).

that the ionization stages in this region should be (almost) the same as in the wind. Thus, a line-
distribution formalism with the same set of line-strength parameters as used in the wind can be applied
to obtain the line acceleration that finally ablates the disc. To analyse the complete evolution of
optically thick circumstellar discs, the impact of continuum scattering on latitudinal forces still needs
to be investigated, and is left to future studies.

As a benchmark for our 3D FVM code regarding the line transfer in non-spherical models, we
considered the same MHD simulations of dynamical magnetospheres as used by Ma&MeLaﬂ
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(@), and compared the resulting UV resonance-line profiles to those obtained from their 3D-SEI
analysis. The profiles as viewed both polar-on and equator-on are in excellent agreement. These
findings validate the 3D-SEI method for such atmospheric models, and further indicate that also our
3D FVM performs well. We emphasize that for more complex problems (e.g., when accounting for
line overlaps of resonance doublets or multiplets), the SEI method becomes complex, and the 3D
FVM presumably is advantageous for calculating corresponding line transitions.

We additionally applied the analytic dynamical magnetosphere framework (ADM, m

), and modelled the atmospheric structure by adopting four different descriptions of the closed-
field regions (where the magnetic-field energy exceeds the wind kinetic energy). A comparison be-
tween the obtained line profiles and those for the MHD simulations from above showed significant
differences. These were explained by the (somewhat insufficient) description of the outer wind region
within the (present) ADM formulation, primarily in the equatorial plane. An improvement of the
underlying assumptions is planned for future work.

As a first application of the 3D SC code to non-spherical problems, we considered the resonance-
line formation in the winds of (fast) rotating O stars. Assuming azimuthal symmetry, the hydrody-
namic structure for a prototypical O star with different rotation rates has been calculated by means
of the 2D VH-1 code. We have included the effects of surface distortion and gravity darkening into
our 3D radiative transfer framework. Given the hydrodynamic models, we are able to predict the
shape of line profiles for different rotational speeds and inclination angles. When compared with a
(non-rotating) spherically symmetric wind (obtained using the same stellar parameters), rotating stars
should either show relatively low terminal velocities (for equator-on observers) or deeper absorption
troughs (for pole-on observers). The latter effect, however, would only be observable when consid-
ering intermediate (i.e., unsaturated) lines. Additionally, we showed that the line profile shapes vary
as a function of rotational speed at a given vsin(i). Thus, assuming that vsin(i) was known (e.g., from
photospheric line modelling), one could estimate the rotational speed, though with a rather large un-
certainty, since the differences of the line profiles are only moderate. We emphasize that other effects
(such as clumping or a flatter gravity darkening law) may additionally shape the line profiles. When
analysing UV observations of fast rotating stars, the 3D radiative transfer code developed in this work
certainly will help to understand the manifestations of various (aforementioned) effects, and to distin-
guish between different theoretical predictions (e.g., prolate vs. oblate wind structures).






Chapter 6

Summary and outlook

As outlined in Chapter [Il a detailed understanding of hot, massive stars is required — among other
topics — to explain the feedback of kinetic energy, radiation, and nuclear processed material to their
host galaxies during all evolutionary stages. To push theory forward, a quantitative description of
radiative transfer is required for both hydrodynamical modelling and calculating synthetic spectra.
Nowadays, the physics within 1D spherically symmetric models is relatively well understood, whereas
non-spherical effects need to be analysed with more elaborate, multi-D tools.

In this thesis, we have developed a 3D radiative transfer code, which, in its current state, is able
to calculate both the UV resonance-line formation and a (simplified) continuum, in rapidly expanding
stellar atmospheres (e.g., in the winds of hot, massive stars). We have implemented two indepen-
dent methods, the finite-volume method and the short-characteristics method, which differ in required
computation time, and in obtained accuracy. For both solution schemes, we have performed extensive
tests. Additionally, we have applied our code to first non-spherical problems, related to wind ablation,
rapidly rotating winds, and dynamical magnetospheres. For a more detailed discussion about the im-
plementation, testing, and first applications of the code, we refer to the individual chapter summaries,
Sect. Sect. and Sect.[5.4] respectively.

In the following, we give an outlook on future projects and plans related to this work, by discussing
further applications and improvements of our 3D code.

6.1 Further applications

In Sect. we have shown that a simplified description of (slowly rotating) magnetic winds by
the analytic dynamical magnetosphere framework cannot reproduce the expected line profiles, when
compared with magneto-hydrodynamic models. To avoid such elaborate MHD simulations, the ADM
model needs to be modified. In this respect, the outer wind regions are of prime importance, as shown
in Sect. 3.2.2] To extend the ADM, the magnetic-field lines in such regions need to be re-arranged
(quasi)-radially, and in such a way that the complete outer wind is ‘automatically’ described by only
few input parameters, e.g., the magnetic-field strength and terminal velocity at the magnetic pole,
Bpole, vaOle) , and the mass-loss rate of the star if there was no magnetic field present, Mp—o. Ideally

then, also the latitudinal variation of mass flux and terminal velocity, /#(®) and v.(®), would be-
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come properly specified for a large parameter space. To validate the (still to be developed) modified
ADM model, one could compare the atmospheric structure with (time-averaged) MHD simulations
(which might themselves suffer from specific numerical inaccuracies), or rate the synthetic line pro-
files against observations. Our 3D code can easily provide such synthetic line profiles for various wind
models. Since, however, UV resonance lines typically appear as multiplet, as a first, immediate, and
presumably relatively simple objective for future studies, we aim at extending our resonance-line
description (thus far only implemented for singlets) to include resonance doublets.

With the extension to doublet-lines, also rapidly rotating OB stars can be studied in more detail.
For a better understanding of the wind from such objects, corresponding observations for a wide range
of rotational properties and spectral types would be required. *Ideal testbeds for future investigations
of fast rotating winds are the stars VFTS102 (O9 Vnnne, |Il1ﬁQn_e_t_alJ |2Q1J.|) and VFTS285 (O7.5
Vnnn, Maltm:n_e_t_al] |2Q]_j), both rotating at nearly their critical velocity.* As a first step, we could
then model synthetic line profiles, focussing on the different description of prolate vs. oblate wind

structures, and on various gravity-darkening prescriptions (e.g., von-Zeipel model with different 87
exponents, or the w-model). Unfortunately, however, high signal-to-noise observations of rapidly
rotating OB stars in the UV spectral range are rare (if such observed spectra exist at all), and will
neither be provided in the near future (at least for the required large parameter space), due to missing
UV capabilities of next-generation telescopes. We therefore aim at extending our code to calculate
synthetic line profiles also in the optical regime (e.g., to predict the H, line, see Sect. regarding
future developments), where many more observations exist. To this end, we will need to implement
multi-level atoms in the near future. We note, that current H,-modelling in rapidly rotating stars
is typically performed by adopting the level populations from 1D calculations, and using a multi-D
formal solution to calculate the synthetic line profiles. A comparison of this simplified (and thus less
time consuming) approach with consistent 3D level populations is also planned for future studies.

Another topic of interest is the impact of clumping on the line formation in the atmospheres of
hot stars. State-of-the art (1D) modelling relies on a statistical 1D description of the clump distri-
bution, discarding inhomogeneities of the velocity field, and the angular distribution of the clumped
and inter-clump medium (porosity). Since, however, clumping severely affects the line diagnostics
of both recombination lines (most importantly, H,) and UV resonance lines, a correct treatment of
the structured wind is urgently needed. With our 3D radiative transfer solver, we are able to test
various clumping prescriptions via synthetic UV line profiles, accounting for porosity effects and for
inhomogeneities of the velocity field. Due to the small length scale of clumps, however, such investi-
gations require low micro-turbulent velocities, and thus become challenging for our solution methods
in terms of computation time. Before turning towards the investigation of different clumping scenar-
ios, we therefore aim at certain numerical improvements of our code (see Sect. [6.2). Furthermore,
different clumping approaches should also be compared via H,, again indicating the importance for
implementing multi-level atoms within our 3D framework (see Sect.[6.3).

jtFinallly, we note that our tools are, of course, not limited to magnetic or rotating stars. Indeed,
almost any kind of stellar outflows that deviate from spherical symmetry (with non-relativistic velocity
fields) can be investigated, e.g., to address open questions related to colliding winds in close binaries,

' Tn most cases, the lower state consists of two fine-structure levels.
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the impact of (non-radial) pulsations on the resonance-line formation, or to large-scale variability
induced by co-rotating interaction regions.

