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/{ Abstract

The majority of information gained in astrophysics is deduced from the analysis and interpretation of
electromagnetic radiation received with ground or space based telescopes. Analyzing the radiation
received from astrophysical objects provides us information about the source, but also about the
medium in between the source and the observer. This makes radiative transfer analysis one of the
most fundamental techniques in astrophysics. Up to now, radiative transfer approaches often have
been limited either in the number of dimensions or in the applied geometry. But high spatially
resolved images obtained at different wavelengths for example with the Very Large Array (VLA),
the Herschel Space Observatory, and now the Atacama Large Millimeter Array (ALMA), reveal the
complex nature of both the structure and the dynamics. Hence, when trying to analyze such complex
structures and dynamics with simple (spherical) models, misleading results could occur. This requires

detailed three dimensional radiative simulations, which are now computationally feasible.

In my work I have developed a framework called PANDORA that combines existing three
dimensional radiative transfer codes (RADMC-3D for a self-consistent determination of the dust
temperature and LIME for non-LTE line modeling) with a post-processing routine (using MIRIAD)
and optimization algorithms (MAGIX).

I have employed PANDORA to model the thermal dust and free-free continuum as well as selected
molecular lines of the intensively studied high-mass star-forming region Sagittarius B2 (Sgr B2).
This prominent giant molecular cloud is the most massive region with ongoing star formation in the
Galaxy. It is located at a distance of 8.5 pc (Reid et al. 2014), close to the Galactic supermassive
black hole. The whole complex contains a total gas mass of 107 M., distributed in a large envelope
of ~ 22 pc in radius (Lis & Goldsmith 1989). The high densities (> 10° cm™3) and temperatures (~
50-70 K) in Sgr B2, together with its proximity to the Galactic Center make Sgr B2 an interesting
environment of extreme star formation, different to typical star forming regions in the Galactic disk,
but similar to active galactic centers that dominate star formation throughout the Universe at high
redshifts.

Despite the large mass reservoir, star formation seems to be mainly occurring in the two hot
molecular cores Sgr B2(N) and Sgr B2(M). These two sites of active star formation are located at the
center of the envelope occupying an area of around 2 pc in radius. They contain at least 50 high-mass
stars with spectral types ranging from O35 to B0, and constitute one of the best laboratories for the

search of new chemical species in the Universe.

I successfully reconstructed a very likely three-dimensional dust density distribution, recovering
continuum structures spanning two orders of magnitude in frequency (v = 10 GHz — 1 THz) and
four orders of magnitude in spatial scales (0.02 — 45 pc). Covering a wide range in frequencies at all
spatial scales is crucial to successfully constrain the many free parameters and obtain a meaningful
model. Some of the main highlights of this work are: (i) The density field of Sgr B2 can be reasonably
well fit by a superposition of spherical symmetric density cores with Plummer-like profiles of varying




-

index . (ii) To reproduce the spectral energy distribution, I have to locate Sgr B2(N) along the
line-of-sight behind the plane containing Sgr B2(M). (iii) The derived star formation efficiency are
significantly different for both cores. For Sgr B2(N) it is rather low (5%), while for Sgr B2(M) the
SEE is very high (50%). This indicates that most of the gas in Sgr B2(M) has already been converted
to stars or dispersed.

In addition to the continuum studies, I have investigated the line-of-sight velocity field towards
Sgr B2(M) using PANDORA.

J




/[ZusammenfassungJ

Ein Grofiteil der Informationen in der Astrophysik wird aus der Analyse und Interpretation der
elektromagnetischen Strahlung astronomischer Objekte, welche von bodengebundenen oder Wel-
traumteleskopen detektiert wird, gewonnen. Die Analyse dieser Strahlung erlaubt Erkenntnisgewinn
iiber die strahlende Quelle selbst, aber auch tiber das Medium zwischen der Quelle und dem
Beobachter. Dies macht Strahlungstransportanalysen zu einer der fundamentalsten und wichtigsten
Techniken der Astrophysik. Die meisten Strahlungstransportanalysen sind jedoch bisher zumeist
entweder in der Anzahl der Dimensionen oder der angewandten Geometrie limitiert. Hochauflosende
Beobachtungen bei allen Wellenldngen, beispielsweise mit dem Very Large Array (VLA), dem
Herschel Space Observatory oder dem Atacama Large Millimeter Array (ALMA) enthiillen jedoch
die komplexe Beschaffenheit sowohl der Struktur als auch der Dynamik astronomischer Objekte.
Demzufolge kann es zu fatalen Resultaten fithren, wiirde man versuchen solch komplexe Strukturen
und Dynamiken mit einfachen (sphéirischen) Modellen zu analysieren. Dies erfordert vielmehr de-
taillierte dreidimensionale Strahlungstransportsimulationen, welche heutzutage leichtungstechnisch

moglich sind.

Im Rahmen dieser Doktorarbeit habe ich ein multifunktionales Programm names PANDORA
entwickelt, welches die bereits existierenden dreidimensionalen Strahlungstransportprogramme
RADMC-3D (ermoglicht eine selbst-konsistente Berechnung der Staubtemperatur) und LIME (er-
moglicht non-LTE Berechnungen) mit einer Nachbearbeitungs- und Optimierungsroutine verbindet.
Die Nachbearbeitung stellt die Vergleichbarkeit der Simulation mit Beobachtungskarten sicher. Dies
erfolgt unter Verwendung von MIRIAD. Fiir die Optimierung wird MAGIX verwendet. PANDORA

sorgt fiir eine reibungslose Kommunikation zwischen allen beteiligten Programmen.

Im zweiten Teil der Arbeit habe ich anschliessend PANDORA verwendet um die thermische
Staub- und frei-frei Strahlung sowie ausgewihlte molekulare Spektrallinien der aulergewShnlichen,
massereichen Sternentstehungsregion Sagittarius B2 (Sgr B2) zu modellieren. Diese berithmte
Molekiilwolke ist die massereichste Region mit aktiver Sternentstehung in unserer Galaxie. Sgr B2
befindet sich in Projektion nah dem Galaktischen Zentrum in einer Entfernung von 8.5 kpc (Reid et al.
2014) zur Erde. Die Molekiilwolke beinhaltet eine Gasmasse von 107 M, verteilt innerhalb eines
Radiuses von 22.5 pc (Lis & Goldsmith 1989). Die hohen Dichten (> 10° cm™3) und Temperaturen
(~ 50 — 70 K) im Inneren der Wolke zusammen mit der Nihe zum supermassereichem Schwarzen




Loch im Zentrum der Milchstrale machen Sgr B2 zu einer au3ergewohnlichen Quelle.

Trotz des immensen Gasreservoirs scheint die Sternentstehung hauptsichlich auf die beiden
heilen molekularen Kerne Sgr B2(N) und Sgr B2(M) beschréinkt zu sein. Diese beiden Regio-
nen aktiver Sternentstehung befinden sich in den inneren 2 pc der Molekiilwolke. Zusammen
beinhalten beide Kerne bereits mehr als 50 massereiche Sterne mit Spektralklassen zwischen OS5
und BO. In meiner Arbeit rekonstruiere ich erfolgreich eine mégliche dreidimensionale Dichtev-
erteilung. Basierend auf dieser Dichteverteilung konnen die iiber einen Frequenzbereich von zwei
Grf3enordnungen (v = 10 GHz — 1 THz) und auf riumlichen Skalen von vier Grlenordnungen (0.02 —
45 pc) beobachteten Kontinuumstrukturen reprodziert werden. Um ein aussagekriftiges Model zu
erstellen ist es besonders wichtig Beobachtungskarten zu verwenden, die einen moglichst groflen
Frequenzbereich auf allen rdumlichen Skalen abdecken. Einige Kernresultate dieser Arbeit sind: (i)
Das Dichtefeld von Sgr B2 kann mit einer Superposition von sphérisch symmetrischen Komponenten
rekonstruiert werden. Diese Komponenten besitzen ein Plummer dhnliches Profil mit variablen
Exponenten. (ii) Um die spektrale Energieverteilung zu reproduzieren ist es notig Sgr B2(N) entlang
der Sichtlinie hinter die Ebene welche Sgr B2(M) beinhaltet zu verschieben. (iii) Die berechnete
Effizienz mit der die beiden Kerne Sterne produzieren unterscheidet sich signifikant. Fiir Sgr B2(N)
betrigt sie 5 %, fiir Sgr B2(M) hingegen betrégt sie 50 %. Dies impliziert, dass Sgr B2(M) bereits

einen Grossteil seiner Gasmasse entweder in Sterne umgeformt oder aber zerstreut hat.

Zusitzlich zur Bestimmung der Dichteverteilung habe ich mit Hilfe von PANDORA das Ge-
schwindigkeitsfeld entlang der Sichtlinie in Richtung von Sgr B2(M) untersucht.
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1. Motivation

Young massive clusters (YMCs) are massive (M, ~ 10* — 106 M;) clusters which can be found in both
starbursting, e.g. M82, and interacting galaxies, e.g. Antennae (for a review see Portegies Zwart et al.
2010). YMCs are suggested to be the modern day precursors to globular clusters. So understanding their
formation may provide a handle on the formation of globular clusters at high redshifts. But at present
only little is known about the initial conditions of YMCs. One of the least understood aspects is the
initial assembly of cluster stars. To improve our insight into the assembly of YMCs, their substructure,
i.e. massive clumps and cores, needs to be investigated. But since the size scale of this substructure is on
the order of sub-parsec up to a few parsec at most, it is difficult to resolve the substructure, especially
considering the typical distance of the usually distant hosting galaxies. For example, resolving a 1 pc sized
clump in M82, which is located at a distance of 3.5 Mpc, requires a resolution of < 0.05”. This is the

resolution only Atacama Large Millimeter Array (ALMA) can achieve in its very extended configurations.

Naturally a much better place to study the substructure of YMCs is our Galaxy. The Milky Way is
known to host at least two star clusters close to the Galactic center which are at the lower end of the mass
range of YMCs: Arches (Mppot ~ 2% 10* Mg, Espinoza et al. 2009) and Quintuplet (Mphor ~ 6 X 10* Mg,
Figer et al. 1999).

A promising candidate for a site where a YMC is currently forming is Sagittarius B2 (Sgr B2). It is the
most massive and dense region of active star formation in the local group, but its distance of only 8.5 kpc
(Reid et al. 2014) makes its core structure resolvable and thus accessible to investigate the early formation
process of a YMC. Furthermore its proximity to the Galactic Center makes Sgr B2 an environment of
extreme star formation, acting as a bridge for our knowledge between the typical star forming regions in
the Galactic disk and the more violent and extreme active galactic centers that dominate star formation
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throughout the Universe at high redshifts.

Ser B2 has a large gas mass reservoir of M ~ 10 M, within 5 pc radius. Assuming a star formation
efficiency of only 10 — 30 % (C. J. Lada & E. A. Lada 2003) and an Salpeter-like initial mass function,
one would expect this region to produce a star cluster containing a stellar mass of 1 —3 x10°> M, which
would exceed the Arches and Quintuplet masses and would be in the mid mass range for YMCs. Sgr
B2 is currently forming at least two high mass clusters, Sgr B2(N) and Sgr B2(M). These clusters are
located at the center of the cloud within a 2 pc radius and contain the highest concentration of hyper- and
ultra-compact HII regions in the Galaxy. Their current stellar masses are estimated to be 2x 103 M, (Sgr
B2(N)) and 2x 10* M, (Sgr B2 (M)).

High-mass protoclusters such as Sgr B2 are difficult to study since they are crowded, multi-layered
regions. To overcome this obstacle, I have developed the radiative transfer tool kit PANDORA to model the
three-dimensional structure of astrophysical objects, especially regions that are as complex and crowded

as Sgr B2. This tool allows to account for example for line-of-sight positioning of different cores.

In this thesis, I study the massive star forming region Sgr B2 using the three-dimensional radiative
transfer framework PANDORA.

Goal of the thesis

The goal of this thesis is two-fold. First, a three-dimensional radiative transfer framework is created,

which should fulfill several requirements.

e Pipeline: The framework is expected to perform the entire process of radiative transfer end-to-end.
This means that in addition to setting up and performing the radiative transfer simulations, the
framework is expected to also perform the post-processing of the synthetic data and the comparison
with corresponding observational data.

o Flexibility: The framework is supposed to be as flexible as possible. The physically motivated
model setup (density structure, velocity field etc) is expected to be modular. This means, similar to
a LEGO® system, different building blocks can be put together to form the source model.

e User friendliness: Performing the radiative transfer process end-to-end involves many different
steps and consequently encompasses a plethora of setup parameters. This leads to a complex setup
system. But the framework is expected to maintain user friendliness. It should be as simple to use

as possible.

Second, I employ this three-dimensional radiative transfer framework to investigate the exceptional
high-mass star forming region Sgr B2. I aim to derive its physical and kinematic structure in order to

constrain the current status quo of this source.
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1.2 Outline of the thesis

This thesis is split into four parts: Prologue, Pandora, Sagittarius B2, and Epilogue.

In the Prologue I provide the reader with an extended motivation of this thesis (Chapter 1) and an
introduction to the two major topics of this work, namely star formation and radiative transfer (Chapter 2).
In the second part — Pandora — I focus on the radiative transfer toolkit PANDORA that I developed in the
framework of this thesis. I will explain the setup of PANDORA and its internal working in Chapter 3. A few
test cases are then illustrated and discussed in Chapter 4. In the third part — Sagittarius B2 — I will first
summarize the observational data employed in the course of the radiative transfer modeling (Chapter 5).
Results from fitting of the multi-scale, multi-frequency continuum data are given in Chapter 6. These
provide insights on the physical structure, i.e. the density and stellar distribution of Sgr B2. Chapter 7
provides the results from molecular line fitting, which give insights into the kinematics and chemistry of
this region. The Epilogue then concludes this thesis with a summary of the presented work and provides

an outlook to future applications and improvements.






2.1

In this chapter, I will first provide an overview of our current understanding of the life cycle of interstellar
matter, which includes the formation process of stars (Section 2.1). This will show that star formation is a
multi-scale process. Many different physical processes (gravity, turbulence, magnetic fields) act on many
different scales, causing a molecular cloud to collapse and eventually to undergo star (cluster) formation.
A very famous star forming region amongst observational astronomers is the so called Sagittarius B2 (Sgr
B2) molecular cloud. This cloud is situated in the vicinity of the Galactic center. Before explaining this
region in more detail (Section 2.3), I will put it into context and describe the environment it is embedded
in, which is the so call Central Molecular Zone (CMZ) of our Galaxy (Section 2.2). Since one of the main
goals of this thesis is to derive physical properties of Sgr B2 by the means of 3-dimensional radiative
transfer simulations, an introduction of the basics of radiative transfer is provided in Section 2.4.

Life cycle of interstellar matter

Stars, especially high-mass stars' (M, > 8 M), are a very important constituent of the Universe. They
determine the structure of galaxies and influence their evolution. Furthermore, they enrich the Universe
chemically, by synthesizing elements heavier than H, He, and Li, which are already present since the Big
Bang. For example, according to Morgan & Anders (1980), the main constituents of our Earth are iron
(32 %), oxygen (30 %), silicon (15 %), and magnesium (14 %). These are all elements that had to be
produced before the Earth was formed. In addition, the formation of planets is linked to the formation of
stars. All of this makes star formation, i.e. the conversion of gas into stars, one of the most important

processes in galaxies.

IPlease note: Throughout this thesis, I will use the terms massive star and high-mass star interchangeably.
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Figure 2.1: Schematic of the life cycle of matter.

In a very simplified picture, star formation encompasses the generation of local over-densities within
a mass reservoir of molecular gas, which collapse and turn into stars. But as simple as it sounds, this
collapse process not only involves many stages during which different physical processes are involved,
but also covers spatial scales ranging from galaxies and giant molecular clouds (GMCs) (100 — 1000 pc)

down to dense cores and proto-stellar systems (< 0.1 pc).

In this section, I will briefly summarize the current understanding of the life cycle of interstellar
matter, as depicted in Fig. 2.1. This cycle starts with the formation of GMCs out of the diffuse interstellar
medium (ISM) (see Sections 2.1.1 and 2.1.2). The densest regions within a GMC then become self-
gravitating. This marks the starting point of star formation, as these regions collapse and form dense cores
(see Section 2.1.3). The cores collapse further and eventually build clusters of stars (see Section 2.1.4).
Once massive stars (M = 8 M) have formed, they will ultimately destruct their parental GMC (see

Section 2.1.5) and the majority of the gas is returned to the diffuse ISM, restarting the cycle.

Recent review articles are available covering different aspects of the life cycle of interstellar matter,
e.g. on the formation of GMCs (Dobbs et al. 2014), their filamentary structure (André et al. 2014; Molinari
et al. 2014), the star formation process itself (e.g. McKee & Ostriker 2007; Klessen 201 1) or the formation
of massive stars (Beuther et al. 2007; Zinnecker & Yorke 2007; Tan et al. 2014).

Nomenclature

I am adopting the nomenclature used in Zhang et al. (2009): A cloud is an entity of molecular gas with a
size of d¢ioud = 10 — 100 pc, a molecular clump is an entity with a size of dejump S 1 pc forming massive
stars together with lower mass stars, a dense core is an entity with a size of dcore = 0.01 — 0.1 pc forming a

single or a small group of stars, and a condensation is an entity with a size of dcondensation < 0.01 pc.
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2.1 Life cycle of interstellar matter

Table 2.1: Physical properties of molecular clouds and cores. ?

molecular cloud cluster forming clump protostellar cores

Size [pc] 2-20 0.1-1.0 0.01-0.1
Density [cm ™3] 102 - 10* 103 - 10° > 10°
Mass [M, ] 10% - 10* 10— 103 0.1-10
Temperature [K] 10-30 10-20 7-12
Line width [km s™'] 1-10 03-3.0 0.2-0.5
Column density [g cm™2] 0.03 0.03-1.0 03-3
Crossing time [Myr] 2-10 <1 0.1-0.5
Free-fall time [Myr] 0.3-3.0 0.1-1.0 < 0.1

2 Adapted from Klessen (2011), Cernicharo (1991), and Bergin & Tafalla (2007)

The interstellar medium

The ISM includes all baryonic matter that is gravitationally bound to galaxies, except for stars. Its main
constituents are dust and gas. Gravitationally unbound dust and gas which are mainly located in the voids

between galaxies are part of the so-call intergalactic medium (IGM),

Although the ISM only contributes ~ 10 — 15% to the total baryonic mass of the Galaxy, it makes
up most of its volume. The majority of the mass is concentrated in a thin disk with a diameter of ~ 20
— 30kpc, but a vertical scale height of only ~ 400 — 600 pc. An extensive review on the ISM has been
compiled by Ferriere (2001). A brief overview and introduction to the Galaxy and its CMZ is given in

Section 2.2.