Besides the above mentioned applications with respect to spectrum synthesis, we plan to extend
the tools developed in this thesis, such that the non-local coupling of the radiation field with all flow
variables can be incorporated within multi-D hydrodynamic solution methods (see Sect.[6.3). Among
many other problems, we can then investigate, e.g., the impact of latitudinal line-force components on
the wind in accreting high-mass stars.

6.2 Numerical improvements

A major drawback of 3D radiative transfer methods (as developed in this thesis, and in general) is the
required computation time. In the (near) future, we will therefore develop a parallelization strategy
that is suitable also for ‘super-computers’. Additionally, we plan to implement specific numerical
improvements that reduce the number of required floating point operations, while still enabling a
reasonable accuracy.

Achieving this objective, however, is difficult, because the minimum number of spatial grid points,
and of the frequency and angular integration nodes, is basically fixed, in order to resolve all resonance
zones with corresponding profile functions, and to obtain an accurate angular integration. The latter
might be improved, noting that any (accurate) angular integration scheme — at least for optically thin
continua — has to resolve the central star and its edges at each point in the atmosphere. This circum-
stance constitutes the major difficulty within the FVM and SC method, since the specific intensity
for a given direction at a considered grid point depends on the intensity at the neighbouring points.
Thus, in contrast to the LC method (where the intensities at all grid points can be calculated indepen-
dently for each direction), the angular grid needs to be defined globally, yielding a resolution of ‘only’
A8 ~ A¢p ~ 6° even for Ng =~ 2000 directions. For future studies, we therefore aim at implementing
and testing a mixed scheme, where the major part of the radiative transfer consists of the FVM/SC
method using only ‘few’ Nq directions (on the order of few hundreds), extended by a LC method
with Ng‘c)(x, y,z) ~ 20 directions independently defined for each grid point, such that the central star
and its edges become resolved. This way, we might be able to reduce the computation time, while
potentially even improving the accuracy. We note, however, that such an approach can only be applied
to the continuum transport, since the line profile at each spatial grid point and each frequency node
needs to be resolved by the angular grid.

In this respect, also the reduction of micro-turbulent velocities (as required for analysing different
clumping laws) poses a severe problem. Probably, solving this issue without a ‘brute-force’ approach
by increasing the number of frequency and angular integration nodes, will turn out to be complex, if
possible at all. Particularly when accounting for a multitude of lines, low micro-turbulent velocities
are presumably not feasible in terms of computation time, except for super-computers.

Another problem that still needs to be solved is the violation of flux conservation introduced by
numerical diffusion and the order of accuracy within the FVM and SC methods (Sect.[£.2.4). To tackle
this issue, we might implement and formulate the SC method on a spherical gri(ﬂ and investigate in

2 We remind that the FVM is difficult to formulate in spherical coordinates (Sect. Z2.7). Furthermore, since the flux-
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how far numerical diffusion affects the finally obtained solution for such coordinate systems. At least
if the stellar surface and wind-structure is ‘almost’ spherical (e.g., for non-magnetic, homogeneous
winds with only moderate rotation rates), a curved grid certainly becomes advantageous to describe all
flow variables. We emphasize, however, that the solution scheme becomes computationally expensive,
by introducing additional angular interpolations for the upwind intensities (which still give rise to
numerical diffusion and are intrinsic to any SC solution scheme). To avoid any numerical diffusion
errors, which are tightly coupled with the flux-conservation problem, we therefore might have to
implement the LC method, combined with a suitable parallelization strategy. In this case, also the
angular integration could be significantly improved, by defining suitable directions that depend on the
considered grid points.

6.3 Future developments

The long-term objective of our work is the development of a 3D atmosphere code, that incorporates
— similarly to state-of-the art 1D spectral synthesis tools — the full NLTE rate equations, in order
to obtain a consistent solution for the radiation field and the level populations in arbitrary stellar
atmospheres. To test the basic methods for solving the radiative transfer including scattering, in
this thesis we presented a first step towards such models by adopting a two-level-atom approach and
a simplified continuum. The obvious next step is the combination of the continuum and the line
transition, to correctly treat the radiative transfer when continuum- and line-opacities are of the same
order (e.g., in the line wings). Additionally, this description will serve as a test case for the accelerated
A-iteration scheme when including a multitude of lines with line overlaps. When all tests have been
passed, we plan to successively implement several multi-level atoms (for which the formal solution
of the radiative transfer equation should pose no major problem), focussing on the calculation of new
level populations via the NLTE rate equations coupled with a non-local ALI scheme. Storing the level
populations for a multitude of elements, each possessing a (potentially) large number of levels, might
become problematic in terms of memory capacity though.

Furthermore, we additionally need to account for a consistent description of the photosphere and
the transition to the wind, due to the typically strongly varying formation depths of different line transi-
tions. Thus, including a (reasonable) photospheric model is also planned for the future. In this respect,
the major problem arises from the small scale height of the photosphere, therefore requiring a rather
high resolution in the deep atmospheric layers. As a first step, we plan to include the photosphere with
a ‘brute-force’ approach by applying a high resolution, provided either by mesh-refinement methods,
or with a highly resolved spherical grid. For a distorted photosphere (as found in, e.g., rapidly rotating
stars), however, the formulation in spherical coordinates might loose its advantage in describing the
flow variables. Furthermore, the formulation of the FVM and SC methods would become complex
(see the discussion in Sect.[6.2)). Alternatively, we will test to sample the photosphere by several pla-
nar patches distributed over the complete surface. Within the latter approach, curvature effects within
the photosphere are discarded, and the outer boundary conditions need to be provided from the wind

conservation problem within the FVM is primarily introduced by the low-order solution scheme (which cannot be cir-
cumvented), we only discuss the SC method in the following.
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regime.

Another project we are aiming at is the coupling of our 3D radiative transfer solver with hydro-
dynamic solution schemes, in order to consistently solve the radiation-hydrodynamic equations in
various kinds of hot-star atmospheres. In this respect, the major difficulty is introduced by the non-
local character of the radiation field in scattering dominated environments. A detailed treatment of the
non-local radiation field is usually prohibitive within hydrodynamic simulations, due to the immense
computational effort. Thus, current radiation-hydrodynamic codes typically rely on purely local ex-
pressions for all radiation variables (such as the radiative flux, and the radiative forces) by, e.g., apply-
ing the Sobolev method for calculating line forces in (optically thin) rapidly expanding winds, or by
describing the radiation field via ‘flux-limited diffusion” (FLD)J when continuum processes contribute
most to the radiation pressure. To validate (or falsify) the FLD approach for scattering dominated at-
mospheres, we plan to extend our continuum radiative-transfer solver to a (still simplified) description
over the complete frequency range, and to couple the developed tools with specific hydrodynamics
codes (e.g., MPI-AMRVAC developed at KU Leuven, see Keppens et a1“2003|, Porth et all 2014, Xia
et al. M). By a comparison of our 3D radiative transfer with the FLD approach, we will be able to
understand potential shortcomings of the FLD in more detail, and might even calibrate the FLD such

that it is still applicable also at intermediate optical depths and in scattering dominated environments.
The finally developed radiation-hydrodynamics modules could then be used, e.g., to model, for the
first time, the violent eruptions as observed in Luminous Blue Variables (presumably originating from
inhomogeneous, porous, continuum-driven winds). With the tools presented here (and further devel-
oped in the future), we will thus be able to understand many open questions related to mass loss from
porous atmospheres and continuum-driven outbursts, which, in turn, will provide a better constraint
on, e.g., kinetic energy and radiative feedback, and the end products of nearby and distant (Pop III)
stars.