The dust in the ISM plays an important role. The typical gas-to-dust ratio is on the order of 100
(Hildebrand 1983), but it can be higher in certain regions (Parkin et al. 2012). Recent analytic results of
the Planck mission (Planck Collaboration et al. 2014) show that the temperature of the interstellar dust
ranges between 10 — 30 K. The main constituents of dust grains are graphites, silicates, or water ice (Field
1975). Using dust extinction curves, Mathis et al. (1977) investigated the size distribution of these grains
and found a power-law distribution N(a)da o< a—33da of the grain radius a for the wavelength range 0.005
— 1 pm. An update of this distribution is provided by (Casuso & Beckman 2010). The lower wavelength
range is dominated by polycyclic aromatic hydrocarbons (PAHs) (Leger & Puget 1984; Lebouteiller et al.
2011). They build the connection between dust grains and organic macro-molecules. Although dust
makes up only a fraction of the mass in the ISM, it has characteristics important for star formation. Under
Galactic conditions, the main path to produce molecular hydrogen from atomic hydrogen takes place on
dust grains (for a review on grain surface chemistry, see Herbst et al. 2005). Moreover, dust helps to shield
the molecules from UV radiation, which would otherwise photo-dissociate and, thus, destroy them. Dust
grains themselves can also be destroyed. This releases molecules that were attached to their surface into

the gas phase (Seab 1987; Van Loo et al. 2013). Therefore, they also serve as a reservoir of molecules.

The gas phase of the ISM is mainly made up of hydrogen, helium and a little bit of lithium, which

®
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Table 2.2: Physical properties of the phases of the ISM. ?

Phase State  of | T [K] nyg [em 3P heating cooling
Hydrogen
hot ionized medium | Hir ® > 1033 ~ 0.004 shock heated adiabatic ~expansion,
(HIM) X-ray emission
warm ionized medium | HiI ¢ 10* 0.2 - 10* photoelectrons optical line emission,
(WIM) from H, He free-free  emission,
fine-structure line
emission
warm atomic medium | Hr1° ~ 5000 0.6 photoelectrons optical line emission,
(WNM) from dust fine structure line
emission
cold atomic medium | HI® ~ 100 30 photoelectrons fine structure line
(CNM) from dust emission
molecular gas H, ¢ 10 -50 > 10° photoelectrons fine structure line
from dust, cosmic | emission, CO line
rays (partially) emission

2 Adapted from Draine (201 1) and Wooden et al. (2004)
b The density of the molecular gas is given as the density of H,.
¢ Hr refers to atomic hydrogen, HII refers to ionized hydrogen, and H, refers to molecular hydrogen.

have been created shortly after the Big Bang. Heavier elements containing more than three protons have

been created later-on by nucleosynthesis in stars and in supernovae explosions.

Based on the temperature of the gas, one distinguishes several different phases. Draine (2011) provides
an overview of this classification (see Table 2.2 for a summary). The phases are the hot ionized medium
(HIM), the warm ionized medium (WIM), the cold neutral medium (CNM), the warm neutral medium
(WNM), and the molecular gas. The molecular gas is the densest and coldest part of the ISM. This
phase is the most important one for the process of star formation. The neutral atomic phase, which
consists of neutral hydrogen, is warmer and more diffuse than the molecular gas phase. It is split into
two phases (CNM, WNM), which can co-exist in pressure equilibrium (Field et al. 1969; Wolfire et al.
1995). A fraction of the WNM can be ionized, either by X-rays or cosmic rays. The transition between the
WNM and the CNM is induced by shock fronts, which are thermally fragmented and bistable (Koyama
& Inutsuka 2002). From this, the CNM inherits its fragmented nature, as is seen in many simulations
(e.g. Heitsch et al. 2005). The HIM on the other hand is shock-heated by the blastwaves created from

supernova explosions.

I will briefly explain the current understanding of the formation of molecular clouds from the (diffuse)

molecular gas in the next subsection.
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Giant molecular clouds

A recent and detailed overview of the formation of GMCs is given in Dobbs et al. (2014). Two major
obstacles have to be overcome to form a GMC. In the first step, high density (mainly atomic) gas needs to
be accumulated, which is then converted to molecular gas in the second step. Three processes influence

the formation of molecular clouds: turbulence, gravity, and magnetic fields.

The physical origin of turbulence is, however, not yet fully understood. Terrestrial flows, e.g. the
flow of water in oceans, are commonly described using incompressible turbulence. Opposed to that, the
ISM is characterized by supersonic, compressible (and magnetized) turbulence. For a thorough review on
[SM turbulence see Elmegreen & Scalo (2004) and Scalo & Elmegreen (2004). Such supersonic flows in
highly compressible gas can create strong density fluctuations. There are many possible driving sources
for turbulence, ranging from large scale, i.e. injected from the outside to small scale origin, i.e. driven by
the clouds themselves (see e.g. Klessen & Hennebelle 2010; Vazquez-Semadeni et al. 2009; Peters et al.
2008; Ibanez-Mejia et al. 2016).

In the regions where dense gas has accumulated to higher densities, hydrogen is mainly present in
the form of HI and carbon in the form of CI1. The main observable defining a GMC however is CO’,
so the transition from the atomic gas to the molecular gas needs to be considered. The ratio of the FUV
radiation and the gas density controls the abundance of H,. Thus in a dense gas, where the FUV radiation
is attenuated, H, becomes dominant (van Dishoeck & Black 1986; Black & van Dishoeck 1987; Sternberg
1988; Wolfire et al. 2010).

Characteristics of GMCs

GMCs have three major characteristics (see Larson 1994, and references therein): First, they are embedded
in more widely distributed atomic gas, which provides shielding against the interstellar UV radiation.
Second, they are transient structures. They do not survive for more than 107 years without changing
significantly. Third, they are highly irregular, usually showing filamentary, i.e. coherent and elongated”,
structures. Recent high resolution observations revealed that the entire ISM is highly filamentary (e.g.
Molinari et al. 2010a; Schneider et al. 2010). For more information on the filamentary structure of GMCs
see André et al. (2014).

Dense cores

Supersonic turbulence is ubiquitously observed in molecular clouds. As described in the previous section,
the generated molecular cloud structure is highly transient and inhomogeneous (Klessen 2011). The
filamentary structure found within the GMCs are shock-compressed density fluctuations, along which

fragmentation occurs, leading to the formation of dense cores (André et al. 2014, and references therein).

From the observations of many star formation regions, the distribution of dense cores has been derived
in the past, e.g. for p-Oph (Motte et al. 1998; Johnstone et al. 2000) or more recently for Aquila (Kényves

2Hydrogen lacks a permanent dipole moment, thus it is very hard to observe. CO, the second most abundant molecular in the

universe, has a dipole moment and is thus easily observable.
31 will adopt the nomenclature from André et al. (2014), where filaments are structures with aspect ratios of 5 — 10.
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etal. 2010). They all determined the number of dense cores in these regions and derived their physical
properties, including their mass. From this information, one can derive the distribution of the core
masses, i.e. the core mass function (CMF), which is usually given by a probability density function
(PDF). Figure 2.2 shows an example of such a resulting CMF obtained by Konyves et al. (2010) from the
star-forming region Aquila. The CMF can be fitted with a log-normal distribution. An extensive overview
of the CMF, including theories of its origins and caveats concerning its determination are given in Offner
etal. (2014).

I will now give a brief overview of the properties of dense cores. This is divided into five key aspects:
density, thermal, kinematical, chemical and magnetic field structure. Extensive summaries are provided
by Bergin & Tafalla (2007) and Klessen (2011).

Density structure

There are several methods to determine the density structure of prestellar cores. This is done by either
analyzing the mm/sub-mm dust continuum emission, the dust absorption against the bright mid-IR
background or the dust emission/absorption using near-IR extinction maps. The density profiles are
flatter than »~! within radii smaller than 2500 — 5000 au and typical central densities in the range of 10°
—10°cm ™ (e.g. Ward-Thompson et al. 1999). This implies that the density profiles require a central
flattening. A common approach to describe these cores is by using a truncated isothermal (Bonner-Ebert)
sphere (Ebert 1955; Bonnor 1956) or a Plummer-like profile (Plummer 1911). Both profiles provide good
fits to the observational data (e.g. Bacmann et al. 2001; Qin et al. 2011).



2.1 Life cycle of interstellar matter

Thermal structure

The gas and dust temperature of the cores are influenced by various heating and cooling processes. The

3 i.e. at the core centers

gas and the dust have to be thermally coupled via collisions at densities > 103 cm™
(Goldsmith 2001). In the envelope of the cores, i.e. at lower densities, the gas and dust temperatures do

not necessarily have to be coupled. Hence it is important to derive both temperatures separately.

Large-scale studies of the dust temperature indicate that the dust is colder, Tgust.core ~ 8 — 12K, in
starless cores compared to its immediate vicinity, Tqystenvelope ~ 15 — 20 K, (Ward-Thompson et al. 2002).
This inverted temperature profile is due to the fact that the core is illuminated by the interstellar radiation
field against which the inner part of the core is shielded by the surrounding layers. This is consistent with

dust radiative transfer modeling (e.g. Langer et al. 2005).

The gas temperature is usually inferred from the level excitation of simple molecules, like CO and
NH3 (N. J. Evans 1. 1999). It is commonly believed that the gas in prestellar cores is mainly heated by
cosmic ray ionization, while its cooling is mainly due to molecular line radiation (Goldsmith & Langer
1978).

Kinematical structure

Contrary to the highly turbulent velocity field of the parental molecular cloud, dense cores exhibit low
internal velocities. Starless cores in molecular clouds like Taurus or Perseus have spectral linewidths close
to the thermal linewidth when observed at low angular resolution (for a discussion of line broadening
mechanisms, see Section 2.4.3). Infall motion has been detected in some cores. Observationally infall
motion is inferred from optically thick, self-absorbed lines (e.g. from molecules like CO, HCO™). The
low-excitation foreground material absorbs part of the background emission and produces a blue-shifted

spectral line profile (N. Evans 2003, see Section 2.4.3 for a more detailed explanation).

Chemical structure

Different molecules trace different physical conditions. Thus, integrated line intensity maps of various
molecules can look significantly different for the same core. For example, the nitrogen-hydrogen bearing
molecule NpH™ is known to be a so called late-depleter. It can be found in very cold environments, where
carbon bearing molecules like CO and CS are already frozen out onto dust grains. Thus, integrated line
intensity map would show that N,H™ follows more closely the dust emission, while, for example, C'80
emission appears to be more ring-like around the maximum of the dust emission (Caselli et al. 1999;
Tafalla et al. 2002). So on one hand, the freeze-out of many molecules makes it hard to probe physical
conditions in the core. But on the other hand, modeling the chemical evolution can provide us with
important parameters. The age of a prestellar core can, for example, be determined from the level of CS
depletion. The deficit of CS in the envelope, on the other hand, provides insights to the strength of the
external UV radiation field (Bergin & Tafalla 2007).

Magnetic field structure

Magnetic fields are observed on all scales throughout the interstellar gas (e.g. Crutcher et al. 2003).

Their importance for star formation however remains controversial (Klessen 2011). Recent numerical
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simulations have revealed that magnetic fields, even when they are weak, have a noticeable dynamical
effect. The magnetic field can alter core fragmentation (e.g. Peters et al. 2011), change the coupling
between stellar feedback processes and their parent clouds (e.g. Nakamura & Z.-Y. Li 2007), or slow

down the entire evolution (e.g. Heitsch et al. 2001).

Star formation

As mentioned before, some of these dense cores exceed the critical mass for gravitational contraction.
They become Jeans unstable, collapse further and build protostars. These protostars continue to accrete
mass from the infalling envelope until they either have exhausted the available gas reservoir or stellar
feedback effects dominate and remove their parental gas cocoon. Based on the timescales over which

protostars form, one distinguishes between low- and high-mass star formation.

Time scales

The timescale for collapse is given by the free-fall time # (Shu et al. 1987):

3w
— 2.1
fir \/ 32Gp ’ @D

where G is the gravitational constant and p is the average mass density. Typical molecular clouds have a

free-fall time of #z < 5 x 10% years. This provides a lower limit on the timescale for stellar evolution. The
contraction of a mass of gas due to self-gravity causes the gravitational potential energy to be converted to

heat. The Kelvin-Helmholtz timescale #ky is the timescale on which this process happens

GM?
R.L.’

IxH = (2.2)

where M., R,, and L, denote the mass, radius and luminosity of the star, respectively. Stars with M, > 8
M), have a Kelvin-Helmbholtz timescale that is shorter than the free-fall time (frxg < t). This means that
fusion already ignites while the collapse is still ongoing.

Initial mass function

As for the distribution of the core masses within a star-forming region, one can also infer the mass
distribution of the stars at the point when they enter the main sequence. This distribution is called the

initial mass function (IMF). It has first been described by Salpeter (1955). It has the characteristic form:
E(m)Am = Eym™ 3% A(m), (2.3)

where & (m)Am refers to the number of stars within the mass range [m,m+ Am]. Over the past decades,
this function has only changed in the description of the low-mass regime and surprisingly still holds for
the high-mass regime. Due to improved measurements of the low-mass regime, Kroupa (2001) was able
to improve the IMF by introducing a segmented description that includes a turnover at lower masses
(see dashed-dotted line in Fig. 2.2). Another modification has been provided by Chabrier (2003), who

describes the IMF using a smooth function (see dashed line in Fig. 2.2).



2.1 Life cycle of interstellar matter

Low-mass star formation

For low-mass star formation an evolutionary has been established over time (Shu et al. 1987; van Dishoeck
& Blake 1998), which is observationally divided in four distinct clases based on their spectral energy

distribution (SED) (compare with right column in Fig. 2.3).

e Class 0: Collapse is raising the temperature and luminosity of the core. The SED is described by a
single blackbody that peaks at wavelengths > 150 pm.

e Class 1: The accretion phase proceeds, which causes the luminosity and temperature to raise further
and the peak of the SED consequently moves to the far-IR (~ 100 um). The infalling material is
shaped to an accretion disk around the central object due to the remaining angular momentum. The
SED is doubly peaked, due to (i) a blackbody component originating in the accretion disk (50 —
100 K) and (ii) a component originating in the disk (200 — 400 K).

e Class 2: Winds and outflows have swept away most of the natal cloud. The dusty disk is exposed.
The peak of the SED is shifted to the near-IR (at ~ 2 um). This pre-main-sequence core is often
visible in the optical and identified as an T-Tauri star.

e Class 3: The SED of these objects peaks in the near-IR, optical. These objects are visible as stars.

High-mass star formation

Two major formation scenarios are currently still under debate. Their major difference concerns the

assembly of molecular mass to form massive protostars. For a review see Zinnecker & Yorke (2007).

o Competitive accretion scenario: In this scenario, protostars form in clusters in the same molecular
cloud, mainly along density enhancements such as filaments. But since all protostars form from the
same reservoir of molecular gas, they have to compete for it. They can gain mass for example via
accretion or by merging (the rich get richer). Typically the most massive stars form in the center of
the cluster. This scenario is supported observationally by the fact that massive stars are found in
clusters rather than in isolation.

e Monolithic collapse scenario: This is basically a scaled up version of the low-mass star formation
scenario. Theoretical works show that the cavity created by the jet and the outflow may allow the
radiation generated by the protostellar object to escape without affection the accretion process of
gas, which happens via the disk.

Stages of high-mass star formation include (i) cold collapsing core (also known as a infrared dark cloud),
(i1) hot molecular core, and (iii) (hyper-compact and ultra-compact) HII region (see Fig. 2.4). The stages

(ii) and (iii) are significantly different from low-mass star formation.

e Hot molecular cores are considered to be one of the very early signposts of high-mass star
formation. They are compact (size < 0.1 pc), dense (n > 107 cm™>) objects with a relatively
hot (Tg,s 2 100 K). They exhibit a rich chemistry with a plethora of complex organic molecules
(COMs), e.g. CH3CN, CH30OCHO. Interestingly similar, but less dense, objects are found around
low-mass. These are called hot corinos (see Ceccarelli 2004, for a review).

e Hyper- and ultra-compact HII regions: Since high-mass stars are so massive, they already ignite

fusion while they are still in the accretion phase. This leads to stellar feedback effects. Stars
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Figure 2.3: Schematic view of the evolutionary sequence of low-mass star formation . A dense core
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causes the core material to spin into a circumstellar disk. Accretion via the disk causes bipolar outflows
and collimated jets. After 107 years, the circumstellar material is exhausted and the accretion stops. Image
credit: Adaptation from C. J. Lada & Wilking (1984) and van Dishoeck & Blake (1998) by Cormac

Purcell.
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molecular cloud (left), we zoom in to a single core. The four different phases are depicted are shown in
the middle row. The image on the right shows the resulting cluster. The top row illustrates the different
SED associated with each stage and the bottom row indicates the different time scales involved. Image

credit: Cormac Purcell.

of spectral type B3 or earlier are capable to produce the necessary ionizing flux (hv > 13.6eV).
The UV radiation of the high-mass stars ionizes the surrounding medium and creates HII regions.
According to their sizes, these regions are called hyper- (size < 0.05 pc, density > 10® cm—3), and
ultra-compact (size < 0.1 pc, density > 10* cm™3) HiI regions (Kurtz 2005). Observed HII regions
rarely show ideal spherical symmetry. More often they are found in all kinds of shapes, ranging
from cometary, shell-like, core-halo like to irregular. They are best detected by observation at the

radio-wavelength due to their characteristic spectrum.

Young massive clusters

YMCs are massive (M ~ 10* — 10° M;) and dense (radius of a few pc) clusters which can be found in
both starbursts and interacting galaxies (for a review see Portegies Zwart et al. 2010). YMCs are suggested
to be the modern day precursors to globular clusters. But at present only little is known about their initial
conditions. One of the least understood aspects of their formation is the initial assembly of cluster stars.

Do they form in a central condensation, or via merging of several small cluster?

Disruption of giant molecular clouds

Before they can turn a significant fraction of their gas mass into stars, GMCs are disrupted. The questions

of why and how this happens are tightly linked to the question of how turbulence is generated (see
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Figure 2.5: Night sky over the ALLMA telescopes in the Atacama desert in Chile. Image credit S. Guis-
ard/ESO.

Section 2.1.2). Each of the mechanisms invoked to explain turbulence and the formation of GMCs also

imposes requirements of how GMCs must disrupt.

Stellar feedback mechanisms and photoionization (long-term events) as well as supernovae (short-
term event) seem to be the most promising mechanisms to explain GMCs disruption. Studies from A.
Whitworth (e.g. 1979) and Matzner (2002) long suggested that photoionization should be the primary
mechanism disrupting molecular clouds. The ability of photoionization to disrupt a GMC with a mass of
< 10° My, is also verified in numerical simulations from Dale et al. (e.g. 2012). Supernovae, the other

mechanism, are potentially very effective, but they need to be studied further.

Technical advances

Tremendous progress has been made to decipher the life cycle of interstellar matter, which is tightly
linked to the star formation processes, due to technical advances, both observationally and theoretically.
Observationally, the advent of many state-of-the-art telescopes equipped with improved receivers, e.g.
the Herschel Space Observatory, the upgraded VLA, ALMA (see Fig. 2.5), provide high-fidelity images
and datacubes which ultimately improve or even allow for the first time the determination of physical
properties on all scales (e.g. ALMA Partnership et al. 2015). With this generation of telescopes it is
already or will be possible very soon to perform high-fidelity, multi-scale, multi-transition surveys that
simultaneously sample star forming cores and their natal clouds very efficiently. This will provide not only
detailed insights into the physical conditions as well as the gas kinematics, but also will enable scientists
to efficiently study a statistically significant amount of star forming regions. Ideally these observations

will rule out some of the proposed formation processes of e.g. GMCs.

Advances in the computational performance of supercomputers, e.g. JUQUEEN, hosted at the
Forschungszentrum lJiilich, or SuperMUC, hosted at the Leibniz Supercomputing Centre in Garching
(see Fig. 2.6), allow numerical simulations to include complex physics and even chemistry (e.g. Walch
et al. 2015). The increase in computational capabilities, also allows to eventually connect large scale
simulations, i.e. galactic simulations, which currently, due to their low resolution inadequately sample the

internal cloud structure, cloud motions and shocks, with small scale simulations, which on the other hand
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Figure 2.6: SuperMUC. Image credit MMM/LRZ.

miss the large scale dynamics such as spiral shocks, cloud-cloud collisions. So simulations capturing all
physical scales on which star formation occurs, i.e. from the largest cloud-scales of ~ 100 pc down to
the smallest core-scales of < 0.1 pc will provide a clear picture of the formation and evolution of GMCs,

dense cores and all mechanisms involved in the formation of stars.

Many different methods, be it for the analysis of observational data or the setup of numerical
simulations, have been developed in the past. It is also important to perform consistency checks between
these methods. Furthermore, a non-negligible amount of effort should focus on interconnecting theory and
observation. For example synthetic observations of simulations could provide insights on what to search
for observationally (see e.g. the efforts of R.J. Smith et al. 2013; Chira et al. 2014; Seifried et al. 2016).

Key points

Here I summarize a few of the key points (in no particular order):

The life cycle of matter connects molecular, atomic, and ionized phases of the ISM (Ferriere 2001).

Star formation is a crucial process in this perpetual life cycle.

Stars seem to form in clusters rather than in isolation (e.g. C. J. Lada & E. A. Lada 2003).
e Fusion is ignited in high-mass stars before their collapse has completed.
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Figure 2.7: Top: Schematic edge-on view of the Milky Way. Bottom: Artist impression of the face-on
view of the Milky Way. Image Credit: R. Hurt / SSC-Caltech.

The Central Molecular Zone of the Milky Way

Our vantage point within the Galaxy hampers our possibilities to accurately deduce the structure and
extent of the Milky Way. There is observational evidence that it consists of at least four major constituents:
a bulge, a thin disk, a thick disk and a halo. It has a estimated diameter of = 50 pc (see Fig. 2.7). The
Galactic plane has been subject to many surveys at different wavelengths (see Fig. 2.8) spanning a wide
range of spatial and spectral resolutions. These surveys highlight the different appearance of the Galactic
plane. For example, in the sub-millimeter and infrared, a broad emission band is visible along the entire
plane. This emission is mainly due to interstellar dust which is heated by the starlight it absorbs. In
the optical, most parts of the Galactic plane are invisible. They are hidden behind the aforementioned

interstellar dust. In the gamma ray regime individual sources, e.g. supernova remnants, are visible.

The majority (~ 80 %) of the dense (n > 103 cm~3) molecular gas of the Milky Way is situated in the
inner ~ 200 — 500 pc of the Galactic center (Morris & Serabyn 1996). This region is called the Central
Molecular Zone (CMZ). It is very unusual in that it has high molecular gas densities, large velocity
dispersions (15 — 50 km/s), high temperatures (50 — 120 K, Ginsburg et al. 2016), and a rich chemistry. A
collection of multi-wavelength continuum images of the CMZ is displayed in Appendix B.1. The dense
gas is distributed asymmetrically with respect to 1= 0°. About 3/4 of the gas is situated at positive Galactic

longitudes and local standard of rest (LSR) velocities.

Three different models to explain the gas kinematics of the CMZ are currently under debate: (i) the
‘two arm model’ from Sawada et al. (2004, e.g.), (ii) the ‘closed elliptical orbit model’ from Molinari et al.
(2011), and (iii) the ‘open stream(s) model’ from Kruijssen et al. (2015). An overview of these different
models is shown in Fig. 2.9.
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2.3 Sagittarius B2
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Figure 2.10: Three color composite map of the large-scale structure of Sgr B2. Red: JCMT - SCUBA
850 um, green: CSO — Sharc I 350 um, blue: Herschel — PACS 70 um. The black circles mark the extent
of the HII regions.

Sagittarius B2

Sgr B2 is one of the most massive molecular clouds in the Galaxy. It is located at a distance of
8.34+0.16 kpc (Reid et al. 2014)* and has a projected distance of 107 pc (or 43.4") from Sgr A*, the

compact radio source associated with the supermassive black hole located at the Galactic Center.

Hiittemeister et al. (1993) distinguish three different parts in Sgr B2: (i) a low density envelope, (ii)
a moderate density region extended around (iii) local hot cores, which are the most compact, densest
molecular regions (see Fig. 2.11). The envelope measures 38 pc (or 15.4") in diameter (Scoville et al.
1975, corrected for distance) and has a gas mass of 7 x 10° M, (Goldsmith et al. 1990). The average
H, density n(H;) ~ 103 cm—3, and H, column density N(Hj) ~ 108 cm™2, are relatively low compared

to the central part of the region. The moderate density region extends over 2.5 pc x 5.0 pc around the

“Throughout this thesis, I will assume a distance to Sgr B2 of 8.5kpc.
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Figure 2.11: Sketch of the Sgr B2 region, adapted from Hiittemeister et al. (1995).

local hotspots. Its density and H, column density are higher, n(Hy) ~ 10° cm—3 and N(H,) ~ 10** cm—2.
Embedded in this intermediate region are the local hot cores of which at least three are sites of active
star formation (Gordon et al. 1993). Due to their approximate north-south alignment in an equatorial
coordinate system, they are historically named: Sgr B2(N)(orth), Sgr B2(M)(ain), and Sgr B2(S)(outh).
In projection, Sgr B2(M) is located 1.9 pc (or 45”) south of Sgr B2(N) and Sgr B2(S) is located 1.7 pc
(or 42.3") south of Sgr B2(M), see Fig. 2.11. These cores have sizes of ~ 0.5 pc, H, densities of ~
107 em™3, and column densities of 10% cm~? (Hiittemeister et al. 1995). Different works, e. g. Goldsmith
et al. (1990) and Etxaluze et al. (2013), have derived the gas mass of the two cores Sgr B2(N) and SgrB2
(M) in the ranges of 6 — 25 x 10* M, and 3 — 23 x 10* M., respectively. However, they used different
radii (0.4 — 1.6 pc), which makes a comparison of the results impossible.

Sgr B2(N) and Sgr B2(M) are sites of active massive star formation and comprise a plethora of
(ultra-compact) HII regions, X-ray sources associated with HII regions, X-ray sources with no radio or
IR counterparts (Takagi, Murakami & Koyama 2002), dense cores, embedded protostars, and molecular
masers (Goicoechea et al. 2004). More than 70 HII regions have been detected in the whole Sgr B2 cloud
complex (see Fig. 2.10; Mehringer et al. 1993; Gaume et al. 1995; De Pree et al. 1998).
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Radiation transfer deals with the propagation of radiation which consists of quantized particles called
photons, through absorbing and emitting media. Each photon has four basic properties: (i) the direction
from which it emanates, (ii) the time of its arrival, (iii) its polarization, and (iv) its associated energy FE,
which in turn gives it its frequency / wavelength. The simultaneous knowledge of the arrival time and the

energy however is limited by the uncertainty principle.

Radiation transfer is fairly simple if there is no matter present that the radiation could interact with. In
this case, the intensity will, in any direction, remain constant along a ray in that direction. The majority of

the complications is caused by the interaction of the radiation with a medium.

This interaction adds photons to a ray or removes them from the ray. In radiative transfer calculations
one usually assumes that light propagates so fast that one can ignore the light travel time effects, i.e. all
photons travel through the medium on a time scale that is much shorter than any changes happening to the

medium. The radiation can thus be regarded as a steady-state flow of photons.

The basics of radiative transfer are covered in many good introductory textbooks, such as Rybicki &
Lightman (1986), Draine (2011), and Ward-Thompson & A. P. Whitworth (2011).

The equation of radiative transfer and its formal solution

Let us consider a ray consisting of photons of frequency v. This ray travels a length L through a medium.
Photons from the ray can be absorbed or scattered to another direction by the matter present in the medium,
which effectively removes the photons from the ray. The matter can also emit photons or scatter other

photons in the direction of the ray, thus it effectively adds photons to the ray.

The change of intensity of radiation as it passes through a medium is described by the radiative transfer

equation. Neglecting scattering, this equation is

dl
Y =—ky Iy + &y, (24)
ds

where Iy is the specific intensity of the radiation, K is the absorption coefficient and €, is the emission
coefficient of the medium. The first term on the right hand side defines the attenution of the intensity,
while the second term described the increase in intensity. By defining the optical depth dT = ky ds’ as an
independent variable and the source function S = €, /ky, which described the properties of the medium,
Eq. (2.4) becomes

dl

Y =1, +S,. 2.5)

drt,
In thermodynamic equilibrium, the intensity is uniform, i.e. I, /dt, = 0, and given by the Planck formula,
By(T).

Ey

Iv :SV :Bv(T) - ”
v

(in thermodynamic equilibrium) (2.6)

5Note, some authors adopt the definition of radiation propagating in the direction of decreasing optical depth.
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Formal integration of Eq. (2.5) yields the general solution of the equation of radiative transfer:
Ty
L(t) =L(0)e™ ™ + / e (TS, dr (2.7)
0

The intensity of the detected radiation is hence the sum of the attenuated radiation from the source itself
(first term on the right hand side) and the self attenuated radiation emitted by the medium (second term on
the right hand side).

In an uniform medium, i.e. &,(7,) = &) and Sy (7,) = S9, the general solution given in Eq. (2.7)
simplifies to

I,(0)e™™ background intensity dominates
L(t)=L(0)e ™ +89 (1—e ™) ~ v(0) £ Y (2.8)
S%(1—e~™) emission from the medium dominates

We can simplify the second case in Eq. (2.8) even further assuming two different cases for the optical
depth

$%7, optically thin, i.e. 7, < 1
L(t) =Sy (l-e™)mg V" o (2.9)
53 optically thick, i.e. 7, > 1

Continuum emission

In the case of continuum radiation, which is emitted by the dust, the background radiation field is usually
negligible. Furthermore, if the emitting dust is at a single temperature, we can replace S in Eq. (2.8) with
the Planck function By (Tyys), yielding

Iy(tv) = By(Tqust) (1 _e—Tv) (2.10)

2hv3 hv -
= —1 1—e ™ 2.11
c? [exp (deust> :| ( ¢ )’ ( )

where Ty, is the dust temperature. If the intensity of a specific astrophysical object is measured at many

different frequencies, Eq. (2.11) can be invoked to determine the dust temperature and dust optical depth

of this object. This is often called a modified blackbody function or a greybody function.

Line radiation

Let us assume we have a gas composed of molecules (or atoms or ions) of a species X together with a
collider that has a number density ucolider and continuum radiation, which has an energy density u,,. For
simplicity, we further assume that the species X is a two level system, with the states labeled / and u with
statistical weights g; and g, and having energies E; and E,,, respectively, where E; < E,, and the energy
difference is given by AE = E,, — E; = hvj.
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Emission and absorption processes — transfer of populations

The energy levels of a molecule are in statistical equilibrium when the rate of transitions populating a
given energy level is balanced by the rate of transitions depopulating that energy level. In the two-level

system, the statistical equilibrium equation reads
nx, Ry = nx yRu, (2.12)

where ny ; and ny, are the number densities of particles of species X in the lower and upper energy level,
respectively, and R;, and R,; are the upward or downward transition rates between the two energy levels,

respectively. There is a variety of processes that transfer the populations from one level to another:

Ay (spontaneous radiative de-excitation) (2.13)

By, uy, (stimulated radiative excitation) 2.14)

B uy, (stimulated radiative de-excitation) (2.15)

Ciu(T) ncoltider (collisional excitation) (2.16)
Cut(T) Rcoltider (collisional de-excitation) 2.17)

Ay, By, and By, are called the Einstein coefficients. C,;(T') and Cy,(T) are the temperature dependent
collisional coefficients of the collider in question. Typical colliders are H,, H, He and free electrons.

Putting everything together yields
ny 1 (Bruttyy + Cru(T) Reottider) = 1x.u (Aut + Bug g + Cug (T) Neoltider) (2.18)
This balance must hold at all temperatures and all densities.

Level populations

Assuming thermodynamic equilibrium, the relative populations of both levels is given by the Boltzmann

equation
—E,
nxa _ 8uexp () (2.19)
X1 grexp (%?)
8u - (Eu - El)
== — . 2.20
fenp (e 2.20)
Using AE = E,, — E; = hvy yields
nx u 8u hvo
= —eX -, (221)
nx.,i 81 P ( kT )

where g; and g, are the statistical weights of the lower and upper level, respectively, and E; and E,, are

their respective energy levels.

The fraction of particles in any level i is given by

nxi  8i€Xp (]

nx a Zx(T)

(2.22)
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where Zy (T') is the partition function (german: Zustandssumme) of species X. It is given by

Zx(T)= ) (gi exp [ZD (2.23)

all levels i

Relations between the radiative and collisional coefficients

In (local) thermodynamic equilibrium, the relative level populations are given by Eq. (2.21). The energy

density of the continuum radiation field is furthermore given by

47B, (T
ty, = 0l Z°( ), (2.24)

which in local thermodynamic equilibrium equals the Planck function

8Thvy hv, -
L {exp ( kTO> _1] . (2.25)

As discussed in Section 2.4.3, the rate at which populations are transferred upwards must balance the
rate at which populations are balanced downwards. As aforementioned this balance must hold at all
temperatures and all densities. The introduced coefficients A,;, By, By, C.u(T) and Cy,,(T') are intrinsic
properties of the particles, i.e. they remain the same irrespective the density of the surrounding material.
Thus, while keeping the temperature fixed at an arbitrary value and increasing the density only we can
show that the collisional terms in Eq. (2.18) must balance independently due to their squared dependence
on the density

nX,uCul(T) = nXJClu(T)- (2.26)

Replacing the number densities of the upper and lower level using Eq. (2.21) yields

Cu(T) = & exp [hvo] Cru(T). 2.27)

8j kT

But also the radiative terms must balance separately. We obtain

8ThVQ hvo -l ny 8ThVy hvo B
Au + c3 [exp (kT) _1] Bul:mcu 3 |FP\ T —1 Bue (2.28)

Again replacing the number densities of the upper and lower level using Eq. (2.21) gives

8Thvy hvo ! Su hvo\ 8mhvy hvo -
A+ 3 [exp (kT —1 B, = gexp T 3 exp ) 1 By,.

(2.29)
Multiplying both sides by the term in square brackets then yields
hvo 8Thv] g hvo\ 8mhvy
Ay [exp <kT> - 1] + 0p, = Ei exp TOBM. (2.30)
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In Eq. (2.30), the temperature-dependent as well as the temperature-independent terms must each balance
separately, since these terms can be made arbitrarily large (small) by simply decreasing (increasing) the

temperature. This yields

_ 8u ¢

B, =°S"_ " A 2.31
lu g Sﬂth ul ( )
and
3
C
B,=——A 2.32
ul 87rhv3 ul ( )

Inserting Eq. (2.32) in Eq. (2.31) yields

Bjy==—By (2.33)
81

Equations (2.27), (2.31) and (2.33) are also known as the Einstein relations. They make our life easier,
since with measuring (and/or quantum-mechanically calculating) two coefficients, namely one collision
coefficient and the Einstein A coefficient (which is not an easy thing to do, especially at low temperatures),

all other coefficients can be easily calculated.

Einstein A coefficients, together with the transition frequencies, are measured and tabulated for many
transitions of many species. They are stored in publicly available databases such as Cologne Database
of Molecular Spectroscopy (CDMS)®, the JPL catalogue’. Collisional rates for some species and some
colliders are available covering a limited temperature range. These rates are stored in databases like
BASECOL °.

The Virtual Atomic and Molecular Data Centre (VAMDC) project” is a fairly recent effort to connect
all existing databases together. This includes the CDMS database, the JPL database, but also for example
BASECOL.

LTE vs. non-LTE conditions

The local thermodynamic equilibrium basically means that due to e.g. collisions, the Boltzmann dis-
tribution of the level population is established, but the radiation field is not in equilibrium with the

particles.

A useful quantity to check if LTE conditions hold, is the so called critical density, which is commonly
defined as

Aul
Rerit ~~

2.34
C’ (2.34)

Shttp://cdms.ph1.uni-koeln.de/cdms/portal
"https://spec.jpl.nasa.gov/
8http://basecol.obspm.fr/

9www.vamdc.eu
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assuming the intensity 7, is very low so that absorption and stimulated emission processes are negligible.
If the density is lower than the critical density n¢, collisions happen too infrequently and the level
populations are not given by the Boltzmann distribution. If the density exceeds the critical density,
collisions dominates and the energy levels are populated following the Boltzmann distribution. The level

populations approach their equilibrium value and the line is thermalized.

Absorption and emission coefficients
The absorption coefficient, ky, is the fractional loss of intensity per unit length,

Ky =— — 2.35
VT ods I, (2.35)
where the loss of intensity is given by
dl 1
—o = Vo (nx i Buly = nxuBulv) — ¢ (v), (2.36)

where @(vp) is a normalized line profile function, which is usually represented using a Gaussian function.
Inserting Eq. (2.36) in Eq. (2.35) yields

1

Ky = hV() (nX7lB]u — nX7MBu1) H (P(V()). (2.37)

Rearranging Eq. (2.37) and inserting Eq. (2.32) yields

2
€ Suy, <1 = g’”"’”) (Vo). (2.38)

v — -
8mwv?2 81 8u Nx |

The emission coefficient, €y, is the energy emitted per time per volume per solid angle per unit frequency,

1
&y = hVoAunx 4 in o (vo), (2.39)

Line width

Spectral lines are not infinitely narrow. They are broadened by processes that can be categorized as
microscopic and macroscopic depending whether the length scales they occur on is smaller or larger than
the photon mean free path. Microscopic processes operate on atomic or molecular scale. They change the
line strength (profile function). Macroscopic processes involve the redistribution of absorption to different
wavelengths. Here the overall strength remains unchanged, e.g. rotational broadening of stellar absorption

lines.

Microscopic processes include natural line broadening, thermal doppler broadening, microturbulent

broadening.

(i) Natural line broadening Natural broadening is intrinsic to the transition. The emitting particles have
a finite life-time in the upper level. At low densities, the mean life-time in the upper level is given
by the Einstein A coefficient for spontaneous radiative de-excitation Az ~ A;ll. The Heisenberg
uncertainty principle imposes a limit on the accuracy of energy AE and time At, AEAt > ﬁ. The

natural line width is roughly the Einstein A coefficient and thus very small.
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(ii) Thermal line broadening is due to random thermal noise of the atoms. The velocities of the
individual molecules have a Maxwellian distribution. Their average velocity is proportional to
Vo< \/; . This causes a thermal line width of Av = % This is usually on the order of a few tens
kms!.

(iii) Microturbulent broadening This is a collective term of other processes acting on length scale

smaller then the photon mean free path. Basically these are non-thermal motions,
2 2,2
Viinewidth = Vth T Viurb- (2.40)

(iv) Systematic motions In addition to the so chaotic and undirected turbulent motion, systematic

motions for example due to infall, rotation, outflows, cause additional line broadening.