Of course, there is still a long way to go, until fully consistent 3D NLTE models can either be
applied to the spectrum synthesis of hot, massive stars, or can be coupled with multi-D hydrodynamic
solution schemes. The first step, however, has been taken in this thesis work, and the way ‘only’ needs
to be followed until its end.

3 Within FLD, the radiative transport is treated as a diffusive process reproducing the correct limiting cases for optically
thick and optically thin environments. When scattering processes play a significant role, and in the transition regime from
optically thin to optically thick layers, this approach might have to be revised.






Appendix A

3D Sobolev method

In this chapter, we derive the 3D Sobolev methocﬂ for calculating resonance-line transitions (in the
absence of a background continuum) following |R;Lb_l.c_k1_&_]:[umm.e_d M). For this method, we
consider the equation of radiative transfer as given in Eq. (Z.47), and assume the line opacity to be
given by a frequency-independent part and the (normalized) profile function, y, = y®, (e.g., Eq.2.28).
For any point r under consideration, the specific intensity for a given observer’s frame frequency v
can then be calculated as:

As
L(r) = Iincexp[_j(; ,?(S)CDV(S)dS]

@

As As s
—j(; ,\?(s)d)v(s)ds]-j(; SL(s)exp[j(; (D, (s")ds” [(s)D,(s)ds, (A.1)
~—

+ exp

M I
(IID)

where the geometry of the problem is shown in Fig.[Al To proceed further, we define the Sobolev
length as the length over which the comoving-frame frequency changes by one Doppler width, Avp,
or, in other words, as the length over which the projected velocity changes by vg,:

A(nv)  vijd(nw) 1
Avp = v; — = 7’ n ASsobo =  ASsopo = T (A.2)
ds

where V is the velocity vector normalized to the thermal velocity. In the following, we consider the
variation of the intensity along a ray, /,(r), in the vicinity of a resonance region ry with interaction
length defined by the Sobolev length. For steep velocity gradients, ) noted that the (fre-
quency integrated) opacity and the source function along the ray can be assumed to be constant over
the interaction region, yielding ¥ (s) ~ y(ro) = const. and S (s) = S1(rg) = const.. When additionally
approximating the projected velocity along the ray by a linear function (at least within the contributing

! The 1D Sobolev method in spherically symmetric, rapidly expanding atmospheres can be deduced from the 3D description
by simply replacing the required derivative of the projected velocity along a ray by the corresponding spherical term.
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s
s=0

r ro

Finc

X

Figure A.1: Geometry for deriving the 3D Sobolev approximation at a given point r indicated by the
red dot with a resonance point rg. The path length s is measured along a given ray with s := 0 at the

beginning of the ray. Adapted from[R)Ltu'.(‘Jsi_&_HJJmm.Qd M).

resonance region), and using a Doppler profile for describing the profile function, Eq. (A) can be
solved analytically. The optical depth integrals yield:

As = As 2
_ e X(ro) (V—Vij dv, dv, ,) ,
D= sHD,(s)ds” = exp|—|—— =V, (ro)+ —| Aso— s |ds
@ fo Hs)PAs) VrAvp Jo P Avp (ro) ds lr, 07 ds "o
(A.3)
° 2
S— ’ ’ ’ X(rO) s (V_Vij an an ,) ,
) = sHD,(s")ds” = exp|— —V,u(ro) + Asy— s |ds”,
=[x ay = S0 p[ v+ 5| An-E|
(A4)

where V), is the projected velocity along the ray, and Asg = [rinc — 7ol. Defining x as the argument of
the profile function:

Vv dv, dv,| , _dvy ,
x = Ao V. (ro) + 15 rOASO I ros — dx= I rods (A.5)
V=Vij Asg Assobo—0
0) = —-YV, +— A.6
x(0) Ao n(ro) Assoa(r) — 0o (A.6)
x(s) =t (A7)
V—Vij dv, dv,
x(As) = t.= Y Vu(ro)+ —2| Aso— —2| As, (A.8)
Avp ds |r, ds |r,
we finally obtain:
1 o0 2 1
@O = TSObo?T € dx:TSoboEerfC(tr):: TSoboW(Z;) (A9)
t

1 o 1
) = oz f &~ dr = sopo gerfe(t) = Tsopot(), (A.10)
t
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with the complementary error function erfc(f), and the Sobolev optical depth Tgopo :=
X(ro)/(AvpdV,/ds). The Sobolev optical depth describes the typical line optical depth at a given
point rq after the ray has passed the complete resonance zone, and can become - depending on the
considered line transition - very large. We emphasize that 7g.p, is independent of the profile width,
since the thermal velocity used for normalization of the projected velocity cancels with the Doppler
width. Using the same substitution as defined in Egs. (A.3)-(A.8), the source integral (III) yields after
some algebra:

1 00
(1D = $1.70)7s0n0~= f TS OL s = § (rg) (750 — 1) (A1)
T t,

Inserting Eqs. (A.9)-(A.I]) into the original equation, we finally obtain for the specific intensity at a
point r with given observer’s frame frequency such that rg is a resonance point:

ILr) = Iince—‘rscbow(tr) + SL("O)(I _ e_TSobuw(tr)) , (A.12)
1 1 V—vij dv, dv,
wity) = serfe(t;) = 5erfc( AVD” — Vo(ro) + ds" rOAso— ds” rOAs), (A.13)
ck(ro)
Tsoho = — ¥ (A.14)

Vij |dl)n/dS|,0 ‘

Thus, if the comoving-frame frequency is much larger than the transition frequency, e.g., if con-
sidering a position r in front of the resonance zone with V,(r) < V,(rg), then t, — oo, w(t,) — 0,
and thus I,(r) — [y, as required. Similarly, for positions behind the resonance region where the
comoving-frame frequency is much smaller than the line-transition frequency, e.g., if V,,(r) > V,,(ry),
then 7, — —co, w(t,) — 1, and I,,(r) — Lpce ™0 4 § L(ro)(l — @ Tsobo(r 0)). Thus, the intensity at a
given point behind the resonance zone depends solely on local quantities at the resonance zone, and
on the incident intensity in front of the resonance zone. Of course, these solutions are only valid for
monotonic velocity fields, i.e., if only one resonance point is found along the ray.

The variation of the specific intensity along a ray at a given observer’s frame frequency can also
be expressed as the variation of the specific intensity with frequency at the resonance point ry. Thus,
the scattering integral at ry can be obtained by integrating the profile weighted intensity at ry over
frequency:

I_v(rO) = ﬁ Iv(rO)(Dv(rO)dV

1
~ VmAvp

00 2
V—vij
f [Iince—‘l'sc)bo(ro)w(lr) +S1.(ro) (1 _ e_TSnbo(rO)w(tr)):I exp [_ ( Yo Vn("o)) l dv
0 Avp

1 00
:_f []ince—TSObo(ro)w(tr) + SL(ro)(l _ e—TSObo(ro)w(t,))] e—zfdtr
Vi J-eo
1
= f Iince_TSObO(rO)w + SL("()) (1 — e_TSobo(rO)w) dw
0

1 — e~ TSobo(r0)

(A.15)
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where Iipc should be evaluated at the line centre, v = v;; + V,Avp. Eq. (A13) is a general solution
which also holds for non-monotonic velocity fields, since the coupling of different resonance points
can be incorporated by identifying I;,. with the emergent intensity from a previous resonance region.
This non-local coupling, however, severely complicates the calculation of the scattering integral. For
simplicity, we only consider monotonic flows in the following, such as found in, e.g., smooth 1D
spherically symmetric wind models. Assuming an optically thin background continuum, /¢ is simply
given by the intensity emerging from the stellar core, [, if a considered ray originates from the core,
and zero else. Since Eq. (A.13)) is valid for each r(, we can replace r( by r, and find:

_ 1 _
In =5 [ faa=11-plsin+pr. (A16)
with
1 1- e_TSObO(r’Q) 1 1- e_TSObo(hQ)
Alr) = ZT j;l TSobo(7,€2) 4. Felr) = ZT js;c TSobo(7,€2) a2

and Q. corresponding to directions intersecting the stellar core. The Q-dependence of the Sobolev
optical depth is introduced by the gradient of the projected velocity along a given direction. Eq. (A.16)
can be used to calculate the source function, e.g., within the two-level-atom approach, Sy = (1 — e)J +

€LB, yielding (see also |R;LbJ.ck1_&_Humm.eJJ Llﬂg):

(1- e )Bc(rl. + GLBV,'j
e +(1—¢e)B(r)

Thus, for monotonic velocity fields, the source function and scattering integral can be calculated

Sur) = (A.17)

within the Sobolev approach from purely local quantities, contrasted to the specific intensity, which,
at a considered position r with velocity v, depends on the conditions at the resonance zone ry. We
emphasize that also the radiative force becomes a purely local quantity. Within hydrodynamic simu-
lations of rapidly expanding atmospheres, the radiative force exerted by line-scattering and absorption
is therefore typically calculated from Sobolev theory.



Appendix B

On the finite-volume methods and
stability

In this chapter, we briefly motivate our decision for implementing the (low-order) vertex-centred
FVM (Sect. 3.1, by showing that (nearly) all other descriptions of the FVM result in an unstabl
solution scheme. To this end, we only consider the 1D case, which already illustrates the fundamental
problems. A formulation in more dimensions can be applied straight-forward, but is beyond the scope
of this discussion. An overview of the stable and unstable finite-volume methods presented in this
Chapter is shown in Fig.[B.1l

In 1D, the time-independent equation of radiative transfer for a ray propagating along the x-axis,
integrated over a control volume, 7¢, with surface, .7z, yields:

fldy:fX(S—I)d“//, (B.1)

where the surface integral in 1D reduces to the difference of the specific intensity at the control-volume
boundaries, and the volume integral within the cell-centred and vertex-centred FVM is performed over
[xi—1,x;] and [x;_1/2, Xi+1,2], respectively. From Eq. (B.I)), one can derive various solution schemes, by
adopting an (in principle) arbitrary functional behaviour of the opacity, source function, and intensity
within the considered volume. In the following, we present different approximations applied within
the cell-centred and vertex-centred FVM, respectively, and analyse the corresponding discretized ra-
diative transfer equations with respect to ‘stability’. All quantities are assumed to be represented on a
discrete grid, {x;}.

1D cell-centred FVM with linear interpolations. The simplest approach to solve Eq. (B.I)) within
the cell-centred FVM, is by applying the Trapezoidal rule. In one dimension, we then find:

i Ax Ax
Ii—1; 4 =f xS —=Ddx =~ (yi-1Si-1 +)(iSi)7 = (xi-11i-1 +)(i1i)7’ (B.2)
Xi-1

I Strictly speaking, the term ‘numerical stability analysis’ refers to the growth/decay of disturbances by the discretization
scheme applied to differential equations. Here, we define an ‘unstable’ solution method as a numerical scheme that
potentially results in negative — thus unphysical — specific intensities.
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CHAPTER B. ON THE FINITE-VOLUME METHODS AND STABILITY

cell-centred FVM
with linear interpolations
(unstable, see Eq.[B.3)

vertex-centred FVM
with linear imerpola[ionsa
(stable, see Eq.[B3)

@ for non-uniform grids, only ‘approxi-

mate’ average

vertex-centred FVM
with piecewise linear
interpolations
(unstable, see Eq.
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Figure B.1: Different 1D finite-volume methods, with the functions (yv.S)(x) and (y/)(x) within the
indicated control-volume, 7¢, approximated by linear (left and middle panel) and piecewise linear in-
terpolations (right panel). While the left panel displays the (low-order) cell-centred FVM, the middle
and right panels represent the stable and an unstable vertex-centred FVM (see text). All quantities are
only stored at the grid points (indicated by the red dots).

with Ax = x; — x;_; defining the control volume. Solving for the intensity at a grid point x;, we easily

obtain:
Ax i_1Ax
(XiSi"'Xi—lSi—l)? A ;
I; = Ax + Ax Iiq. (B3)
X2t 1+X’T

Considering only absorption terms, the solution scheme obviously gives unphysical (i.e., negative)
results, if the opacity is large (A7 > 1), and cannot be applied for our purposes. This argumentation
can be extended also to interpolation schemes of higher order (e.g., applying a quadratic interpolation
in the interval [x;_1,x;41]). Thus, an alternative formulation of the FVM has to be used.

1D vertex-centred FVM with linear interpolations. Using linear interpolations to approximate
the quantities (yI) and (yS) within the control volume of the vertex-centred FVM, Eq. (B.I) becomes:

Xir1/2
Livip—Ticip = f xS -I)dx
X,

i-1/2

Q

Ax Ax
(Xi—l/ZSi—l/Z +)(i+1/2Si+]/2) 7 - ()(i—l/QIi—l/Z +/\/i+1/21i+1/2) 7
= (XiSi _Xili) Ax, (B.4)

where the last equality holds only for linearly approximated quantities on an equidistant grid with
AX = Xi+1/2 — Xi—1/2 = X; — Xi—1. For non-uniform grids, the last line of Eq. (B.4) can be interpreted
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as the integral over a suitable average of the quantities (y/) — (x.S). Using the upwind approximation
(i.e., setting ;_1» — I_1 and ;412 — I;), and solving Eq. (B.4) for the intensity at a grid point x;, we
find:

AX; 1
XiDXi S+

= 1;, B.5
l+)(,~Ax,~ ! 1+/\(,'Ax,~ ! ( )

which, in contrast to the corresponding ‘unstable’ vertex-centred method described above, gives al-
ways positive values for the intensity, independent from Ar. In this respect, also the upwind approxi-
mation is of prime importance to ensure a stable solution scheme.

1D vertex-centred FVM with piecewise linear interpolations. Since the 1D vertex-centred FVM
from above suffers from severe numerical diffusion errors (see Sect. .1.2)), one might aim at increas-
ing the accuracy by applying higher order methods. However, as shown in the following, already
extending the FVM with piecewise linear interpolations of the quantities (y/) and () in the inter-
vals [x;_1,x;], and [x;, x;+1], results again in an unstable solution scheme. With such piecewise linear
approximations, the volume integral can be calculated as:

Xit1/2 Xi Xit1/2
f S —)(I)dx=f xS —)(I)dx+f (xS —xDdx. (B.6)

Xi-1/2 Xi-1/2

With the integrals of an arbitrary piecewise linear function f:

f [ﬁ1+f L o]dx— AN AN (B.7)

i-1/2 Ax Xi 8 8
Xi+1/2 A — £ 3A A

f fr Il == 22 x’”ﬁ+1, (B.8)
x; Xi+1 8

we finally obtain for the discretized equation of radiative transfer:

Xi-1Ax; 3xi(Axi+Axiv1) . xir1Axin

Livip—Tici2=S)— Tli—l - g I; - A liv1, (B.9)

where (yS) describes the source-integral. Again, using the upwind approximation to calculate the
intensities at the control-volume surfaces, we find for the intensity at a grid point x;,:
8(xS)  8—xi-1Ax;

liv1 = + li+
Xiv1AXiv1  Xir1Axi

8 —3xi (Ax; + Axiv1)
Xi+1AXit1

I (B.10)

Thus, even for the most trivial (higher order) vertex-centred FVM, i.e., using piecewise linear inter-
polations and the upwind approximation to solve the volume and surface integrals, respectively, we
obtain an ‘unstable’ solution scheme with potentially negative intensities (in the pure absorption case,
here for roughly At > 16/7 = 2.3).