Line shapes

Spectral line shapes depend on the line-of-sight distribution of temperature and opacity. In a medium
of low optical depth, the spectral line has a Gaussian shape, provided there is only a single velocity
component along the line-of-sight. Whether the line if observed in emission or in absorption is determined
by the background intensity. In a optically thick medium, the opacity 7 exceeds unity first at the maximum
of the line profile function ¢(vp). This means that regions closer to the observer are traced at the line
center, while regions further away are seen at frequencies having a larger offset from vy. Self-absorption,
i.e. a dip in the spectral line at the center of the line, is observed if the foreground material is colder than
the background material. As already mentioned, ¢ (v is also affected by velocity components along the
line-of-sight. For example, infall motion can lead to an asymmetric self-absorption line shape, where the
blue side is stronger than the red side. See Fig. 2.12 for an illustration and explanation.

2.4.4 Key points

e The absorption coefficient, aiy, is the fractional loss of intensity per unit length. This includes
stimulated emission.

e The emission coefficient, €, is the energy emitted per unit time per unit volume per unit solid angle
per unit frequency.

o The optical depth, 7, determines the transparency of a medium. This ranges between being opaque
(Ty > 1) and transparent (7, < 1).

e The source function, Sy, includes all characteristics of the medium in between the source and the
observer.

o Kirchhoff’s law establishes the equality between the source function and Planck’s function in
thermal equilibrium (S, = By/(T)).

e The radiative transfer equation for a homogeneous cloud in thermal equilibrium is

IV = I()eirv + (1 — eif")Bv
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Figure 2.12: Schematic view of the generation of an infall line profile. Left: The static envelope produces
the absorption dip, the blue peak originates from the gas in the back of the core traveling towards the
observer, the red peaks originates from the gas in front of the core that moves away from the observer.
Please also note, the faster relative velocities towards the center of the core produce line wings. However,
these are observationally often confused by outflow motions, which also produce wide wings in the
spectral line profile.Right: This is a schematic explanation of the observed asymmetry of optically thick,
high excitation lines. The ovals are loci of constant line-of-sight velocity. Each line-of-sight intersects
these loci at two points, as indicated by the vertical line pointing towards the observer. The point closer to
the center of the core have higher excitation, thus Tex(R2) > Tex(R1) and Tex(B2) > Tex(B1). Thus R1
will obscure the brighter R2, whereas the brighter B2 lies in front of B1. This results in a asymmetric line

profile, with the blue peak being stronger than the red peak. Figures taken from N. Evans (2003).
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3. Pandora in a nutshell

Apart from in-situ measurements in the Solar System, all information gained in astrophysics is mainly
deduced from the analysis and interpretation of electromagnetic radiation received with ground or space
based telescopes. So analyzing the radiation received from astrophysical objects provides us information
about the source, but also about the medium in between the object and the observer. This makes radiative

transfer analysis one of the most fundamental techniques in astrophysics.

Up to now, radiative transfer approaches often have been limited either in the number of dimensions
or in the applied geometry. However, high spatially resolved images obtained at different wavelengths
e.g. with the VLA, the Herschel Space Observatory, and now ALMA, reveal the complex nature of both
the structure and the dynamics. Hence, when trying to simulate such complex structures and dynamics
with simple (spherical) models, misleading results could occur. This requires detailed three dimensional

radiative simulations, which are now computationally feasible.

As summarized by Steinacker et al. (2013), three-dimensional dust radiative transfer calculations are
essential to make progress in many fields of astronomy. Dust grains modify the radiation field in many
objects such as protoplanetary disks, evolved stars, reflection nebulae, supernova remnants, molecular

clouds, the interstellar medium, galaxies, galactic nuclei, and the high-redshift universe.

First I will quickly introduce the workflow of PANDORA (Section 3.1). Then I will explain various
aspects of PANDORA in more detail: The model setup (Sections 3.2 to 3.4), the grid setup (Section 3.5), ra-
diative transfer simulation (Section 3.6), the post-processing (Section 3.7), model evaluation (Section 3.8),
error estimation (Section 3.9), and the visualization (Section 3.10).
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Introduction

When doing multi-dimensional (radiative transfer) simulations many steps have to be taken into account.
Figure 3.1 illustrates this. Everything starts with the setup of the physical structure and the corresponding
model setup parameters followed by the discretization of the problem at hand (i.e. the selection of
an appropriate grid structure). Based on this input, dedicated radiative transfer programs then solve
the radiative transfer equation and calculate continuum and line intensity maps. To then compare the
model prediction with observations obtained from ground- and space-based telescopes, post-processing
is necessary. Ideally these steps are then combined with a model optimizer, which takes the results and,
based on for example a x? method, optimizes the input model structure parameters. Judging the quality of
the optimized parameters requires a proper error estimation. In addition, specially when dealing with a
plethora of different images at many wavelengths or data cubes of many transitions, it has proven useful

to include an automated plotting routine. These steps can be separated into the following blocks:

e Block 1: Model setup (see Sections 3.2 to 3.4)
e Block 2: Grid selection (see Section 3.5)

e Block 3: Radiative transfer (see Section 3.6)
e Block 4: Post-processing (see Section 3.7)

e Block 5: Evaluation (see Section 3.8)

e Block 6: Error estimation (see Section 3.9)

e Block 7: Visualization (see Section 3.10)

Although in theory these steps all sound very easy and straight forward, the devil is in the details
and the full scheme has rarely been applied in astrophysical analysis (Steinacker et al. 2013). Full
three-dimensional continuum radiative transfer modeling has so far been performed for disks, and p Oph
D (Steinacker et al. 2005). So to facilitate the process of full three-dimensional radiative transfer modeling
including the steps mentioned above I have designed a framework called PANDORA based on initial work
of Rainer Rolffs (Rolffs 2011).

PANDORA consists of different modules written in python and it generally follows a philosophy of
flexibility. It tries to avoid reinventing the wheel whenever possible, thus it employs already existing
codes for individual working steps. For example, PANDORA makes use of the radiative transfer programs
RADMC-3D', developed by C. Dullemond (Dullemond 2012), and LIME”, developed by Ch. Brinch and
the LIME development team (Brinch & Hogerheijde 2010). Both allow the setup of full three-dimensional
models. For the post-processing PANDORA uses MIRIAD® (Sault et al. 1995), a well established data
calibration and imaging tool kit among observational astrophysicist mainly because all post-processing
of the observational data used in this thesis has been done with MIRIAD as well. PANDORA is also
partially linked to the model optimization program MAGIX*, which is developed by Th. Méller and the

Uhttp://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
Zhttps://github.com/lime-rt/lime
3Several adaptations for different telescopes are available, for example for the Submillimeter Array (SMA).

https://www.cfa.harvard.edu/sma/miriad/
“https://www.astro.uni-koeln.de/projects/schilke/MAGIX
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Figure 3.1: Overview of the workflow of the PANDORA framework. The seven major blocks of full
radiative transfer analysis are labelled.
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CATS team (Moller et al. 2013). MAGIX contains a plethora of well established optimization algorithms
to efficiently investigate the model parameter space. Since PANDORA is build in a modular fashion,
more and / or different programs can be included as alternatives to the above mentioned programs. This
means that, e.g., in addition to MIRIAD, PANDORA could be coupled to CASA”, a data calibration and
imaging suite used for the processing of ALMA data. Furthermore (magneto-)hydrodynamical software
(e.g. FLASH®, RAMSES’, PLUTO®) could be linked to PANDORA, enabling an efficient radiative transfer
and post-processing of numerical simulations. Additionally, by coupling PANDORA with astrochemical
programs, chemistry is included self-consistently in the simulations. In the case of SAPTARSY (Choudhury

et al. 2015), this has already been done.

In the next sections, I am going to explain these seven blocks in more detail. While doing so, I will
also explain the setup and inner working of PANDORA. I will start by explaining the model setup, which is
divided in three sub-blocks. First I will explain how the physical structure is set up, then I will concentrate
on the kinematic setup and introduce the parameterization of the velocity field and last I will introduce the

chemical setup, i.e. the setup the molecular densities.

As we will see later-on, the number of free parameters can become very large, which is why it is very
important from the beginning to consistently constrain setup parameters whenever possible. RADMC-
3D for example offers the possibility to calculate the dust temperature self-consistently. This makes

RADMC-3D our first choice of interest, when it comes to simulating the dust emission.

Model setup: Physical structure

Four major components define the physical structure. To perform full radiative transfer simulations, we
need to know the density distribution of the dust (sub-millimeter), the electrons and the ions (free-free).
We furthermore nee to know the location of the heating source, i.e. the stars, to be able to calculate the
dust temperature self-consistently. The model setup in PANDORA is designed like a LEGO® system,
i.e. many different structures are defined and can be put together modularly by the user according to the

source-specific needs.

Dust density

The overall density structure is obtained by the superposition of the density profiles of all dust cores, i.e.

in overlap regions, the density simply adds up. In each cell j, the density is determined as

N
nj=y mijr) (3.1)
i=1

where i is the index of the dust cores and N is the number of cores. Following Qin et al. (2011), I use a

modified Plummer-like profile to model the SMA dust density cores as well as the large-scale envelopes.

Shttps://casa.nrao.edu/

Shttp://flash.uchicago.edu/site/
Thttp://irfu.cea.fr/Phocea/Vie_des_labos/Ast/ast_sstechnique.php?id_ast=904
8http://plutocode.ph.unito.it/
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3.2 Model setup: Physical structure

For a subset of my models, I find it useful to introduce elongated density structures. They are defined as

follows:

ne

3.2)

where n, is the central density given in Hy cm™—> and r is given by the Euclidean norm, including scaling

factors

r 2 r 2 r 2
e () e () () (3.3)
ro.x 1o,y 1o,z

Here, r,, , are the components of r and rg x, ro, and rg ; set the size of the cluster core in each of the
three principal axes. A spherical symmetric distribution is obtained by setting ro = ro x = ro,y = ro ;. The
density distribution is flat inside the radius g and approaches a power-law with an exponent 1 at r > ry.

So to define a dust core, the user needs to provide the center coordinates, the displacement along the
z-axis with respect to the reference position, in units of au, the central density 7g, in units of H, per cm?,

the turnover radii rq x, r9,y, 70,;, all three in units of au, and the exponent 1.

Electron and ion density

In the model setup, I consider HII regions as non-expanding Stromgren spheres, i.e. as fully ionized,

spherical regions of uniform electron density without dust.

To define an HIl region in PANDORA, the user needs to provide the center coordinates, the displacement
along the z-axis with respect to the model reference position, in units of au, the electron density in units of
electrons per cm?, the radius of the HII region, in units of au, and the Zero-Age-Main-Sequence (ZAMS)
type of the embedded star.

Assuming optical thin emission, the number electron density n. can be calculated using the following

formula:

(he5) =2576 x 10° ANNEAR ( v )0'05 Bource\ 7 (D (3.4)
cm3 ) Jy K GHz arcsec pc ’ )
where F, is the flux density of the HII region, 7 is the electron temperature, v is the frequency, Bource 1S

the angular diameter of the HII region, and D is the distance to the source. A derivation of this formula
can be found in the appendix A.1.

One note of caution is in order. The formulas given above are only valid under the optical thin
assumption. Deriving the number electron density at a certain frequency from the observed flux density
assuming optical thin emission will underestimate the number electron density if the HII region is actually
optically thick. This underestimate will then lead to the intensity of the (optically thick) HII region
being underpredicted by the simulation compared to the observed data at this frequency. To account for

this discrepancy, one should compare the synthetic intensities obtained from the model setup with the
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observed intensities. From the deviation of the intensity levels, one can identify the HII regions which
must be optically thick, if they are resolved. This then allows to iteratively adjust the flux density values
and recalculate the number electron density n. until a reasonably good match between the observed and

synthetic intensities is obtained.

Heating sources

RADMC-3D provides several methods to include luminous sources. I choose the option to manually
specify the individual luminous sources and assume that all stars are point sources, i.e. their radius is not
taken into account. I use a two-step approach. In the first step I account for observed early-type high-mass
stars by including known HII regions detected in a region. This usually accounts for stars down to the BO
spectral type and sets the lower limit of the stellar mass detected by observing HII regions, M. In the
second step I take later spectral types, i.e. stars which cannot produce HII regions detectable with current

observations, with stellar masses between 0.01 My and M, into account.

High-mass stars

We assume that each HII region is ionized by a single star. From Section 3.2.2, we already know how to
include an HII region in the model. To specify the embedded star, we add another column to the structure
file and specify the ZAMS type of the star.

The ZAMS type can be derived from the number of ionizing photons Nj, which are given by the

following formula:

) =4771% 1 (e = .
(S_1> T 107 <Jy> (K) (GHZ) pc (3

Here F, is the flux density of the HII region, T; is the electron temperature, v is the frequency, and D is

the distance to the source. Typical values of the electron temperature are between 8000 — 12000 K. A

derivation of this formula can be found in the appendix A.1.

From the ZAMS type PANDORA obtains the luminosity and temperature of the star using look-up
tables, e.g. Vacca et al. (1996, Table 5). PANDORA furthermore uses the RADMC-3D option to assume
simple blackbody spectra for each star, by specifying its blackbody temperature.

Low- and intermediate mass stars

PANDORA provides the possibility to account for (mostly unobservable) low- and intermediate mass
stars. For this it includes a star sprinkling algorithm, which in short works as follows: Based on the
gravitational potential, the algorithm randomly determines positions for the new stars, following the
procedure explained in the appendix of Aarseth et al. (1974). Then a luminosity which is randomly drawn
from the IMF of Kroupa (2001), is assigned to each star. It is currently only possible to specify spherical
symmetric star clusters. However, PANDORA differentiates between two kind of clusters, any number of
local clusters and a single global cluster. Local clusters are non-intersecting with each other. They are
embedded in the single global cluster.
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A Kroupa (2001), multiple-part power-law IMF:

g€(m) « m*, where

0o =+0.3%+0.7, 0.01 =m/Mg < 0.08
oa; = +1.3+0.5, 0.08=m/My<0.50
0y =+2.3+0.3, 0.50 =m /Mgy < 1.00
a3 =+2.3x0.7, 1.00 =m/ Mg

l0g10( E( 10g10(M)) )

Y

0.01 008 05 '
Mo M, M,

l0g10(m)

Figure 3.2: Sketch of Kroupa’s IMF showing our approach.

The user specifies for each local star cluster the center coordinates, the displacement along the z-axis

with respect to the reference position, in units of au, and the radius of the cluster, also in units of au.

For each local star cluster, PANDORA then calculates the fraction fy of the stars in the high mass
regime (i.e. between M| and My; M| < M) to the mass of all stars (i.e. between My and My; My < M,
< M) using Kroupa’s IMF. This is schematically indicated in Fig. 3.2. The lowest mass boundary My is
provided by the user. The mass boundary M; can be either provided by the user or by setting it equal to
the mass boundary My, PANDORA automatically uses the mass boundary set by the high-mass stars that
were distributed within the cluster in the first step described above. The total stellar mass of the cluster
M_luster 18 then calculated from the ratio of the sum of the stellar mass of all high-mass stars distributed
between M| and M to the ratio fim. The star sprinkling algorithm then randomly draws stars between
Mg and M, from the IMF until the total stellar mass of the cluster, Muster, 1S reached.

After the stars are sprinkled separately within each of these local clusters, the star-sprinkling procedure
is repeated once more for the global cluster. The user specifies the radius of that cluster and its mass
boundaries in the same fashion as for the local clusters. The algorithm determines all stars located
explicitly in the global cluster (high-mass stars located in a local cluster are excluded) and calculates their
total stellar mass. The algorithm then calculates the total stellar mass of the global cluster (excluding
the local star clusters). If it is larger than the total stellar mass of the high-mass stars, stars are sprinkled
everywhere except in the local star clusters until the calculated total stellar mass of the global cluster is
reached.

PANDORA then converts the stellar mass M to luminosity L using the parameterized mass-luminosity
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relation from Griffiths et al. (1988):

M M
. 0.006 +4.1610g,, (Mo> , 0.682 < log,, <M)) <0.461
1 =)= : ¢ 3.6
e <L@> 0.370+3.5110 M 1 M\ < 0461 oo
. . _— (0] .
210 M) £10 M.

Griffiths et al. (1988) provide two sets of boundaries. One is non-continuous but has a better x? value
whereas the other set, which we choose to use, provides a continuous behaviour of the mass-to-luminosity

relation while having a slightly worse x? value.

PANDORA only includes luminosity in terms of ZAMS luminosity. The total luminosity determined in
the literature, however, includes contributions from accretion luminosity, as well as from high-mass stars
without an HII region (Hosokawa & Omukai 2009). The luminosity calculated with this approach is thus
a lower limit. We determine the corresponding effective temperatures of the stars using the fundamental
stellar parameters (spectral type, luminosity, effective temperature) compiled by Straizys & Kuriliene
(1981). Since we need to provide an effective temperature for each star, the limitation of the tabulated data
sets the lower mass limits of the star clusters to 0.2 M, despite the [MF having a lower mass boundary of
0.01 Mg.

Please note, that in its current implementation, PANDORA only consider stars as heating sources (see
Section 3.2.3). Other types of heating, e.g. cosmic ray heating or coupling with the turbulently heated gas,

are currently not considered.

Temperature

As already mentioned, the dust temperature is calculated self-consistently by RADMC-3D using the
Monte Carlo method of Bjorkman & Wood (2001). So strictly speaking the dust temperature is not a
free parameter and does not need any parameterization and thus no mentioning here. However to better
understand the subsequent sections focusing on the velocity field and the chemical setup it is worth briefly

explaining the derivation of the dust temperature here.

Initially, all cells have a dust temperature equal to zero. To determine the dust temperature, RADMC-
3D first identifies all sources of luminosity, i.e., the total amount of energy available. This amount is
divided into photon packages, which are separately emitted by the individual stars one after another. As
the photon packages move through the grid, they interact with the dust present (scattering, absorption)
causing them to change their direction or wavelength. In the case of absorption, the photon package is
immediately re-emitted in a different direction with another wavelength according to Bjorkman & Wood
(2001). However, the luminosity fraction each photon package represents remains the same. Whenever a
photon package enters a cell, it increases the energy of that cell and thus also increases the temperature of
the dust. Photon packages never get lost, they can only escape the model through the outer edge of the
grid. After the last photon package has escaped the grid, the dust temperature is obtained. In summary the
dust temperature of each cell is basically the sum of the energy fractions of each photon package passing

through the cell. In total we use 10 million photon packages.
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The calculated temperature is an equilibrium dust temperature, since it is assumed that the amount
of energy each dust grain acquires and re-radiates stays the same. For most cases, this is presumably a
very good approximation, because the heating and cooling timescales for dust grains are typically very
short, compared to any time-dependent dynamics of the system (Choudhury et al. 2015). Thus transiently

heated small grains are not important within the wavelength range considered here.

Furthermore, PANDORA provides the possibility to use the Modified Random Walk (MRW) method
that is implemented in RADMC-3D in the simplified form described in Robitaille (2010). This method
prevents a photon package from getting trapped in high-density regions by predicting where the photon
will go next. This allows RADMC-3D to make one single large step of the photon package, saving the
computation time for the otherwise necessary hundreds or thousands of absorption or scattering events.

Additional building blocks

There are several cases, where the density structure is not well described using a superposition of
(elongated) spherical symmetric clumps. Two examples are outflows and filaments. PANDORA thus
includes some simplistic ways of introducing density variations by defining outflow or filamentary

structures.

Furthermore, until now, there is no self-consistent calculation of the gas temperature in RADMC-3D.
So PANDORA globally assumes that the gas temperature equals the dust temperature. However, this is
often not a good assumption. Which is why PANDORA also contains a few handles to modify the gas
temperature field locally if need be.

Density related: Filaments

A filament is made up of many individual filamentary components. Each component is represented by a
spherical symmetric cylinder, which is defined by its start and end points (right ascension and declination
in x and y direction, respectively and the displacement along the z axis in units of au), a radius, and a

length, both given in units of au.

Density and temperature related: Outflows

Outflows are very simplistically represented by cones. This setup can and should be improved if modeling
an outflow is the goal of using PANDORA. Zernickel (2015) used this basic functionality to improve his
model of the star forming region NGC6334. Figure 3.3 shows the geometry of the outflow setup. An
outflow cone is defined by the coordinates of the starting point (right ascension, declination in X and y
direction, respectively, and the displacement along the z axis in units of au), a length given in units of au,
half the opening angle, given in degree and the orientation of the cone, given by the azimuthal angle 0,
and the elevation angle ¢, both given in degree. The azimuthal angle can take values from O up to 360
degrees, the elevation angle can take value from O up to 180 degrees. Within the outflow cone, the density

is set to a user defined value, given in H, cm ™3, and a gas temperature, given in units of Kelvin.
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Figure 3.3: Left: Geometry of the outflow setup. An outflow is represented by a cone. 8 is the azimuthal
angle, @ is the elevation angle, and « is the half open angle of the outflow. The length of the outflow is
indicated by the dotted orange line. Right: Sample outflow cone in dark red. The cone is oriented such that
the tip of the cone coincides with the model center. The azimuth angle is 60 degree, the elevation angle 25
degree. The outflow has a length of 10000 au and a density of 10° H, cm™3. The surrounding core has a
turnover radius of 1000 au and a center density of 10* Hy cm™3. The orientation of the coordinate system

is indicated in the bottom left corner.

Temperature related: shocks

A shock region defines a sphere within which a user-defined gas temperature. This element has been
added to provide the possibility to raise the gas temperature over the gas temperature in, e.g. very dense
regions, where the gas temperature could be elevated due to shocks. Thus the naming choice. Such a
shock structure is defined by the location of the sphere’s center (right ascension and declination for the x
an y direction, displacement along the z-axis in units of au), the radius of the sphere in units of au, and the

gas temperature in units of Kelvin.
Temperature related: shells

De Vicente et al. (1997) reported the detection of a ring-like structure in Sgr B2. Within this ring, the gas
temperature is significantly higher than in- or outside the ring. To account for this, PANDORA includes
the possibility to define shells. They are given by the location of the shell center (right ascension and
declination for the x an y direction, displacement along the z-axis in units of au), the inner and the outer
radius of the shell, given in units of au, and the gas temperature in units of Kelvin.
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3.3 Model setup: Kinematic structure

Model setup: Kinematic structure

Velocity field

The gas velocity field is a combination of a global and a local setup. The user can specify a source velocity,
which is then set as the global velocity along the line-of-sight for the source of interest. Locally, the
user can then furthermore specify the velocity components for each core separately. Observationally
we will not be able to obtain information about the velocity components along the x an y axis, they are
added for sake of completeness. In astronomy, infall and expansion motions are very common. As a first
approach one often assumes the free-fall velocity for infall motion. Rolffs et al. (2010) find the free-fall
infall velocity overestimates the infall velocity. In PANDORA the velocity field is parameterized. For each
density core c, the user can thus specify the velocity components along the three major axes, V., as well
as a radial velocity component V.., all in units of km/s. Rotation is currently not considered, but can be
included easily. The overall velocity field is then calculated by density weighting the contribution from

each density gradient

N = =2 T
ZC:] ne <Vc + Vr,c ﬁ)
N
Zc:] nC

; 3.7

V=
where the sums go over the indices ¢ for density component and 7 is the density.

Line width

As discussed in Section 2.4.3, physical processes acting on length scales shorter than the photon mean
free path lead to a broadening of spectral lines. We distinguish two major contributors: thermal line
broadening and microturbulent line broadening. The thermal line broadening is taken into account by
the radiative transfer programs and calculated from the gas temperature. Since the microturbulent line
broadening is a collective term for other physical processes apart from thermal broadening, it is treated
as one broadening component and the user can specify the full-width at half-maximum (FWHM) that is
due to microturbulent line broadening. In the current implementation, this is value is set globally. Local

modifications could be implemented, but are currently not available.

Model setup: Chemical structure

Molecular abundance

As the velocity field, the chemical structure can be set globally and locally. For each molecular species,
the user wants to model, PANDORA needs to know the molecular abundance. The abundance is given
with respect to H,. However, molecular abundances are not only linked to the density of H,. They are
also temperature dependent. To account for this, PANDORA includes the possibility to provide different

abundances for different temperature regimes. In the current setup, it is only possible to provide one set of
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jump temperatures. If the user needs several different jump temperatures for different molecules, these

molecules would have to be modeled separately.

For each dust core, the user can then locally modify the molecular densities by providing a scaling

factor.

Grid discretisation

Grid

As dicussed in the introduction, star formation covers a large range of spatial scales of at least four
orders of magnitude. The largest entities, i.e. molecular clouds, cover spatial scales of 10 — 100 pc
(see Section 2.1), while condensations have sizes of < 0.01 pc. To properly investigate the physical,
kinematic and chemical structure, PANDORA needs to be able to recover this large dynamic range in
spatial resolution. However, if we were to attempt this with a cartesian grid, i.e. a grid where the elements

are unit cubes, this would require tens to hundreds of billions of cells. This is not only computationally

unfeasible but also unnecessary, for example when the density distribution is flat.

PANDORA thus uses the adaptive mesh refinement technique (originally presented by Berger & Oliger
1984; Berger & Colella 1989) to locally increase the spatial resolution of the numerical radiative transfer
simulation. The initial grid consists of N* cells. It employs the RADMC-3D option to include a tree-based
AMR method (Khokhlov 1998, and references therein). This means that, on a cell-by-cell basis, parent
cells are refined into children cells resulting in a recursive tree structure. The resulting grid provides high

resolution where needed based on the refinement criteria.

In PANDORA, two criteria are used to check if a cell needs to be refined: (i) the presence of a dust core
center or HII region within the cell and (ii) the dust density distribution within the cell. When covering a
large dynamical range starting with an initial grid of a few cells per dimension, it is crucial to make sure
that small clumps are recognized by the refinement routine. Thus as long as the cell size is larger than
twice the radius of a dust core, this cell is refined if the core center is located within the cell. A cell is also
refined into eight sub-cells if the density gradient is larger than a threshold:

n —n;

| center 1| > e, (3.8)
Ncenter

where nceneer 1S the density at the cell center and n; is the density at the reference position with the cell,

and € is the allowed maximum density difference.

During the work on this thesis, I have tried several strategies to calculate the density gradient. The first
simply checks the gradient towards the corners and the facets of the cell, i.e. for each cell 14 gradients
are checked. Let’s call this routine the corner-facet gradient refinement. The second routine checks the
density gradient using randomly sampled point located on the surface of a sphere within the cell. This
sphere has a radius which is the distance between the current cell center and the child cell center, i.e.
\/3 cellsize /4. The number of points that are sampled is derived for each cell based on the surface area of

the sphere weighted by the refinement criteria. Let’s call this routine the spherical gradient refinement.
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3.6 Radiative transfer simulations

The user can specify the number of initial cells per dimension (), and the half size of the entire model
in units of parsec. For the refinement, the user needs to specify the threshold of the density gradient (¢),
and the minimum cell size. In addition to this, the user also has to specify the number of maximum cells
in the grid. This step unfortunately is needed to calculate the amount of memory needed by RADMC-3D.

In Section 4.1.2, I will discuss and illustrate the difference of these two strategies of grid refinement

for a spherical symmetric clump.

Coordinate system

We use a positively right-handed cartesian coordinate system. This means that the x-axis points west on
the sky, the y-axis points to the north and the z-axis points towards the observer. The origin of this system

is located at the center of the model.

Radiative transfer simulations

As mentioned in the previous section the main aim of PANDORA is to provide an easy to use modeling
framework that combines all steps of modeling. So it avoids to re-invent the wheel over and over again
and instead incorporates many already available astronomical software. However in order to avoid just
using these software packages as a black-box, I will explain their main features and behind-the-hook
capabilities. Many of these programs have very extensive manuals and references to these are given in the

subsequent subsections.

RADMC-3D

RADMC-3D is a three-dimensional radiative transfer program developed by Cornelis Dullemond in
Heidelberg (Dullemond 2012)”. It is the successor of the one and two dimensional RADMC code.

Compared to RADMC, RADMC-3D is a new code implementation and offers many advanced capabilities.

It takes heating sources into consideration and based on this calculates the dust temperature self-
consistently. It allows to run continuum and line modeling. RADMC-3D is written in Fortran90 and
allows the user to setup their own models in a non-invasive way, i.e. via a separate subroutine. PANDORA
employs this option as it is the only way to use the adaptive mesh refinement (AMR) module routines
provided by RADMC-3D. Furthermore setting up a model internally is more efficient since it is not

required to read in from large input files. This allows to quickly build large models.

Unless explicitly stated differently, all models presented in this thesis have been recomputed with
RADMC-3D version 0.39.

LIME

LIME is a three-dimensional radiative transfer program developed by Christian Brinch and since 2015 by
the LIME development team (Brinch & Hogerheijde 2010). It is available on github'". LIME is able to

http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
10https://github.com/lime-rt/lime
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take any three-dimensional density distribution, temperature and velocity field (based on a Delaunay grid)

and calculates molecular radiative processed.

Post-processing

To compare the synthetic maps with observations, telescope-dependent post-processing is necessary. This
means, that in the case of single-dish observations the synthetic map needs to be (at least) convolved
with the beam of the telescope. If the telescope is known to have, e.g. a non-negligible error beam, then
ideally this should be included as well. The latter, PANDORA is currently not able to handle automatically.
PANDORA can also deal with interferometric observations. We fold the simulated maps with the uv-
coverage of the observation. The imaging is then performed for both maps (synthetic and observed) with
the same imaging parameters.For that first uv-filtering is performed. Final maps are then produced for the

respective telescopes at various wavelengths in intensity units (Jy/beam).

Miriad
For both cases, I employ the data reduction package MIRIAD (Sault et al. 1995). This is a radio
interferometry data-reduction package developed for several interferometers (e.g. SMA). It provides a

plethora of tasks to calibrate raw telescope data, image and analyze the data. PANDORA makes use of the

imaging capabilities.

Model optimization and evaluation

Three-dimensional modeling intrinsically has many free parameters. The density structure and velocity
field of a single core is described by 13 parameters. HII regions are defined by 5 parameters. This can

quickly amount to hundreds of free parameters, many of them degenerate.

Concerning the position along the line-of-sight we unfortunately only have limited constraints available
for certain sources to fix the three-dimensional structure on all scales. For optically thin radiation, there is
no information on the line-of-sight structure. Optically thick radiation comes from a photospheric surface
where the opacity exceeds unity. Thus, maps from different wavelengths, with different opacities tracing
different radii, can give some constraints on the relative positions of sources along the line-of-sight, but in
general it is not possible to fix the absolute positions along the line-of-sight. The more observational data

is available the better the full three-dimensional structure could be deduced.

Exploring the complete parameter space of all remaining free parameters is prohibitive in terms of
computing time. Thus, PANDORA uses a hybrid approach to constrain all parameters. First, a good guess
is derived by varying parameters by hand, and judging the quality visually (x2-by-eye). This will enable
the user to fix certain parameters, e.g. the exponent of the density profile, the presence of stellar heating
source/star clusters and the displacement in right ascension and declination. PANDORA then employes the
model optimizer MAGIX (Moller et al. 2013) to iteratively search for the best solution, i.e. the parameter

set with the lowest reduced x? value. However, this is currently only set up for continuum data.
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3.9 Error estimation

Magix

MAGIX is a model optimizer software developed by Th. Mdéller and the CATS team (Moller et al. 2013).
It functions as a wrapper around existing codes and contains an iterating engine to automatically minimize
deviations of a model result from available observational data. Thus is allows to explore the parameter
space and aims at finding the set of parameter values that best fits observational data. In addition it also

provides an error estimate (see Section 3.9).

Error estimation

This section is in here for the sake of completeness. The current routine does not yet include any error
estimation. Two parts would need a separate error estimation algorithm. (i) The radiative transfer codes
employed should provide an error estimate of the model in order to determine the quality of their results
and (ii) the optimization routine, i.e. varying different parameters to find a suitable match, also need to

provide an error estimate.

The second part is in principle provided by MAGIX. To perform a proper error estimation, the
parameter space needs to be exploited sufficiently, requiring many function calls. But the employed
algorithm for this task is limited to single-core processing which makes it rather inefficient, especially if a
single function call is already time-consuming. Thus the employed algorithm for this task is currently

under revision and subject to improvement.

Visualization

For user convenience, PANDORA also includes the visualization of the results. It plots continuum maps
along their observational counterparts and includes a user specified comparison of both maps (simple
difference map, fidelity map). It can also extract flux densities from continuum maps and plot the SED.
This is possible for maps convolved with a fixed beamsize and maps convolved with a fixed telescope
dish diameter. It extracts spectra at all given positions and plots them together with the observational data.

Spectra from other directories can be included for comparison reasons.
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To check and verify that the framework produced proper results, I have set up a few test cases. The
simplest one is a spherical symmetric clump (Section 4.1). This will be followed by some tests regarding
the model for Sgr B2 (Section 4.2).

Single spherical symmetric dust core

Model setup

The model consists of a single spherical symmetric core located at the center of the grid. The heating
is provided by a single star of spectral type O8. The grid is kept small to ensure a quick computation
time. For example the computation of the dust temperature should only take a few minutes. The model

parameters are summarized in Table 4.1

Results
Grid refinement

Computationally, the corner-facet gradient refinement is expected to be fast, as it only probes 14 density
gradients per cell. But probing only 14 different directions might cause the grid to miss density gradients.
The spherical gradient refinement thus probes randomly up N points on the surface of the sphere. N is

determined by the surface area of the sphere normalized by the minimum cell size and the density gradient.
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Table 4.1: Summary of the model parameters for the spherical symmetric clump test

case.
parameter notation value
density structure
central density T, 10°H, cm 3
radius r 2000 au
exponent il 2.5
heating
central heating source ZAMS-type 08
stellar parameter reference Vacca et al. (1996)
star cluster none
grid setup
number initial cells 11
grid size 0.2pc
minimum cell size 50au
maximum density difference 10 %
number photon packages 107
molecular setup
molecule HCO™*
transition 5-4
abundance X 1077
microturbulence fwhm 5.0km/s
data cube setup
number of pixels 47
pixel size 0.1"
number of channels 201
channel width 0.2 km/s
velocity fields
source velocity Vg 0.0 and 20.0km s~ !
velocity component along the line-of-sight Vv, 0.0 and 5.0km s~!
radial velocity v, -4.0,0.0and 4.0km s~ !
RADMC-3D to LIME method direct
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If the gradient is weak, the refinement is very slow.

2
N = §7'L' < Xeell ) “4.1)

4 Xmin Mgrad

In this spherical symmetric test case, modifying the refinement routine caused a significant save of
grid cells. The corner-facet gradient refinement generates a grid that consists of 621720 cells. It took
about one minute to generate this grid. On the other hand the spherical gradient refinement generates a
grid that consists of only 122025 cells. This is a factor of 5.1 less cells in the spherical refinement. But it
took about 30 minutes to generate the grid. The saving in terms of total number of grid cells is due to
the corner-facet gradient refinement probing the same density gradient threshold over different length
scales as opposed to the spherical gradient refinement, which is probing the density gradient over the
same (shorter) scale length. As can be seen from Fig. 4.1, the corner-facet methods generates a multi-pole

like grid structure, whereas the spherical method results as expected in a spherical grid structure.

As already indicated, both methods have their advantages and disadvantages. The corner-facet gradient
refinement produces more cells, thus needing more memory. But is saves computational time during the
generation process. So if memory is not a problem and the density is still being iterated on, this grid
refinement routine might be the better choice. The spherical gradient refinement on the other hand takes
more time to generate the grid, but it uses less cells and is thus lighter on the memory. So if the density

structure is already fixed and the user works on fitting molecular lines, this refinement might be the choice.

Mass distribution

To verify that the density profile is calculated properly, I plot the density profile from the model together
with the analytical solution (see Fig. 4.2). Furthermore, I calculate the cumulative mass and plot the dust

temperature. The model setup works as expected.

Velocity field

The next thing to test is the setup of the velocity field. In addition, I want to verify that RADMC-3D and
LIME produce the same results. The source velocity v, was set to either 0.0 km/s (see Fig. 4.3), and to
20.0km/s (see Fig. 4.4). I expect the spectral lines to be centered on this velocity but otherwise remain

unchanged.

For each source velocity I set the velocity of the core component to either 0.0 km/s (see top row in
Figs. 4.3 and 4.4), and to 5.0 km/s (see bottom row in Figs. 4.3 and 4.4). By setting the velocity component
along the line-of-sight of the core to 5 km/s, I expect the spectral line to be shifted by 5 km/s, relative to
the source velocity.

For each source velocity and each velocity component along the line-of-sight, I set the radial velocity
component to either -4.0 km/s (see left column in Figs. 4.3 and 4.4), 0.0km/s (see middle column in
Figs. 4.3 and 4.4), and to 4.0 km/s (see right column in Figs. 4.3 and 4.4). The line profile should now show

different asymmetries. A negative radial velocity represents infall motion and results in a blue-shifted
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Figure 4.1: Examples of different refinement strategies. Left: Refinement according to density gradient
between cell center and corners/facets. Right: Refinement according to density gradient between cell
center and point on surface of a sphere that has the diameter of the cell. Top row: Displayed is the z=0
plane. Middle row: Displayed is the entire cube where the (+, +, +)-octant is cut out and the upper half is
visualized using a wireframe structure. Bottom row: Displayed is the dust density distribution. This is a

zoomed-in view.
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Figure 4.2: Spherical symmetric core. Top left: Density distribution. Top right: Cumulative dust mass.

Bottom: Calculated dust temperature.



4.2

Chapter 4. Test cases

asymmetry, i.e. the blue peak is stronger than the red peak. A positive radial velocity represents expansion

motion and results in a red-shifted asymmetry.

As can be seen from all spectra (Figs. 4.3 and 4.4), the shapes of the spectral lines are predicted as

expected. The comparison of the spectral lines produced by RADMC-3D and LIME are in good agreement.
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Figure 4.3: Comparison of spectra for a spherical symmetric core with different setups of the velocity
field. The source velocity is set to 0 km/s. First row: Velocity of the core along the line-of-sight (v,) equals
0 km/s. Bottom row: Velocity of the core along the line-of-sight (v,) equals 5 km/s. From left to right: The
radial velocity of the core varies between -4 km/s, 0 km/s, and 4 km/s, respectively. The source velocity is

indicated by the vertical dotted green line.

Towards modeling Sagittarius B2

Ultimately, I want use PANDORA to model the high-mass star forming region Sgr B2 (see Section 4.2.3).
Sgr B2 is a molecular cloud containing a plethora of HII regions, and exhibiting a complex dust distribution.
reproduced by a superposition of many HII regions and dense cores. To verify that the choice of grid

parameters was okay, I’ve performed several tests, which I will summarize here.