Appendix C

Bézier interpolation

This chapter has been copied from [Hennicker et all dZQli Appendix B and C).

C.1 1D Bézier interpolatio

In this section, we discuss an interpolation technique using quadratic Bézier curves (e.g., ,
). Such curves are generally constructed from three given points b, by, b, (see Fig.[Cl
left panel), and have the following useful properties:

(i) The boundary points, by and b, are reproduced exactly by the Bézier curve.

(ii) The straight connections (b, — bo) and (b, — b1) define the tangent lines of the curve at by and
b,, respectively.

(iii) Any point on the Bézier curve is located in the convex hull of by, by, b;.

In a 2D plane described by coordinates x and y, the quadratic Bézier curve is parameterized as:

x(1)

b =
® (y(t)

):(1—t)2b0+2t(1—t)b1+t2b2, (C.1
with 7 € [0,1], and by = (x0,40), b1 = (x1,y1), by = (x2,y2). With Eq. (CI), the properties (i)-(iii)
can be exploited to construct a monotonic interpolation scheme by identifying bo,b, with two given
data points (xo, fo), (x2, f2), and defining b, as a free (and tunable) parameter. Thus, b; is commonly
named ‘control point’, and is only required to set the slope of the Bézier curve. To reproduce the
underlying function best, and to preserve monotonicity of the resulting curve, the control point should
be chosen with care.

In the following, we present a Bézier-interpolation technique for an interval x € [xi_y, xi], given
three data points, (xi—1, fi-1), (xi, fi), (xi+1, fi+1). The interpolation formulas corresponding to the
interval x € [xi, xi+1] are given at the end of this section.

! copied from [Hennicker et all dA)_lg, Appendix B).
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Figure C.1: Left panel: Bézier curves (solid lines) for three given points by, by, b. The blue, red
and green lines represent the resulting curves for different control points b. The straight connections
of the control points (colored asterisks) with the data points are indicated by the dotted lines. Right
panel: Different interpolation techniques for a set of three data points at x-coordinates indicated by
the dotted vertical lines. The solid and dashed lines correspond to the interpolation in the different
intervals [xj_1, xi] and [xj, xi+1], respectively. Linear interpolations, quadratic interpolations (connect-
ing all three data points), and a monotonic Bézier curve (with w calculated from Eq. (C3) in the
interval [xj_1,x;]) are indicated in red, blue and green. Since the quadratic interpolation is already
monotonic in the interval [x;, x;,1], the monotonic Bézier curve coincides with the dashed, blue line.

From [Hennicker et al.| M).

Interval [x;_1,x;]. A quadratic Bézier curve in the interval [x;_y, x;] is given from Eq. (CI):

x(1) ) 2 (Xi-1 Xe\  ofXi
=(1-1 ( )+2t(1—t)( )+t , (C.2)

(f (x(1) fi-1 fe fi
with (x., fc) the control point. The abscissa of the control point, x., can be chosen arbitrarily (at least
in principle). To obtain a second-order interpolation scheme, however, x. needs to be located at the

centre of the data-point’s abscissae E and is therefore set to x. = (xj_1 + x;)/2. Then, the quadratic
Bézier interpolation scheme is given by:

A =0fioy +2t(1 =) f + 12 f; (C.3)

(x = xi—1)/(xi — xi-1),

f(x)
t

where ¢ has been determined from the definition of x. and Eq. (C.2). Since the straight connection of
the control point (x, f;) with the data point (xj, f;) defines the tangent line of the Bézier curve at this
data point, f; is calculated as

af| Ax

fc=ﬁ‘a,q 2’

2 If x. was located at, e.g., xc = xi_1 +3/4(x; — xi_1), one can easily show that the resulting Bézier curve never reproduces
the unit parabola for any ordinate value f;.
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with Ax; = x; — xj—;. The unknown derivative at x; needs to be approximated. Using also the infor-
mation from the next data point, (xi;+1, fi+1), and assigning a weight w to the forward and backward
derivatives (obtained from finite differences), we find
Ax; (wﬁ - fi-1 fix1 —fi)

+(1-
2 Ay TUmOT

Je=fi-

(C.4)

with Axiy1 = xj+1 —x;. With a proper choice of w, we can adjust the Bézier curve to our needs by shift-
ing the control point up or down. For instance, setting w = Axjy1/(Ax; + Axi;1) results in the unique
parabola connecting the three given data points, while w = 1 would yield the linear interpolation. To
avoid overshoots and negative function values, we demand that the Bézier curve shall be monotonic
in the interval [xj_1, x;]. Noting that monotonicity is obtained when the control point is located in the
interval f; € [fi—1, fil, corresponding w-values should lie in between the following limits:

. .
L e = €3
fi—fic1 Axig
L L 1
-1 -1,
w,[l 1= w(fTM == | fimfioy Axisy €6
fir1—=fi Ax;

where the superscript [i — 1, 7] denotes that w corresponds to the interpolation scheme in the left inter-
val, [xi_1,x;]. In the final implementation, we avoid the division by zero if f; = fi_| or f; = fi+1, of
course. Our standard interpolation is then performed as follows: (i) We calculate w such that we ob-
tain the unique parabola connecting all three data points. (ii) If w lies outside the allowed limits from
Eq. (C3) and (C.6), we adjust w to yield monotonic interpolations. In Fig. we display the mono-
tonic Bézier curve resulting from a w-parameter calculated by means of Eq. (C.3)), together with linear
and quadratic interpolations (the latter connecting the three data points). Since monotonicity is always
obtained for w € [w;-1,w;], we can define even stricter limits in order to avoid oscillations during the
iteration scheme, by e.g., setting w = 1 to obtain purely linear interpolations (see Sect.[3.3.2).

To calculate the elements of the (approximate) A-matrix, the interpolation coefficients are re-
quired. Combining Egs. (C.3) and (C.4) then gives:

feeelxionxl) =a™ g+ TR (C.7)
with
o X=X x—xiq \
al=t = 1+ (w-2) ] +(1—w)( 1_1) (C.8)
P~ X Xi — Xi—|
E[i—l,i] (1 —Q))AXi+(2—(L))AXj+1 X— Xi—1
Axiyy X — Xi—1
2
Axi + Axia [ X = xie
+ (w-1) Xi Xit1 [ X — Xi-1 (C.9)
Axiy1 Xi — Xi—|
A=l (w=1)Ax; x—xi—y
Axiy1 X=X
2
(w—DAx; [ x—xi1
_ . C.10
Axiyr \xi—xi—1 ( )
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The interpolation formula for the right interval [xj, xi;+;] uses the same data points as above. Since
the value of the control point needs to be calculated at a different x-coordinate, x. = (xj4+1 + xi)/2, we
cannot simply substitute indices. Using

) = (A=0*fi+2((1 =) fo + 1> fiur (C.11)
t o= (o= x)/(Xig1 — xp)
Axipr| fini—fi fi— fia
= fi+ +(1- s C.12
fe fi 5 (a) Arin] (I-w) Axi ( )
we obtain for this interval:
Sl xigl)=a M fi + B fa b Ug (C.13)
with
Ax; Xiyl — X
2
(W=DAxi41 [ x—x
- C.14
Ax; Xirl — X ( )
EUJ‘"’IJ — 1 _ wal + (CL)_ 1)A.xi+] X—Xi
Ax; Xitl — X
2
Axi + Ax; — X
+ (-1 Xi+tAxip1 [ x—x (C.15)
Ax; Xiyl — X
2
S I S SIS B bl B (C.16)
Xitl — X Xit1 — X
and
. . 1
wl[z,t+l] — w(fc[”’“] = f)= A (C.17)
Sfi—fi1 Axin
wz['ii;rl] = w(fc[i’iﬂ]:fiﬂ):l"'m- (C.18)
fini—=fi Ax

The corresponding Bézier curves for different w-parameters (w = 1 for linear and w = Ax;/(Ax; +
Axiy1) for continuous quadratic interpolations) are also shown in Fig. We note that the Bézier
interpolation gives a continuous function in the complete interval [x;_1, xi+1] only for those w-values
that define the parabola connecting all three data points.