I have tested the influence of the parameters influencing the grid refinement and the dust temperature
calculation. These parameters are the grid refinement gradient €, the number of photon packages, and the

modified random walk method.
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Figure 4.4: Same as Fig. 4.3 but for a source velocity of 20 km/s.

Grid refinement

Figure 4.5 shows the influence of different gradients €, 10 % and 5 %, on the column density. The 10 %
gradient model generated a grid of ~ 68 million cells, while the 5 % generated a grid with ~ 100 million
cells. When comparing the maps it becomes obvious that both gradients sample the density distribution
equally well. Naturally, the 5 % model produces a smoother dust column density map, especially in the

column density range of 3—5x10° H cm 2.

Dust temperature

Figure 4.6 shows the influence of different gradients, number of photon packages, and the MRW method
being turned on or off, on the dust temperature calculation. As a rule of thumb, the more the density
gradient is decreased, i.e. the more accurately one samples the density structure, the mode photon packages
should be employed to calculate the dust temperature. The difference introduced by using the MRW is on
the order of a few Kelvin at most.

Comparison of 45 pc and 3 pc grid

The model of Sgr B2 covers spatial scales up to 45 pc. As we will see in Chapter 6, the smallest structures
we need to recover with the model are 100 au. These are four orders of magnitude in spatial scales. The

resulting cube contains more then 60 million cells. When doing spectral line radiative transfer, this will
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Figure 4.5: Column density map of 45 pc cube for two different density gradients € of 10 % (left) and 5 %
(right).

require a lot of memory. However, certain molecular lines are only excited in the hottest and densest
regions. But due to the AMR refinement, we cannot simply cutout a sub-cube from the full cube. As a
first approach, we simply generated a new grid with the smaller cube size of 3 pc. This encompasses all of
the high-mass stars and most of the distributed low- and intermediate mass stars as well as the hot cores.
So the heating on small scales should only be little affected.

Temperature maps

In Fig. 4.8 the dust temperature maps for density gradients of 10 % is displayed. These maps show that
the average dust temperature in a 3 pc box along the line-of-sight varies by at most + 3 K.
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Figure 4.6: Dust temperature maps of the 45 pc cube. 107 photon packages where used during calculation.
Top row: Density gradient € set to 10 %. Bottom row: Density gradient € set to 5 %. Left column: The
MRW method was employed. Right column: The MRW method was switched off.
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Figure 4.7: Same as Fig. 4.6, but using 10° photon packages.
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Figure 4.8: Dust temperature comparison between the 45 pc cube (left column, same maps as shown in
the top row of Figs. 4.6 and 4.7) and the 3 pc cube (middle column) for a density gradient of 10 %. The
difference is plotted in the right column. Again, the number of photon packages has been varied and the

modified random walk has been turned on and off.
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5.1

5. Observational data and data reduction

This chapter is based on Schmiedeke et al. (2016, sec. 2).

Multiwavelength, multiscale data is crucial to properly constrain the structure of Sgr B2. Towards
the hot cores Sgr B2(N) and Sgr B2(M), the Herschel / HIFI spectral surveys provide the continuum
information from the sub-mm up to the far-infrared regime (Section 5.1). High-resolution interferometric
maps towards both hot cores obtained with the Submillimeter Array (SMA) and the Very Large Array
(VLA) provide the necessary spatial resolution on small scales (Sections 5.2 and 5.3). To cover the
large-scale structure, we use dust continuum maps obtained within the surveys ATLASGAL and HiGAL,
described in detail below (Sections 5.4 and 5.5). A summary of the data employed in this thesis is
presented in Table 5.1. Figure 5.1 provides an overview of the employed datasets and the spatial scales

they cover.

Herschel / HIFI

Within the Herschel / HIFI guaranteed time key project HEXOS (Herschel / HIFI observations of
EXtraOrdinary Sources; Bergin et al. 2010) full line surveys of Sgr B2(N) towards o(jp000 = 17"47™19.88°,
6]2()()0 = —28°22'18.4" and Sgr B2(M) towards XJ2000 = 17h47m20‘355’ 5]2()()0 = -2802313.0//, covering
the frequency ranges of 480 — 1250 GHz and 1410 — 1910 GHz have been obtained. The corresponding
half-power beam widths of these observations are 44.9 — 17.2" and 15.3 — 11.3”, respectively.

The calibration of the data has been performed using HIPE version 10.0 (Roelfsema et al. 2012).
The resulting double-sideband (DSB) spectra were then reduced using the GILDAS CLASS' package.

Uhttp://www.iram.fr/IRAMFR/GILDAS
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Table 5.1: Summary of observational data used to determine the physical structure.

center coordinates | map
Telescope v A resolution | RA, DEC (J2000) | size ?| incl. sources
[GHz] (um] ["1 ] [17:47:s, -28:m:s] ("]
large-scale
VLA 23.1 13000 0.27 x 0.23 1| 20.166, 23:04.76 143 Sgr B2
APEX 2 345 870 19.2 19.943,23:01.62 | 11003 Sgr B2
Herschel 4 600 500 42.5 19.639, 22:57.77 | 11003 Sgr B2
857 350 30.3 19.791, 22:59.68 | 11003 Sgr B2
1200 250 23.4 19.939, 23:01.64 | 11003 Sgr B2
Herschel ° 4283 70 10.4 20.046, 23:02.89 | 11003 Sgr B2
small-scale
VLA 40.8 7000 0.15 % 0.10© 19.902, 22:17.8 24 Sgr B2(N)
0.15 x 0.10© 20.202, 23:05.3 Sgr B2(M)
40.8 7000 | 0.049 x 0.079 7 20.115 23:04.0 10 Sgr B2(M)
SMA 342 874 0.37 x 0.228 19.883, 23:18.4 16 Sgr B2(N)
0.37 x 0.228 20.158, 23:05.0 Sgr B2(M)
single
pointing
Herschel ° 480 — 1250 | 625240 449 -17.2 19.88, 22:18.4 — Sgr B2(N)
20.35, 23:03.0 — Sgr B2(M)
1410 - 1910 | 213 - 157 153-11.3 19.88, 22:18.4 — Sgr B2(N)
20.35, 23:03.0 — Sgr B2(M)

4 All maps are square maps, SO X = .
! The VLA was in the DnCnBnA hybrid array configuration.
2 LABOCA instrument. This map has been combined with the Planck map.

3 The coverage of these maps is beyond the extent of Sgr B2. We have thus extracted cutouts.
4 SPIRE instrument.
> PACS instrument.

® The VLA was in the BnA hybrid array configuration.

7 The VLA was in the A array configuration.

8 The SMA was in the compact and in the very extended array configuration. Both data sets have been
combined.

9 HIFI instrument.
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Figure 5.1: Covered spatial scales versus frequency of the different data employed in this study.

The basic data reduction steps included removal of spurious features or otherwise unusable parts of
the spectra. The continuum emission was subtracted from the DSB scans by mostly zero-th, first- or
more rarely second-degree polynomial fitting. The continuum-subtracted DSB data were deconvolved
(sideband separation through pure x> minimization; Comito & Schilke 2002) to provide an equivalent
single-sideband (SSB) spectrum for each HIFI band.

Since a single full HIFI line survey is actually made up of 14 independent line surveys with seven
different local oscillators (HIFI LO bands 1a through 7b), inconsistencies in the continuum level between
HIFI bands were expected and indeed observed. A linear least squares fit of the subtracted continuum
values as a function of local oscillator (LO) frequency provided a reliable — because unaffected by
spectral features — parametrization of the continuum variation across each HIFI band, which was then

folded back into each continuum-subtracted SSB spectrum.

The overall continuum was then rendered self-consistent in two steps. First, to achieve a zero-
continuum level for the observed saturated absorption features, an additive factor was applied to each
band. This is based on the absorption of molecules with a high dipole moment. These molecules are
located in foreground, i.e. low density, clouds along the line-of-sight towards Sgr B2. Thus they will have
a very low excitation temperature. Second, to achieve consistent continuum values in overlapping regions

between the bands, a multiplicative factor was apllied.
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For Sgr B2(N), the additive factors range between -1.08 and 0.48 K, with a median of 0.05 K; the
multiplicative factors range between 0.82 and 1.42, with a median of 1.00. For Sgr B2(M), the additive
factors range between -0.87 and +0.34 K, with a median of 0.28 K; the multiplicative factors range between
0.86 and 1.42, with a median of 1.03.

Submillimeter Array (SMA)

High resolution, interferometric maps have been obtained towards Sgr B2(N) and (M) at 345 GHz using
the SMA in two array configurations, the compact configuration and the very extended configuration. The
observations were performed on June 11, 2010 using seven antennas and on July 11, 2010 using eight
antennas. The phase tracking centers were oyooo = 17"47™19.883%, 552000 = —28°22'18.4” for Sgr B2(N)
and ayano0 = 17"47™20.158%, 850000 = —28°23'5.0” for Sgr B2(M). The data reduction and continuum
results are described in detail in Qin et al. (2011). They estimate the absolute flux scale to be accurate to
within 20%. Both sources were observed in double-sideband mode, and covered rest frequencies from
342.2 to 346.2 GHz and from 354.2 to 358.2 GHz. The line-free channels have been used to reconstruct
the continuum image. I have re-imaged the continuum maps with almost uniform weighting, resulting in a
beam of 0.37” x 0.22", position angle (hereafter: PA) = 17.8 ° with a rms of ~ 26 mJy/beam.

Very Large Array (VLA)

To constrain the location and physical parameters of the HII regions in Sgr B2, I use several different data
sets obtained with the VLA.

Gaume et al. (1995) map at 1.3 cm covering Sgr B2

Gaume et al. (1995) observed Sgr B2 with the VLA in three configurations, BnA, CnB, and DnC, between
February 1989 and October 1989 (project AG0287). The central pointing position is ayagoo = 17"47™20.166°,
d12000 = —28°23’4.76". The data set and its calibration is described in detail in Gaume et al. (1995). I use
an image of the combined DnCnBnA data, resulting in a beam of 0.27” x 0.23” (HPBW), PA =70°,
with an rms of ~ 0.38 mJy/beam.

Rolffs et al. (2011a) maps at 7 mm covering Sgr B2(N) and Sgr B2(M)

Sgr B2 has been observed with the VLA in the BnA hybrid configuration at 40.7669 GHz, corresponding to
7.5 mm (project AR687). The phase tracking centers were &jog00 = 17"47™19.902%, 812000 = —28°22'17.8"
for Sgr B2(N) and o(yp000 = 17147™20.202°, 852000= —28°23'5.3” for Sgr B2(M). Sgr B2(M) was observed
on 2009 January 31, and Sgr B2(N) on February 1. The data set and its calibration is described in detail in
Rolffs et al. (2011a). The continuum was fitted using line-free channels. I have re-imaged the continuum
map with almost uniform weighting, resulting in a beam of 0.15” x 0.10” (HPBW), PA = 52.8°, with a

rms of ~ 0.9 mJy/beam.
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5.3.3 De Pree et al. (1998) map at 7 mm covering Sgr B2(M)

5.4

5.5

De Pree et al. (1998) observed Sgr B2(M) with the VLA using the A configuration on 1996 December
12, and 1997 January 17 (project AF0302). The central pointing position is ogp000 = 17747™20.115°,
812000 = —28°234.02”. The data set and its calibration is described in detail in De Pree et al. (1998).
The image we used has a spatial resolution of 0.049” x 0.079” (HPBW), PA = 11°, with a rms of ~
0.5 mJy/beam.

APEX / ATLASGAL project

The APEX Telescope Large Area Survey of the Galaxy (ATLASGAL), presented in Schuller et al. (2009),
covers the full inner Galactic Plane at 870 um with a resolution of 19.2” and a rms below 70 mJy/beam.
Using the on-the-fly mapping technique, each position of the inner Galatic plane has been mapped twice
with different scanning directions to avoid striping. The pointing accuracy is of the order of 4” and the
flux calibration uncertainty is lower than 15 %. A detailed description of the data reduction is given in
Csengeri et al. (2014). The maps were recently cross-calibrated using the data of the Planck mission and
the large-scale structure that is filtered out during the processing of the LABOCA data has been added
back into the map (Csengeri et al. 2016). I use this improved map in the following study.

Herschel / HIGAL project

The Herschel Infrared Galactic Plane Survey (Hi-GAL) presented in Molinari et al. (2010b), provides pho-
tometric mid-IR observations at 70 pm and 160 pm using the Photodetector Array Camera & Spectrometer
(PACS), Poglitsch et al. (2010), and sub-millimeter observations at 250 wm, 350 pwm, and 500 um using
the Spectral and Photometric Imaging Receiver (SPIRE), Griffin et al. (2010). Sgr B2 was observed as
part of the Field O observations covering the Galactic Center (OD 481; obsids 1342204102, 1342204103).
The observations were carried out in PACS/SPIRE parallel mode with a fast scanning speed of 60" s~!.
The data reduction is described in detail in Traficante et al. (2011). This dataset was cross-calibrated using
the data of the Planck mission on the long-wavelength side and the data from the IRAS mission on the
short wavelength side. The angular resolutions at the five wavelengths, listed by increasing wavelength,
are 10.4"”,13.6”,23.4",30.3"”, and 42.5" (Traficante et al. 2011). I note that the 160 um PACS map is
saturated towards Sgr B2(M) and N and is thus not used in our study.






This chapter is based on Schmiedeke et al. (2016, sec. 4).

Within the scope of this thesis, I focus the analysis on the regions for which a wealth of data is
available, namely Sgr B2(N), Sgr B2(M), and partly Sgr B2(S). I included Sgr B2(NE) and Sgr B2(deepS)

in the model. However, I did not attempt to fit these components, since the available dataset is scarce.

I want to recover the large dynamic range in spatial resolution from 38 pc, i.e. the diameter of the
envelope (Scoville et al. 1975, corrected for distance) down to 100 au (small scale structure around the
hot cores and HII regions). If I would attempt this with a cartesian grid, 800 billion cells would be
required. This is not only computationally unfeasible but also unnecessary in regions, where e.g the
density distribution is flat. I am employing the AMR technique to efficiently sample Sgr B2. Based on the
given density structure, the grid is refined to level 13, i.e. at least one initial cell has been refined 13 times.
This results in a minimum cell size of 100 au and in total ~68 million final cells. See Section 3.5 for more

information.

First I will explain the constrained electron and ion density based on the distribution of HII regions
(Section 6.1). Then I will describe the determination of the large- and small-scale density structure
(Section 6.2). This is followed by a description of the stellar clusters (Section 6.3). In Section 6.4 1
will analyze and interpret the obtained model structure. This includes a discussion of the star formation
efficiency (Section 6.4.1), the column density (Section 6.4.2), modified blackbody fitting (Section 6.4.3),

and the influence of the convolution beamsize on the dust opacity (Section 6.4.4)
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Figure 6.1: Part of the 1.3 cm map from Gaume et al. (1995) covering Sgr B2(N). The circles indicate the

extent of the HII regions.

Electron and ion density

There are more than 70 HII regions detected in Sgr B2 (Mehringer et al. 1993; Gaume et al. 1995; De Pree
et al. 1998). I obtained the high-resolution interferometric maps presented in Gaume et al. (1995) and

De Pree et al. (1998) and performed the following analysis steps.

H11 regions come in many different shapes, which makes them hard to fit with Gaussians. So in order
to match them as best as possible with spheres, I masked everything below three times the rms in the
continuum maps and by eye inspection adjusted circles to enclose the observed HII regions (see Figs. 6.1
and 6.2). I then integrated the enclosed flux and assuming optical thin emission and a homogeneous,
non-expanding HIT region, I calculated the number electron density ne, the emission measure EM, and the

number of ionizing photons N; using the following formulas.

0.35 0.1 -2
EM N oo (B (L (L) Shourse , 6.1)
pc cm ¢ Jy K GHz arcsec
05 0.175 -15 —05
n F, T, v 005 /9 D
e _ 57 100 (v 1e source el )
(cm*3> 57610 <Jy> (K) (GHz> <arcsec) <pc) ’ 62)

N, R\ (T "/ v \01/D\?
— ) =477 x10% x (2 ) (£ perr — :
(S“) rn X<J}’> <K> (GHZ) <p0> ’ ©

where Fy is the flux density of the HII region, T; is the electron temperature, v is the frequency, D is the

distance to the source, and Ogoyrce 1S the angular diameter of the HIT region. A derivation of these formulas
can be found in the appendix A.1l.
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Figure 6.2: Left: Part of the 1.3 cm map from Gaume et al. (1995) covering Sgr B2(M). The circles
indicate the extent of the HII regions. The blue box indicates the extent of the map shown on the right.
Right: High resolution 7 mm map from De Pree et al. (1998) covering the F-cluster of HII regions in Sgr
B2(M).

As the main goal is to model the dust emission, I need to derive the free-free contribution from the
Hi1 regions. Hence I did not aim at a very sophisticated model of the HII regions. To improve the model

of HII regions, I would have to consider different geometries and a (non-constant) density structure.

The HII regions detected by Mehringer et al. (1993) were included according to the parameters stated
therein. However, Mehringer et al. (1993) assumed a source distance of 7.5 kpc. I have thus re-calculated
the radii and the parameters stated above for a distance of 8.5 kpc. All parameters, including the radii and

the precessed coordinates, are listed in Table C.1.

Dust density distribution

Large-scale structure

To recover the large scale structure of the envelope, as visible in the ATLASGAL and Hi-GAL inten-
sity maps, I superimpose many density components having profiles with varying exponents (see Sect.
Section 3.2.1). While fitting the large-scale dust continuum maps, I noted the following problem. For
a model where the density profile for each component is spherically symmetric and all components
are located in the z=0 plane (Model A), the 70 um intensity was always overestimated and the 870 um
intensity was underestimated, especially for the two cores Sgr B2(N) and Sgr B2(M). By moving Sgr
B2(N) along the line of sight behind the plane containing Sgr B2(M) as suggested by e.g. Goldsmith et al.
(1990) (Model B), the emission from Sgr B2(N) gets attenuated by the envelope of Sgr B2(M) and an

improved fit is possible. However, the general trend of the overestimation of the intensity at 70 pm and
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underestimation of the intensity at 870 um remains, especially for Sgr B2(M). This is a sign of the dust
column density being underestimated and the luminosity being overestimated. In a first approach, I have
reduced this effect by assuming that the envelopes of both, Sgr B2(N) and Sgr B2(M) are elongated along
the line-of-sight, i.e. they basically look like a cigar (Model C). I achieve an improved fit by increasing
the radii along the line-of-sight by factors of 1.4 and 2.3 for Sgr B2(N) and Sgr B2(M), respectively. At
70 wm the dust becomes optically thick. So by increasing the dust column density along the line-of-sight,
the contribution from the stars gets hidden. On the other hand, this approach increases the intensity at
870 um, because it increases the total dust column density, which is proportional to the intensity of the
optically thin 870 um emission. Another solution would be to decrease the luminosity. The luminosity
was calculated assuming a single ionized star in each HII region. However, besides the Lyman continuum
emission from the early-type star, additional UV photons could be emitted from accretion shocks in the
stellar neighborhood (Cesaroni et al. 2016, submitted) which would lead to assigning an earlier spectral
type and thus overestimating the total luminosity. To test this possibility, I have multiplied the luminosity
by an arbitrary factor of 0.5 (Model D). While doing so, I needed to increase the density to preserve the
870 um fluxes. In this approach, there was no need for the elongated envelope, except for Sgr B2(M),
where the envelope is still slightly elongated. However, the observational and theoretical evidence of this
Lyman continuum overluminosity seems to be mainly given for B-type stars (Sdnchez-Monge et al. 2013;
M. D. Smith 2014). Thus it is unclear if O-type stars exhibit the same behavior. Furthermore, the effect of
dust inside the HII regions has not been assessed. This will be part of future work.