C.2 2D Bézier interpolatio

To interpolate upwind and downwind quantities, a 2D interpolation scheme is required. Fig.
displays the geometry for a 2D rectangular area, with grid points indicated by the black dots. With
this setup, we perform a 2D Bézier interpolation by applying three 1D Bézier interpolations along the

3 copied from [Hennicker et all dA)_lg, Appendix C).
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Figure C.2: 2D interpolation for upwind or downwind quantities required in the cyan shaded area.
The 2D Bézier interpolation consists of three 1D interpolations to obtain the values at the desired
x-coordinate (indicated by red dots), followed by a 1D interpolation along the y-coordinate using the
obtained values at the red dots. From [Hennicker et alJ M).

x-axis on each y-level at (j—1), (), (j+ 1), followed by another 1D Bézier interpolation along y at
the desired x-coordinate. Within the cyan shaded interval, we obtain with the 1D Bézier interpolation

given by Egs. (C.13)-(C.16):

fey) = Zly&y )ft 1,j- 1+aJ fj— +61ny f1+1] 1
+ byalfi1;+b, b(’)f, +b & fiir
+ E'yagc] )fl 1]+1+Cy fl}+ +c ny fz+1 g+l (C.19)

where the subscripts of the interpolation coefficients indicate the coordinate used for each 1D interpo-
lation. We note that all upwind and downwind interpolations are performed in the upper right interval
of a given surface, in order to obtain a simple representation of the A-matrix elements.






Appendix D

ALO coefficients within the 3D SC
method

This chapter has been copied from [Hennicker et al.| m, Appendix D).

In the following, we derive the A-matrix coefficients used to construct the approximate A-operator.
We note that the obtained matrix elements can also be used for any other (2nd or lower order) inter-
polation scheme using the same geometry, with different interpolation coefficients though.

For a source function set to unity at grid point (i jk) and zero everywhere else, we consider all 27
points ranging from (i —a, j— B,k —vy) to (i+a, j+ 5,k +7y). The corresponding matrix coefficients are
derived from Eq. (3.38)), using the discretized equation of radiative transfer, Eqs. (3.12)/@.17), with
upwind and downwind interpolations defined by Eqgs. and (3.20). We further consider only
the Ag,-operator, since the integration over frequency and/or solid angle is straightforward. Each A-
matrix element then corresponds to the intensity (resulting from S, = 1) at a considered grid point p
(not necessarily identical to (i jk)), and consists of an emission term (defined by the interpolated source
functions and optical-depth steps at the corresponding upwind, current and downwind points), and the
irradiation from the upwind point (defined by the upwind intensity and upwind optical-depth step).
The upper and lower panel of Fig.[D.Jlshow an example in 2D considering the points (i — @, j —f3) and
(i, j—p) for a source function §;; = 1.

In the following, we sketch the derivation of the (3D) matrix element for the first neighbour,
and only present the solution for the remaining ones. To save space, we skip the indices Q,v. The
m,n-th A-element is written as A!,, with matrix indices n,m calculated from Eq. (329). While n

corresponds to the 3D indices of the local grid point (S;x =S, = 1), m represents the neighbouring
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Figure D.1: 2D example for calculating the Aq ,-matrix elements at a grid point i — @, j — 8 (left panel)
and i,j — B (right panel). The matrix elements correspond to the intensity at the considered grid points
calculated for a source function S = 1 and zero everywhere else. For such a configuration, the
downwind source function is interpolated from grid points indicated with the green dots, while the
upwind source function and upwind intensity are obtained from the red dots (for simplicity we here

assume linear interpolations for determining upwind and downwind quantities). We emphasize that
the upwind intensity vanishes only when considering the grid point i —a,j— . From _

el

point, (i—a, j—B,k—7). Applying Eq. (3.38) to the specific intensity at point m, we obtain:
A, = I,(S=e,, ®g=0)

Tt jopiy (S ik = 57,67 ;07x)

= aiajprySu T (S ik = 61107 107

7.9
+ bi_(,,j_ﬂ,k_yS E)i—a,j—,B,k—y) (S ijk = 57,i6j,j61~<,k)
7.1%%4)

ijk
i—a,j—B.k—y

(i-a, j~Bk-7) o s

+ Cicaj-ph—yS (S ijkc = 0705 0 x
-, j—B

+ dica ol T (S = 6,65,1604)

with boundary contribution ®g, n-th unit vector e, and d;;, 6 15
x;, y5 and zz coordinates, respectively. Sy and S ¢ are the upwind and downwind source functions cor-
responding to a considered short characteristic at grid point p < (i—a, j—B,k—7), S} is the source
function at the grid poin, I is the upwind intensity, and a, b, c,d are the integration coefficients for

this particular short characteristic. All upwind and downwind quantities are to be interpolated from

0y the Kronecker-¢6 for all possible

neighbouring grid points. We use the notation w, @, @, to identify different interpolation coefficients
corresponding to the upwind source function, upwind intensity, and downwind source function, re-

Ls p # 0 only when considering the grid point p < (ijk). Then, S gjk) =0,and § E,’ M 20 only when the upwind point is

located on the stellar surface (Eq.[D.14).
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spectively. Using Egs. and (3.20)) to interpolate upwind and downwind quantities, we find:
z]_ka By = Gimaj-ph—y" [wAS i-3a,j-28.4-3y + WBS i-2a.,j-28.4-3y + WCS i~a.j-28k-3y

+  wpSi-3a,j-28k-2y + WES i-2¢,j-28k—2y + WES i—a,j-28k-2y
+ WS i-3a,j-28k—y t WHS i-2a,j-2B,k—y + WIS i—a,j—28k—y
+  wiSi3a,j-38k-2y T WKS i-20,j-384-2y T WLS i—a,j-38k-2y
+  WMS i-3a,j-Bk-2y T WNS i-2a,j-Bk-2y T WOS i—a,j-Bk-2y
+  wpSi-24,j-384-3y T WQS i-2a,j-pk-3y T WRS i~20,j-3B.k—y
+ WS 20, j-Bk—y T Wi—a,j—Bh—yS i-a,j—Bh—y]
+bia,j-pk—yS i-a,j-Bi-y
+ Cica, j—Bk—y * [WAS i=20, jk-2y + WBS i—a, jk-2y + WCS i, jk-2y
+ WS i-2a,jk—y t WES i—a,jk—y T WES i, jk—y

WGS i—2a,jk + WHS i—a,jk + WIS i jk

W3S i—2a,j-28k + WKS i—a,j—28k + WLS i, j—28.k

"
"

+  OMSi-20,jBk T UNS i—a,j-pk + WOS i j-pk

+  WpSij-opk-2y +WQS i j-ph-2y + RS i j-2pk-y + WSS i jp—y]
"

dia,j-pry WAL -30,j-284-3y(Sijk = D+-+ sl 24,jpi—ry(Sijk=1)],

with the upwind intensity interpolated from the same points as the upwind source function, and a
compact notation for the interpolation coefficients (with skipped superscripts). Since only S;j =1
(and zero everywhere else), and because the upwind intensity vanishes (for this particular grid point,
see Fig.[D.Ilfor an example in 2D), we finally obtain:

The matrix element for a point (i —a, j— 3,k —y) with a non-vanishing source function at point (i jk)
is thus solely given by the integration coeflicient ¢; o, j_gx—, from the discretized EQRT multiplied
with the interpolation coefficient for the downwind source function of point I (corresponding to grid
point (i jk), see Fig. B.3). The other neighbours are obtained analogously, without vanishing incident
intensities, however. Accounting also for the interpolation of upwind source functions and intensities
when necessary, we find:

Uiy = gy B T b iy 0T (D.2)
A gy = Ciran kg G " P i joppy 0 PIINT (D.3)
Aij—ka Jk—y — Ci—a,j,k—vwg ey + di—a,j,k—vwi_a’j’k_y/\jj;];, J-Bk—y (D.4)
Aj,jjl'fk—y = i jhy N+ iy [wi&j’k_y/\?—'];, jk—y T wi’j’k_yAﬁ,J;(—ﬁ,k—y + ‘bgj’k_yAﬁil;, j,k—y]

(D.5)
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ijk _i+a,jk—y ) ) | aitajik=y £ ijk
ita,jk—y — = Cita,jk—yWy +dita L Jk—y [wD i—a, j—Bk—y
~lta,jk—y s ijk ~ita, jk—y 4 ijk ~ita, jk—y 4 ijk ]
+ iy A, By T Alm’] pk—y T s Ai,j,k—y (D.6)
ijk ~i—a, j+f.k—y A=, J+B.k—y A ik
i—a, j+Bk—y = Ci—a, j+Bk—yWy, +d;- @, j+B.k—y Wy A, —a,jk—y (D.7)

ijk i,j+B.k—y o [Al]+ﬁk v A Ljk
A jipmy = Cij+BA—y g +di jipr-y Al —a, j-Bk—y
AL JHBk—y A Tjk AL JHBk=y A Ljk Al j+B.k=y A ijk ]
+ Wy A e y+w Alj,k y+ws A e jtBk—y (D.8)
ijk ~i+a,j+B.k—y ) ) . I:Al+a,1+ﬁk SIS i+, j+B.k—y A ijk
i+a, j+B.k—y — = Cita, j+pk—yWy + d”"l’l"'ﬁ’k_?’ Wr A i,j—B.k—y tWg Ai—a/,j,k—y
~lt+a, j+B.k—y A ijk Nt j4Bk—y A Tk Nt j4Bk—y A ik ]
+ iy A, iy A ik T s Al., By (D.9)
ijk _i—a,j—f.k ) ) ~i—a, j—f,k
A = Cirajopiip P di gl TN (D.10)
ijk Bk o [Ai, Bk, ijk i jBk s ijk i j—Bk x ijk ]
Aijopa = CoipkPg T dijop e [N AL gy 06 TN gy T O A g
(D.11)
ijk ~i+a,j—f.k I:Az+a] —B.k A ijk
Abvaj-pa = Civaj-pklp *divajpk° A j-pi-y
~ita, Bk 4 ijk i+, L.k 4 ijk i+, =Bk 4 ijk
iy A jpi—y T o Ao jpry t Bs Ak (D.12)
ijk ~i—a,jk ) o ~i—a, jk A Djk ~i—a, .k A Djk ~i—a, )k 4 ijk
A ik = Cimajkllg 7 A diva ik |0 TN gy AW TN D TN ey
(D.13)
j ~ijk  ijk ~ijk xijk ~ijk y ijk
Ay = ijkwiji + biji+ dije - | [ A jephey TOE N paey TN aey
~ijk A ijk ~ijk A ijk ~ijk A ijk ~ijk A ijk ]
+ Ai,j,k—y + Wy Ai—a,j—ﬁ,k + 0y Ai,j—,&k + g Ai—a,j,k (D.14)
ijk (i+a,j.k) [At+a/ ok A ijk ~ita, ik o ijk
i+ajk = dira.jkWg +dita Jk i-a,j—B.k—y +Wg Ai,j—ﬁ,k—y
~ita,jk g ijk ~ita, ik g ijk i+, ik o ijk ~ita, ik g ijk
t0p T A jophey M T Ak TON T A a0 T A jky
~ita, ik g ijk ~ita, ko ijk ~ita, ik g ijk ~ita, ik a ijk
+hg Ai_a’j_ s T 0y Ai’j_ px T A, vaj-pik s Aijk (D.15)
ijk . (i—a, j+B.k) [At , j+B.k 5 ijk
i—a, j+B.k — = Ci-a, j+4, kw + dl —a,j+B.k " Ai—a,j—ﬁ,k—y
A=, J+B:k 5 i ]k A=, j+B.k 5 1]k A=, 4B,k A 1]k ]
+ W AiZg jk—y T A g jeph—y T UL A g ik (D.16)
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ko _ o GHBR [Ai,jw,k ijk NATYING
Afjipr = i j+pAW) tdijepk [Dg A ke TOE T Ay
i, jHBk ik LBy ik i B s Dk i, j Bk ik
Flg A T O A DA gy YA gy
i, j Bk ijk i Bk A ik i Bk A ik i Bk A ik
O A ik OO N gy TUR T ALy jpi TS A gk (D.17)
ijk _ (+aj+ph) A ita, Bk ik
irajpk — Gita AWy +diva jrpk |Dp Ao jh—yt
~ita, j+B.k 4 ijk i+, j+B.k 4 ijk ~ i+, j+0.k A Tk
tUWg A ey t g Niva,jk—y T 06 Aia ik
NI, j4Bk p ik Aita,j+B.k 4 Lk ~ita, j+B:k 5 ijk
Wy Ay iy Ao ikl i—a,j—Bk—y
~ita, Bk ik ~ita, Bk ik A ita, Bk ik
+g A jpaey L Ajajopi—y T n A e jepiy
~ita, j+B.k 4 ijk ~ita, j+B.k 4 ijk i+, j+B.k 4 ijk
T Wo i+a,j+pk—y TWR A ipp T s A i (D.18)
ijk _ ~(i—a,j—B.k+y) o Ni—a, j=P.k+y s ijk
i—a,j-phry — Cia.j-Bk+yWc +di—a,j-pirylg Ao ipi (D.19)
ijk o ~ (i, J—B.k+y) . . [Al}]—ﬁ,kﬂ’ ijk
i.j—phy = Chi-Bk+yWp +dijpery WY A aj-pk
iy j—Bikty A ijk i Bty A ijk i Bty A ijk ]
F Ol PINI e af PN vl PR (D.20)
ijk o ) ~ (i+a,j—P.k+y) ) ) . ~ita, J=Lk+y A ijk ~ita, J=L.k+y A ik
A,-M, Bty = Cita,j-Bk+yW +diva j-pkty Wy Ai—a, Bk TUN Ai,j—ﬁ,k
< ita,j-Bhty nijk it j-Bhty p ijk it j-Bhty p ijk ]
+lo Aivaj-pr Do A jpi—y s A gy (D.21)
ijk o ek, g [Ai—a, jk+y A ijk
i~a,jkty ~ CimajkiyWq +di-a.jkry | e i~a,j-Bk—y
ima, ey s ik ~imajikty  ijk ~ima,jikty  ijk ]
+ W A g jopi T A g jpiry T W0 Aia ik (D.22)
ik _ ik | 5 [Ai, k+y A ijk ~ijkty x ik
i jkay = GijktyWo tdijrry |0 TN g, O Npy
ikt x ik iy x ik ikt x ik ~ijky x ik
+Wg Ai—a, Bk + Wk Ai, J—B:k Ty Ai—a,j—ﬁ,kw i Ai,j—ﬁ,kw
i, jdty ijk i jhty xijk | aijkty A ijk i, jdty ijk ]
HONT A DG A DG AL ey TSN ey (D.23)
ijk _ (i+a, jk+y) o 4t jikty  ijk ~ita, jk+y 4 ijk
ivajkty — dirajk+yWN tdisa,jhry | Wy Al j—pi—y T A i gy
i+, jk+y s ijk i+, jk+y s ijk ~ita, jk+y 4 ijk ~lta, jk+y A ijk
tWe Aia jpi—y T Ay jpi T Ug Afipyt Up Aivajk
~ita, jk+y A Tjk ~ita, jk+y A 1]k ~ita, jk+y A ijk ~ita, jk+y A ijk
tWg Al jmpiy Ty A i gy T Ao j—piry T Oy Al ik
~ita, kY A ijk | ~ita, jk+y ik ~ita, jk+y 4 ijk ~ita, jk+y A ijk ]
+y Aijk + Wy e ek T 0g Al.,];k_y + g Al.’j, Kby (D.24)
ijk o - (i—a, j+B.k+y) o . [ ~i—a, j+B.k+y 4 ijk NI, J4Bk+y A ]k
Ao jspiry = Cima.jtpkyDp +di-a jrpiry | e Ao jky T UR Ao ik
AI—a, j+B.k+y A ik AI—a, j+B.k+y A Lk AI—a, j+B.k+y A Lk
Wy AiZg jkey TUL Ao j-px T Wo Ao jrpk (D.25)
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ijk . (i, j+B.k+y) o . [ AL jHBk+y A ik AL jHBk+y A ik
L j+pkry = Qi jtBk+yWR +di jap ey - |0 AiZ g jk—y TC A sy
AL j+B.k+y A ik N JHBk+Y A Ljk | AL JABKk+Y A D]k
+Wg Ao xR Ayt gy Ao jkty