The total number of components in all four models has been kept fixed. All parameters of each
component are listed in Table Table C.3. To facilitate the comparison of these different models, I have
produced cuts of the intensity along the reversed right ascension axis at the constant declination of the
components Sgr B2(NE), (N), (M) and (S). These cuts are shown in Fig. 6.3. These different models show
that there is a degeneracy between the dust density, luminosity and the relative location of the different
dust density centers and star clusters along the line of sight. So in summary Model A overestimates the
70 um intensity for both, Sgr B2(N) and Sgr B2(M) while underestimating the intensity for both regions
at 870 wum. Model B only improves the discrepancy for Sgr B2(N), but still gives a bad fit for Sgr B2(M).
These two models are thus clearly unfavorable to proceed the analysis with them. Model D provides an
improved fit, however it remains unclear to which degree the luminosity could be adjusted. I thus choose
to use Model C for the following analysis, since it provides a reasonably good fit for Sgr B2(N) and Sgr

B2(M) without assuming any modification of the luminosity.

The resulting large-scale single-dish maps of all four models are shown in Figs. 6.4 to 6.7. The first
row shows the observed maps, the second row the synthetic maps and the third row is a simple difference
map between the observed data and synthetics maps. In the observed maps, the two hot cores Sgr B2(N)
and (M) are clearly visible. The extensions to the north-east, i.e. Sgr B2(NE), and the one to the south,
1.e. Sgr B2(S), are also distinguishable. In both the observed and the synthetic maps, the intensity of
Sgr B2(M) is stronger than Sgr B2(N) except for 870 um where the opposite is the case. So the model
reproduces the general behavior, but is currently incapable to reproduce the absolute intensities. Especially
in Sgr B2(M), the model underestimates the flux at 870 um and slightly overestimates the flux at 70 pm.
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Figure 6.8: Example of the fitted intensity profiles, / o< r—#, of Sgr B2(N), (M), and (S) for the wavelengths
of 870 um.

The observed maps and the intensity cuts (see Figs. 6.3 to 6.7) furthermore show a clear asymmetry,
i.e. the profile of the continuum emission has at all wavelengths a slope that is steeper on the east side of
the peak than on the west side. To quantify the difference of these slopes, I have fitted the intensity profiles,
I o< r7 P, of Sgr B2(N), Sgr B2(M) and Sgr B2(S) for the wavelengths 870, 500, 350, and 250 pm. An
example of such a fit is displayed in Fig. 6.8 for Sgr B2(N), (M) and (S) based on the 870 um ATLASGAL
map.

For the east side of the peak, I obtain an averaged exponent p of 1.0 and for the west side of the peak
I obtain an averaged exponent p of 0.4. Looking at the slopes of the individual sources, I find that the
steepness of the west side of the peak remains unchanged with declination, whereas the steepness of the
east side of the peak changes significantly with declination. For Sgr B2(N) and Sgr B2(M), the slope
p is on average 1.2, whereas it is 0.7 for Sgr B2(S). This asymmetry is impossible to account for using
a single spherically symmetric component. If the slope of the intensity profile, i.e. the column density
distribution, is p, then the slope of the density profile should be p + 1(=m). So based on the fitting of the
intensity profile, the east wing should have a density exponent of 1 ~ 2.0 and the west wing should have a
density exponent of 1 ~ 1.4.
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Figure 6.9: Interferometric maps of Sgr B2(N). Top row: SMA dust continuum map at 870 um (i.e.
345 GHz). Bottom row: VLA free-free continuum map at 7 mm (i.e. 40 GHz). Left column: Observations.
Middle column: Synthetic maps. Right column: Difference plot. The field of view is the same for both
rows. The green pluses denote the center of the HIT regions and the black circles denote the center of the

density cores.

In the model, I am able to approximate the asymmetry by using a superposition of two components
with different exponents for each clump. The east wing is fitted with a density profile having an exponent
of 1 =2.5, whereas the west wing is fitted with a density profile having a lower exponent of 1 = 1.8. These
exponents are in good agreement with the ones derived from the intensity profile fitting mentioned above.
This clearly shows that the assumption of spherically symmetric clumps as basis limits the modeling
effort.

In addition, it is noticeable that the peak of the intensity profiles is shifted to the west in the 870 um
ATLASGAL maps compared to all Hi-GAL maps by = 0.2 pc, corresponding to ~ 5”. But since this is
well within the relative pointing error of the ATLASGAL map (pointing accuracy ~4") and the Hi-GAL

maps (pointing accuracy ~1"), I do not attempt to reproduce this shifting of the peak with the model.



Chapter 6. Physical structure

Flux (Jy/beam) Flux (Jy/beam) Flux (Jy/beam)
00 03 06 09 12 15 18 21 24 00 03 06 09 12 15 18 21 24 —045 —030 —0.15 0.00 015 030 045 0.60
Difference: Data - Model
—28°23/02.0"
I
. 04.0" ~-‘*.
8 i \ |
q +
o
8 6.0 |
06.
-
08.0"
( 0.1pc
20400 20200 1747720000 20400 20200 1747720000 20.40° 20.20° 1747720.00°
RA (J2000) RA (J2000) RA (J2000)
Flux (Jy/beam) Flux (Jy/beam) Flux (Jy/beam
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09  0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 —0.045—0.030—0.015 0.000 0.015 0.030 0.045 0.060
[
Difference: Data - Model
—28°23/02.0"
. 04.0” "
§ i Le
Y
=
[+
j)
a 06.0”
03.0"
. 0.1 pc
20400 20200 174720000 2040020200 17M47"20.00° 20.40° 20.20° 1747720.00°
RA (J2000) RA (J2000) RA (J2000)

Figure 6.10: Same as Fig. 6.9 for Sgr B2(M).

6.2.2 Small-scale structure

The interferometric maps cover spatial scales up to ~ 0.25pc. I refer to these spacial scales as the
small-scale structure. The resulting maps are shown in Fig. 6.9 for Sgr B2(N) and in Fig. 6.10 for Sgr
B2(M). In addition to the intensity maps at different wavelengths, I also show the physical setup of
Sgr B2(M) in Fig. 6.11. In this figure, three density isocontours colored using the dust temperature are
visualized. To allow a view inside the model, it is cut open along the (x, y, 0)-plane. The bubbles visible
there are the HII regions that contain no dust. Their dust surface however gets heated by the UV radiation

field from the embedded young stellar object. Dust temperatures as high as 600 K are reached.

For the dust cores I find, similar to Qin et al. (2011, for Sgr B2(N)) and Rolffs et al. (2011b, for the
hot molecular core G10.47+0.03), a Plummer exponent of 1 = 5.0 reproducing the small-scale density
structure well. For a comparison, Ie plot the observed and synthetic azimuthally averaged radial profile of
each component in Fig. 6.12. The parameters of all dust cores are listed in Table C.2. For some of the
dust cores, I had to include an internal heating source by placing B-type stars at the center of the core.
These could be e.g. stars that do (not yet) show signs of an HII region. This is also documented in the
above mentioned Table C.2. I also had to shift a few of the many HII regions in Sgr B2(M) behind the
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Figure 6.11: Impression of the 3d view of the dust density distribution in Sgr B2(M). Three density
isocontours are presented, i.e. at densities of 107!, 1078, and 107!° g cm 3. They are colored using
the dust temperature. The model is cut open at the model center to allow a view inside. The bubbles are
the empty half-shells of the distributed HII regions, which are free of dust. The dust on the surface of
these HII regions is heated by the UV radiation field from the young stellar object embedded in the HII
region. This dust is thus very hot, exceeding dust temperatures of 600 K (dark red spots). Visible here are
mainly the HII regions detected by De Pree et al. (1998, Fla — F4d).

dust components to produce a good fit. Please note that at frequencies higher than 100 GHz only one high
resolution dataset is available in this modeling procedure. Thus the resulting density distribution is only
one possible solution. Other density distributions, e.g. dust cores with a lower exponent and a smaller

radius, might yield similar good fits.

However, when comparing Sgr B2(M) and Sgr B2(N) a clear difference is immediately noticeable.
Sgr B2(M) appears to be more fragmented compared to Sgr B2(N), which appears rather monolithic. This
has already been noticed by Qin et al. (2011). The model presented here allows, however, to quantify this
difference further. I will do this especially in Section 6.4.1.
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Figure 6.12: Radial profiles of the averaged intensity of the small-scale SMA structure around the position
of the small-scale density components listed in Table C.2. For each of the four different models (A — D)
described in this paper, the setup of the small-scale structure was fixed. The data is plotted in solid Orange,
the model is shown in dashed blue. The identifier of the components are written in the upper right corner

of each subplot.
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Figure 6.13: Example of the radial histogram of four different cluster regions in Sgr B2. The vertical

orange dashed line indicates the cluster radius.

Stellar distribution

For all four models, I employ the same stellar distribution. I account in total for four stellar clusters: Sgr
B2(NE), (N), (M), and (S). The radius of each of these clusters is determined using a radial histogram
of all high-mass stars placed int he model based on the observed HII regions (see Fig. 6.13). I use these
histograms to determine by-eye the star cluster radii of 0.8, 0.4, 0.5, and 0.35 pc for Sgr B2(NE), (N), (M),
and (S), respectively. Within these radii stars are sprinkled separately for each cluster (see Section 3.2.3).

Note, I only consider stars as heating sources (see Section 3.2.3). The calculated dust temperature
in the outer parts of the envelope is on average 12 — 15 K. Modified blackbody fitting of SCUBA data
(Pierce-Price et al. 2000) and Herschel data Etxaluze et al. (2013) yields average dust temperature values
for Sgr B2 (along the line-of-sight) of ~ 20 K. Apart from line-of-sight effects in the modified blackbody
fitting, which do not influence the modeling, part of this discrepancy is most likely due to heating by

sources not considered here, e.g. cosmic rays or coupling with the turbulently heated gas.

I then treat Sgr B2 as a cluster itself and continue to sprinkle stars everywhere, except in the previously
mentioned star clusters, until the calculated total stellar mass of Sgr B2 is reached. I will call this part the
envelope of Sgr B2. The stellar density distribution and the mass distribution of the stellar mass produced
with this approach (including the high-mass stars placed by hand) are shown in Fig. 6.14. Instead of
plotting a histogram, I use a kernel density estimate. A histogram has several disadvantages. In addition
to being unsmooth, it depends on the end points as well as on the widths of the bins. Using a smooth
kernel yields a smooth distribution that is independent of the choice of the end points of the bins and only
depends on the chosen bandwidth. For the kernel density estimate a bandwidth of 0.217 My, has been

calculated in linear space.

The results of applying this star sprinkling algorithm are listed in Table 6.1. For each cluster I list the
radius, the number of initial stars, the total number of stars, the enclosed stellar mass, and the luminosity
from the initial and all stars, respectively. Where available, I also list luminosities from Lis & Goldsmith
(1990) as a reference. Additionally, this table lists the enclosed gas mass for each of the clusters. This is
calculated from the dust density distribution assuming a gas-to-dust ratio of 100 (Hildebrand 1983). I
derive a stellar luminosity to mass ratio of 90L. My, ~!', 71 Lo Mg, ~!, 1176 L, Mg, !, and 120L., M.,
~1 for Sgr B2(NE), Sgr B2(N), Sgr B2(M), and Sgr B2(S), respectively.
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Figure 6.14: Left: Stellar column density map of Sgr B2 (center map). The projected distribution of the
stars along the x- and y-axis are shown in the right and top panel, respectively. Right: Mass distribution
of the stellar population contained in the Sgr B2 complex, indicated by the orange line. The dotted and

dashed blue lines indicate the corresponding segmented IMF from Kroupa 2001.

Table 6.1: Summary of the star clusters.

radius no. stars no. stars M., M, Mg L L L?
[pc] Mo 1 [10° Mg ] Mo ] [10°Le] [10°Le] [10°Lg ]
(initial) (all) (initial) (all) (initial) (all)
Sgr B2(NE) 0.8 2 1282 52 1.2 7777 0.54 0.80 —
Sgr B2(N) 0.4 6 2642 150 2.4 27897 1.38 1.80 1.7
Sgr B2(M) 0.5 60 22705 1295 20.7 9572 7.78 12.10 13.0
Sgr B2(S) 0.35 2 1204 50 1.1 4472 0.45 0.66 —
Envelope - 19 8929 446 8.0 — 3.32 4.70 —
Sgr B2 22.5 89 36762 1993 334 8.0x 10° 13.47 20.06 —

2 Lis & Goldsmith (1990, their models C)
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Figure 6.15: Density and dust temperature profile along the line-of-sight towards the two hot cores Sgr
B2(N) (top) and Sgr B2(M) (bottom). This is obtained with a pixel resolution of 0.5”. The left panels
show the profile along 2 pc around the hot cores, whereas the panels on the right show a zoom-in view
of the inner 0.4 pc. The solid lines show the resulting distributions when including the star clusters. In
addition, the temperature profile for the same model but without the extrapolated population of low- and

intermediate-mass stars (dotted line) is shown. The bottom panel of each plot shows the residuals.

In their appendix, Belloche et al. (2013) also estimate the stellar mass of the entire Sgr B2 region
by extrapolating the already distributed stellar mass of all stars embedded in observed ultra-compact
HII regions using different [MFs. I apply the same method. However, the total stellar mass presented
in this work is an order of magnitude higher than the results estimated by Belloche et al. (2013). This
difference is explained by the different initial parameters applied and different conversion tables for
spectral type to stellar luminosity used. Belloche et al. (2013) calculate a total stellar mass of 675 M, for
the 41 ultra-compact HII regions they account for. Their lowest mass star has a mass of 11 M, using the
conversion table from Panagia (1973). Using Kroupa’s IMF, they extrapolate a total stellar mass of ~
3900 Mg, for the mass range of 0.01 — 120 M. In this study, I account for more than twice the number
of HII regions, of which the embedded lowest mass star has a mass of 18 M, using the conversion table

from Vacca et al. (1996).

Using the stellar cluster approach, I infer a large population of low- and intermediate mass stars.
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These low- and intermediate mass stars contain the major fraction of the stellar mass, but the high-mass
stars contribute the major fraction of the luminosity. To evaluate the influence of the additional low- and
intermediate mass stars, I performed a simulation excluding these stellar populations. The intensity levels
in the large-scale maps are unaffected and I investigate the dust temperature profiles. Fig. 6.15 shows the
density and dust temperature profile along the line-of-sight towards the two hot cores. These line-of-sight
profiles are obtained within a 0.5 arcsec beam. Differences in dust temperature on the order of 5-40 K
(<10%) are only visible on very small scales towards the cores. The envelope temperature is only affected

marginally.

Analysis and interpretation

Star formation efficiency and evolutionary stage

From the model I obtain the three-dimensional distribution of the stellar and gas mass. This allows to
investigate the star formation efficiency (hereafter SFE), i.e. the fraction of gas that has been processed
into stars. I calculate the SFE using the standard definition (e.g. Myers et al. 1986; Federrath & Klessen
2013):

M,

SFE= ———
M, + Mgy,

(6.4)

where M, is the stellar mass and My, is the gas mass. Figure 6.16 shows the radial distribution of the
stellar and gas mass around all four star clusters: Sgr B2(NE), Sgr B2(N), Sgr B2(M), and Sgr B2(S)
as well as the derived radially resolved star formation efficiency. For Sgr B2(M) I derive star formation
efficiencies of on average 50 %, for Sgr B2(N) the derived value is 5 % and thus significantly lower.
C.J. Lada & E. A. Lada (2003) suggest that the SFE of a cluster increases with time and can reach a
maximum value of typically 30 % by the time the cluster emerges from its parental cloud core. This would
indicate that Sgr B2(M) has already lost a significant portion of its gas mass through conversion into
stars and dispersion. This stellar cluster is emerging from the parental cloud, whereas Sgr B2(N) is still
forming stars. This agrees well with the findings by Vogel et al. (1987). For Sgr B2(NE) as well as Sgr
B2(S), I calculate rather high average star formation efficiencies of ~ 30 %.

These results have to be taken with caution. The SFE depends on the distributed gas and stellar mass.
From the cross cuts in Fig. 6.3, I conclude that the derived gas masses on large scales are reasonable for
all clusters. But while the star sprinkling algorithm will always distribute the same amount of stars if the
number of initial stars and their mass is unchanged, the volume within which these stars are placed is set
by the star cluster radius. Hence a larger cluster radius effectively decreases the stellar mass density thus

causing a lower SFE.

However, to interpret these results, I analyse the relationship between the gas mass of the clusters and
their total luminosity. This allows to study the evolution of the young stellar objects during the phase when
they are still embedded in their parental cloud. I follow the same steps outlined in Molinari et al. (2008)

and use their evolutionary tracks'. In these evolutionary models, the fast accretion phase is stopped when

IKindly provided by Sergio Molinari.
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Figure 6.16: Left: Radial distribution of the gas and stellar mass density around Sgr B2(NE), Sgr B2(N),
Sgr B2(M) and Sgr B2(S). Right: Calculated star formation efficiency for Sgr B2(NE), Sgr B2(N), Sgr
B2(M), and Sgr B2(S). The vertical dashed lines mark the extent of each star cluster. The same colors

belong to the same clusters.

the tracks approach the line where HII regions are found (at a few thousands solar masses). To match
the order of magnitude provided by the massive clusters studied here, Sergio Molinari had to arbitrarily
extend this line. Caution is in order, since these evolutionary models assume that a single massive star is
forming, which is clearly not the case for at least Sgr B2(N) and Sgr B2(M). All tracks are presented in
Fig. 6.17. The five least massive tracks are the ones presented in Molinari et al. (2008). To obtain the two
most massive ones, Sergio Molinari had to stop the accretion when the central star reaches 80 and 220 M),
respectively. Based on the instantaneous accretion rates along the tracks, we estimate that in reality the
forming star reaches the ZAMS earlier than reaching the HII line. In particular around 50 Mg, for the first
track and 75 M., for the second. The track luminosity where this occurs is around 4.8 x 103 L, for the
first track and around 10° L, for the second track. If I assume a single massive star is forming, then these
tracks suggest that Sgr B2(S) should be compatible with HII regions (at least one HII region is observed
towards Sgr B2(S)), and Sgr B2(NE) as well as Sgr B2(N) are reaching the ZAMS now. For Sgr B2(M) 1
do not obtain any useful interpretation. Apart from the fact that a realistic calculation would use a stellar
cluster rather than a single star, to reach this relation between gas mass and luminosity in full accretion
would require producing a star of a very large mass; or else a star with much larger initial clump mass

which would reach the location of M during the ZAMS evolution.

Kruijssen et al. (2015) presented an orbital structure of the CMZ and derived an evolutionary timeline.
According to their model, the orbital time between G0.253 (the Brick) and Sgr B2 is Ar = 0.43 Myr. Given
the uncertainties in the ages and the age difference, I can only say that the approximate age is compatible
with star formation beginning when Sgr B2 was at the position where G0.253 is now. But the scenario is
not able to shed light on the different development stages of the various sources in the region, because on

the scales considered by the gaseous streams model all Sgr B2 sources are co-spatial.
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Figure 6.17: Luminosity-mass diagram for the four clusters presented here. The five evolutionary tracks
with the lowest initial envelope mass are taken from Molinari et al. (2008). The two highest mass tracks

are obtained by extending the evolutionary model from Molinari et al. (2008).