i 4By £ ijk i 4By £ ik i ARty £ ik
Uy Ay + U A e jpa T 0L A j-pi

AL, J+Bk+y Ai Jjk

b A~ jHBk+y A{Jk

o ijpk T Wp i~ j—Pik—y
N By A ik LBy s ijk LBy s ijk ]
+tWq AiZg jepi—y T UR Aig j-piry T s AiZa jepi—y (D.26)

AL JHBk+Y A ijk
Ty Ao jspi

ijk — (i+a.j+Bk+y) | ; L ita, j4B.k+y i ijk

i+a, j+B8.k+y — Aita,j+Bk+yWg + dz+a,J+,B,k+y (Wa Ai—a/,j,k—y+
Alt+a, j+B.k+y A ik A i+, j40.k+y A ik A i+, j40.k+y A 1]k
Ty Ay e i+a,jj—y TWp Ao ik
Aga,j+ﬁ,k+yAz:jk + wi+a,j+,8,k+yAz:jk Ai+a,j+ﬂ,k+yAijk

T W ijk F i+a,j,k + e i—a,jk+y

+ wgmﬁﬁhyl\jﬁkw A;'+a,j+ﬁ,k+yAZI:l’j’k+y A§+a,j+,8,k+yA§j_'l:l’j_ﬁ’k
+ w;‘;a, J+B.k+y Ai: ,jj]'(_ﬁ,k + lb;‘:ra, J+B.k+y AE il; gk + wi‘\;a, J+B.k+y Ai: ]_ka g
+ wi’\-]i—a,j+ﬁ,k+yAijjl.<+ﬂ’k + wg—a,j+ﬁ,k+y i:i];’j_'_ﬂ,k w;’)+a,j+,8,k+yAile‘c_ﬁ’k_y
g TN iy RPN e+ 0T ) (D.27)

+

Since the integration and interpolation coeflicients need to be calculated only once at each consid-
ered grid point (here denoted by (u,v,w), to avoid confusion), we obtain the A-matrix coefficients by
substituting indices. For Eq. (D.I)), we find:

ijk _ A utautfuwty ~ LW
i—a, j—B—y — Auw = CupwWy (D.28)

and proceed analogously for all other elements in Egs. (D.2)-([D.27). Thus, the ALO can be calculated
in parallel to the formal solution scheme.



Appendix E

Jacobi iteration with sparse matrices

In this Chapter, we briefly describe the inversion of the non-local approximate A-operator (Sect.
to calculate a new iterate of the source function. To this end, we describe the system of linear equations
(Eq.[340) with a matrix equation A -x = b, where A is a diagonally dominant N X N matrix, and x, b
are vectors of dimension N, with N the total number of grid points within the computational domain.

Such systems can be solved by applying the Jacobi-iteration (e.g., @):
N
Zaijxj_bj=0 Yie[l,N]
j=1
solving for x; 1] al
—t Xi = — bj—Zaij Xj ] ViE[l,N]
= Mate il =1 = mate
(k+1) J# (k)
_ x(k+1)_x(k)_i_i»b__ia..x(k)] Yie[l,N] (E.1)
i - aﬁ»] & Lty s . .

Thus, the calculation of x**1 mainly consists of a simple matrix-vector multiplication A - x®. For
non-local approximate A-operators, the corresponding matrix A is a sparse matrix, and Eq. (EJ)
can be simplified further by considering sparse matrix-vector multiplication algorithms (e. g.,m

). In this respect, the storage of A in sparse formats becomes particularly important due to mem-
ory limitations (see the discussion in Sect. 3.3.1). In the following, we apply the coordinate-format
(COO0), and store all Nnz non-zero entries of A in a single array, together with the corresponding col-
umn and row indices. Thus, the storage of the (sparse) N X N matrix A is reduced to 3 X Nxz elements.
E.g., for an (arbitrary) 3 X 3 matrix, the COO is defined as:

an app 0 d= (an, ap, apn, az, ay)
0 apn O — r= (1, 1, 2, 3, 3), (E.2)
a1 0 az c= (1, 2, 2, 1, 3

with d, r, ¢ describing the matrix entries with corresponding row and column indices, respectively. To
calculate the matrix-vector multiplication, we can simply loop through the Nz points, since all other
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terms are zero:
Nnz
yi= ) dix, if =i Vie[lN], (E3)
j=1
such that y = A - x. Within the final implementation, the if-statement is not required, and we can
solve the matrix-vector-multiplication in a single loop (see also Algorithm 2 of , and the
example below):

Algorithm 1 Calculate y = A - x in COO sparse format

initialize y=array(length=N, type=float, entries=0)

initialize x=array(length=N, type=float, entries=x-vector elements)

initialize r=array(length=Nnz, type=integer, entries=row-indices of non-zero matrix elements)
initialize c=array(length=Nyy, type=integer, entries=col-indices of non-zero matrix elements)
initialize d=array(length=Nnz, type=float, entries=non-zero matrix elements)

fori= 1, NNz do
ylrlil] < y[rlil] +dlil - x[clil]

end for

For instance, the 3 X 3 example given in Eq. (E2)) yields:

1 1 1

— — —
i=1: y[ r[1] ] «y[ r[1] |+ d[1] -x[ c[1] | =0+aj1x;
———— ——— S~ N——
Y1 Y1 arl X1
1 1 2
— = — = —
i=2: y[ r[2] | «y[ r[2] |+ d[2] -x[ c[2] | = ai1x1 +ajpx
—— ~—— T N——
Y1 Y1 arz X2
2 2 2
— — —
i=3: y[ r[31 ] «y[ r[3] |+ d[3] -x[ c[3] | =0+axnx:
——— ———— T e
y2 Y an X
3 3 1
— — — =
i=4: y[ r[4] | < y[ r[4] |+ d[4] - x| c[4] | =0+ a3 x;
e —————— T —
Y3 y3 asy X1
3 3 3
— = — —
i=5: y[ r[5]1 | < y[ r[5] |+ d[5] - x[ c[5] | = az1x1 +azzxs,
D — ~——— — T —, —
Y3 Y3 ass X3

which is just the result of the standard multiplication:

an a0 )(x anxi+apnx
0 apn O |lxnl= anxs
az1 0 azz)\x3 az1 x| +as3x3
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Since in each step i, only the r;-th component of y is accessed, Algorithm [I] remains valid also if the
non-zero matrix elements are not ordered according to an increasing row-index. With Eq. [E] the
Jacobi-iteration for sparse matrices in COO-format finally reads:

®
LD o, b y (E.4)

diag(A) diag(A)’

where y(k) is obtained from Algorithm [ for a given iterate x%® and b/ diag(A), y(k) /diag (A) describe
a component-wise division.
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