Column density map and probability density function

I convert the dust density to gas density assuming a gas-to-dust ratio of 100 (Hildebrand 1983), and that
73 % of the gas is in Hp (Cox 2000). An Hj column density map of the whole cloud complex is then
obtained by simply summing up the H, density distribution along the line-of-sight. The map of the full
model with a resolution of 0.1” and zoom-ins to Sgr B2(N) and Sgr B2(M) are shown in Fig. 6.18. The
HII regions are clearly visible in the zoom-in maps due to their lack of dust.

The propability density function (hereafter: PDF) of the H, column density within molecular clouds is
commonly used as a tool to investigate the influence of various competing star formation processes within
them (see e.g. Kainulainen et al. 2009; Schneider et al. 2013; Federrath & Klessen 2013). Unfortunately
observational data covering the intermediate scales of Sgr B2 (see Fig. 5.1) are lacking. This affects
the scales from ~ 10 — 20", corresponding to ~ 0.4 — 0.8 pc. So while the total flux on these scales is
recovered in the Hi-GAL and ATLASGAL maps, its exact distribution is uncertain. I thus refrain from
showing the PDF obtained from the H; column density map of the model. More observational data is

needed.

Fitting the spectral energy distribution (SED) towards N and M

The fit of the SED towards Sgr B2(N) and Sgr B2(M) obtained with HIFI is shown in Fig. 6.19 on the left.
The fluxes from the simulated maps are convolved to the frequency-dependent beam of the 3.5 m Herschel

telescope. This kind of fitting thus does not suffer from the necessary convolution to the worst spatial
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Figure 6.18: Top: Hydrogen column density map of the whole cloud complex. The pixel resolution is
0.5 arcsec. Bottom left: Zoom-in to Sgr B2(M). Bottom right: Zoom-in to Sgr B2(N). The HII regions are
visible due to their lack of dust.
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resolution required for modified blackbody fitting. For comparison with previous studies towards Sgr
B2(M) and Sgr B2(N) (e.g. Goldsmith et al. 1992; Etxaluze et al. 2013), I have convolved the synthetic
continuum maps with a beam of 30" and extracted the flux towards both sources (see Fig. 6.19, right).
The agreement between observations and simulation in the ranges, where observational data is available is
very good. Please note however that the model is not able to reproduce fluxes at wavelengths shorter than
70 wm.

Full three-dimensional continuum radiative transfer modeling has so far been performed for disks,
and p Oph D (Steinacker et al. 2005). However, this has to my best knowledge not been attempted for Sgr
B2, which limits the possibilities of comparison. So in order to compare the results presented here to the
work from other authors working on Sgr B2 (e.g. Lis & Goldsmith 1989; Goldsmith et al. 1990; Etxaluze
et al. 2013), I have applied the modified black body fitting technique to the synthetic maps.

The intensity / of a blackbody at frequency v is given by the Planck function

=
3=

2hv3
_= 2 (e

I, - 1)71, (6.5)

[

where £ is the Planck constant, k is the Boltzmann constant, c is the speed of light in vacuum and 7 is the
temperature of the blackbody. This equation is multiplied by the factor 1 — e, where the optical depth T

is given by
T = up, my Ky N(Ha), (6.6)

where Ly, is the mean molecular weight of hydrogen, my is the mass of hydrogen, N(Hy) is the hydrogen
column density. The dust opacity k- is determined as a continuous function of frequency v, by fitting a

power-law to the dust opacities given by Ossenkopf & Henning (1994):

B
Ky = X@ (;’) : 6.7)
d 0

where Ky is the reference dust opacity and x4 is the gas-to-dust mass ratio.

I have extracted the flux within a beam of 40” towards the SPIRE FTS pointing positions, given
in Etxaluze et al. (2013), i.e. o000 = 17"47™20.00°, 8000 = —28°22'17.44" for Sgr B2(N) and
o000 = 17747™20.30%, 8y2000 = -28°23'4.1” for Sgr B2(M).

I employ MAGIX (Moller et al. 2013) using first the Genetic Algorithm to find the global best solution,
followed by a Levenberg-Marquardt fit to obtain the local best fits for both cores. The dust temperature
Ty, the dust spectral index {3 and the hydrogen column density N(H;) where left as free parameters. The
mean molecular weight py, is assumed to be 2.8 (Kauffmann et al. 2008), the gas-to-dust mass ratio Xq is

1

assumed to be 100 (Hildebrand 1983), the reference dust opacity Ksooun is 1.773 cm?g~! assuming no

grain mantles and no coagulation (Ossenkopf & Henning 1994).

I perform the fit covering the frequency range from 450 GHz to 2.87 THz, i.e. excluding the optically
thick regime. The resulting SEDs are shown in Fig. 6.20. The results are summarized in Table 6.2. For
Sgr B2(N), I obtain a dust temperature Ty of ~ 31K, a dust spectral index 3 of 1.8 and a column density
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Figure 6.19: Left: Spectral energy distribution of the HIFI data (in grey). The data is unsmoothed, what
looks like noise are actually individual spectral lines. The best fit towards Sgr B2(M) and N are represented
by the solid orange line. The synthetic intensity maps have been convolved to the frequency dependent
beam of the 3.5 m Herschel telescope. The fit includes dust and free-free emission. Right: Spectral
energy distribution plots using a fixed beamsize of 30”. The orange solid line is the RADMC-3D dust
and free-free best fit, the orange dotted line represents the free-free contribution, the dashed-dotted line
represents the contribution from dust emission. The different dark blue markers represent the observational
results from Goldsmith et al. (1990) and Goldsmith et al. (1992), as well as from Hi-GAL and WISE
maps. The surface, where the dust optical depth equals one is plotted in olive, the corresponding axis is
shown on the right. The z-axis points towards the observer, Sgr B2(M) is located at z = 0 and Sgr B2(N)
is located at z =7 x 10’ au. A tau surface datapoint at -22.5 pc indicates that the dust is optically thin at

the corresponding frequency.
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Table 6.2: Results from modified blackbody fitting of Sgr B2(N) and Sgr B2(M).

For each core, I list results from three different approaches.

SgrB2(N) Sgr B2(M)
Tq N(H,) B | Tq N(H») B
[K] [10** cm™2] [K] [10* cm™2]
3d model? — 2.6 — | — 2.3 —
blackbody fitting® | 31 2.9 1.8 | 36 2.5 1.9
Etxaluze et al. (2013)¢| 30 7.0 22| 37 5.0 23

4 Hydrogen column density in a 40” beam directly taken from the model.
This serves as the reference value.

b Results obtained from modified black body fitting described in this subsec-
tion.

¢ Results obtained by Etxaluze et al. (2013).

N(H») of 2.9 x 10** cm~2. For Sgr B2(M) I obtain a dust temperature 7y of ~ 36 K, a dust spectral index
B of 1.9 and a column density N(H,) of 2.5 x 10?* cm—2. These values are the averaged values in a 40"
beam and are thus the results for the envelopes of Sgr B2(N) and Sgr B2(M). The fitted dust temperature
values correspond to radii of 2.0 and 1.3 pc for Sgr B2(N) and Sgr B2(M), respectively (see Fig. 6.15).

Recently Etxaluze et al. (2013) convolved the Herschel/SPIRE FTS spectral scan maps covering the
wavelength range from 194 pum to 671 um to 40” and performed modified black body fits towards Sgr
B2(N) and Sgr B2(M). They find spectral indices 3 of 2.2 and 2.3, dust temperatures T4 of 30 K and
37K, and column densities N(H,) of 7 x 10**cm™2 and 5 x 10?* cm~2 for Sgr B2(N) and Sgr B2(M),
respectively. Assuming a distance of 8.5 kpc, a mean molecular weight py, of 2.3, and a dust opacity of
K250um Of 5.17 cm? g~ ! (A. Li & Draine 2001), they then estimate dust masses of 2500 M, and 2300 M.,
and luminosities of 1.1 x 10°L, and 5 x 10° L, for Sgr B2(N) and Sgr B2(M), respectively.

The derived dust temperatures from the study presented here and the ones from Etxaluze et al. (2013)
agree very well. But I obtain lower dust spectral indices for which I see two reasons. On the one hand our
modeling setup is limited such that only a single dust species is considered. On the other hand different
datasets are considered in both studies. I include the ATLASGAL 870 pum map, as well as the Hi-GAL
500, 350, 250, and 70 um maps, all cross-calibrated with Planck data and in the case of the Hi-GAL map
also cross-calibrated with IRAS data, whereas Etxaluze et al. (2013) only considered Hi-GAL data. This
could introduce differences in the fluxes which may result in different dust spectral indices as well as
different column densities. This might also explain why I derive a factor of two difference in the dust

column densities.
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Figure 6.20: Spectral energy distribution from the modified blackbody fitting for a beamsize of 40”. The
brown pluses represent the observed flux densities obtained from the ATLASGAL and Hi-GAL maps.
The orange markers are the flux densities obtained with RADMC-3D including only dust. The solid blue
line is the fitted SED and the dotted blue line is the SED from Etxaluze et al. (2013). Top: Sgr B2(N),
bottom: Sgr B2(M).
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6.4.4 Optical depth

6.5
6.5.1

An important point is the resolution of the observation. Using PANDORA I have calculated high resolution
(i.e. the pixel size equals 0.1") synthetic intensity maps covering the same frequency range as the SED
plotted in Fig. 6.19. I have then convolved these images with decreasing beamsizes from 30” down to
0.5”. I extract the SEDs towards the Herschel/HIFI positions of Sgr B2(N) and Sgr B2(M) as specified
above for each beamsize as well as the respective T = 1 surface at each wavelength. This is shown in
Fig. 6.21.

From these two SEDs, it is clearly visible that towards the position of Sgr B2(N) the free-free emission
becomes optically thicker for smaller beamsizes. This indicates that an HII region is located along the
line-of-sight. Furthermore the dust also becomes optically thick towards Sgr B2(N) with decreasing
beamsize, leaving a very narrow frequency range of 100-200 GHz, where the dust is optically thin while
still dominating over the free-free emission. The contribution of free-free emission at 100 GHz is in
the order of 30 %, which is still a significant fraction of the overall emission at this frequency. For Sgr
B2(M) the dust remains optically thin for this specific position up to 600 GHz. However, at 100 GHz,
the fraction of free-free emission is in the order of 70 % for Sgr B2(M), indicating that the free-free
emission still dominates at this frequency. Looking at the short-frequency range it is interesting to note
that the free-free is partly optically thick for intermediate beamsizes, but turns optically thin for small
beamsizes. This shows that there is no HII region located along the line-of-sight towards the position
of the Herschel/HIFI beam on small scales. Given that there are a lot of HII regions located along the
line-of-sight towards Sgr B2(M) this shows that the pointing choice might be crucial for high-resolution
observations. It furthermore shows that if instead of a smooth dust density distribution I would assume a

clumpy distribution, this clumping would change the photon penetration depth at certain sightlines.

Modifications

Intermediate scales

In the next chapter, we will see that the continuum level produced by Model C when modeling individual
(optically thin) molecular lines, such as C'80 is underestimating the observed continuum level. Optically
thin molecules can be used to determine the molecular column density along the line-of-sight. Especially
optically thin CO isotopologues are commonly used as a tracer of the molecular gas (especially hydrogen).
Thus the spectral line observations yield additional constraints on the hydrogen column density along
certain lines-of-sight of the intermediate scales, i.e. scales between ~ 8 —20”. By adding an intermediate
sized clump to Model C (modified Model C1), the continuum level can be corrected. However, I need to
verify that Model C1 still reproduces the continuum structure discussed in this chapter. Figure 6.22 shows

that Model C1 still yielding a reasonable fit of the continuum maps.



6.5 Modifications
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Figure 6.21: Top: Sgr B2(N), bottom: Sgr B2(M). The SED convolved with different beam sizes is plotted
in blue. For each beam, the combined dust and free-free emission is indicated with the solid blue line, and
the contributions from the free-free emission is indicated with the dotted blue line. The 7 = 1 surface, i.e.
the place along the line-of-sight where the optical depth T equals one is plotted in orange. Darker colors

indicate a smaller beam size.
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Figure 6.22: Influence of the additional intermediate sized envelope around Sgr B2(M) on the continuum

structure presented in Chapter 6.



In the previous chapter, I have described the adaptation of the three-dimensional modeling system for Sgr
B2. With the derived model setup, I was able to reconstruct the multi-wavelength continuum emission and

could determine important physical parameters, such as density, dust temperature and stellar population.

In the next step, I want to constrain important information of the velocity field and molecular densities.
However, there are ~ 190 molecules detected in space’, so I will not start by modeling just any molecule,
but by carefully selecting a set of molecules based on (a) their known properties as tracers of specific
conditions, (b) availability of observational data and (c) availability of necessary spectroscopic data, such
as transition frequencies, Einstein A coefficients and if full non-LTE simulation is to be performed, also

collisional rates.

Condition (c) imposes the hardest constrains. Transition frequencies and Einstein A coefficients are
available from databases such as CDMS” and JPL molecular database catalog’. While there are measured
and/or theoretically derived transition frequencies and Einstein A coefficient for all of the ~ 190 molecules
detected in space, only a handful have collisional rates. This is because calculating collisional rates is
a challenging task. In short it involves two major processes. First the interaction potential between the
studied atom/molecule and the collider need to be calculated. This involves quantum chemistry. One of
the major difficulties in this step is the description of high exited states. The second step then involves the
dynamics of the problem. Using a so called quantum close-coupling approach, accurate collisional cross
sections and rate coefficients can be determined. But even if collisional rates are available, ideally they

need to cover a larger temperature range which is often not the case.

! As of October 2015, 194 molecules have been detected in space (http://www.astro.uni-koeln.de/cdms/molecules).
Zhttp://cdms.ph1.uni-koeln.de/cdms/portal/
3https://spec.jpl.nasa.gov/
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Condition (b) also imposes some constraints. But due to the fact that Sgr B2 is so chemically rich it has
drawn plenty of attention from many molecular ‘treasure hunters’. Since many interstellar molecules have
been first detected towards Sgr B2, there has always been an interest to observe this star forming region.

As a consequence there are molecular line data from basically any telescope available (somewhere).

In the following, I present a summary of a typical modeling approach (Section 7.1). I then attempt
to model the line-of-sight structure of carbon monoxide (CO), hydrogen cyanide (HCN), formyl cation
(HCO™), and carbon monosulfide (CS) towards Sgr B2(M). This is described in Section 7.2. This will be
based on the Herschel/HIFI spectral line survey presented in Section 5.1. I will interpret and summarize
the modeling results in Section 7.3.

In addition to determine kinematic and chemical properties, this work presented here also serves as a
possible guideline for what molecular modeling setup might be useful to derive certain properties. This

might be helpful when applying PANDORA to other sources of interest.

Modeling strategy

Ideally, the modeling of spectral lines is first done with pointed observation (or a single line-of-sight) of a
mapped observation (step A). In the second step (step B) the modeling can then be expanded to maps

covering the entire cloud. Within each step, it is useful to break the modeling into several sub-steps.

(D) Use optical thin molecules.
(a) Optically thin molecules constrain the molecular column density along the line-of-sight.
(b) Get source velocity from these spectra.
(c) Adjust the abundance and gas temperatures.
(II) Use optical thick molecules.
(a) Obtain velocity field information along the line-of-sight.

(b) Adjust abundance and gas temperatures.

Modeling individual molecular species

Carbon monoxide, CO

Carbon monoxide is the second most abundant molecule in the Universe. It is widely used as a tracer
of molecular gas. Figure 7.1 shows selected transitions of CO and the C'®0 isotopologue towards Sgr
B2(M) from the Herschel/HIFI survey. These transitions indicate several things: (i) the CO lines are wide,
indicative of a highly turbulent velocity field, (ii) the C'®O transitions peak at the center of the absorption
dip of the CO transitions, indicating self-absorption of the main isotopologue, and (iii) the asymmetry
of the self-absorbed CO transitions switches with increasing quantum number J from red-shifted to
blue-shifted.
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Figure 7.1: Herschel/HIFI spectra of CO (in blue) and C™0 (in orange) from the HEXOS survey towards
Sgr B2(M).

Optically thin isotopologue: C'0

In the local ISM, the C'80 isotopologue is a factor of 500 less abundant than the main molecule C'°O
(Wilson & Rood 1994). Is is optically thin. Optically thin molecules constrain the molecular column
density along the line-of-sight. As already mentioned, CO is often used to constrain the hydrogen column
density. This isotopologue can thus be used to cross-check the continuum modeling. Multi transitions
of these molecules are available towards Sgr B2(M) from the HEXOS survey obtained with the HIFI
instrument aboard of Herschel Section 5.1. Since the beam size decreases with increasing frequency, the
line survey can even be used to constrain the molecular column density within slabs of the same length
(line-of-sight), but with different diameters.

For Sgr B2(M), the continuum levels of the predicted C'80 spectra are lower than the observed
continuum levels. This indicates that there is a fraction of molecular column density along the line-
of-sight missing. This is not contradicting the results from the previous chapter, it merely hints at the
imperfection of the observational data, causing ambiguities. By including a intermediate sized clump,
I am able to recover the continuum level. After that I modify the molecular abundance, until I obtain a
reasonable fit for the low-J transitions. Figure 7.2 shows for five different transitions, from top to bottom,
the initial offset of the continuum level (Model C), the correction of the continuum level by including
an intermediate sized density component (Model C1), the inclusion of a constant temperature shock
component (Model C1 shock1) and the modification of this shock component to use a radius dependent

temperature profile (Model C1 shock?2).

The normalized populations of the relevant C'80 levels are shown in Fig. 7.3. The high-J transitions

originate in the inner core region.
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Figure 7.2: C'80 spectra of Sgr B2(M). Top: Initial model from structure file obtained in continuum

modeling step (Model C). The offset between the observed continuum and the predicted continuum is

clearly visible. Second: Match of the continuum level by adding an intermediate sized envelope around

Sgr B2(M) (Model C1). Third: A constant temperature shock component has been added to increase

the intensity of the high-J transitions (Model C1-shockl). Bottom: The constant temperature shock

component has been replaced by a shock component with a temperature gradient (Model C1-shock?2).
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Figure 7.3: Normalized C'30 level populations within a 32" beam along the line-of-sight towards Sgr
B2(M). Top: Model C1. Middle: Model C1-shock1. Bottom: Model C1-shock?2.
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Figure 7.4: CO spectra of Sgr B2(M). Top: Model C1. Middle: Model C1-shockl. Bottom: Model

C1-shock?2.

Optically thick molecule: CO

The CO(6-5) spectral line has a red-shifted asymmetry, CO(7-6) shows no clear asymmetry at all, and
the CO(8-7) and CO(9-8) spectral lines are blue-shifted. The CO(11-10) transition shows no significant

asymmetry (see Fig. 7.1). Apart from the last transition, all spectral lines have very pronounced self-

absorption dips, originating from the envelope surrounding Sgr B2. Figure 7.4 shows the results when
applying Model C1 (top), Model C1-shock] (middle), and Model C1-shock2. Clearly both shock models

overestimate the high-J line intensities. Since no velocity field was applied, the asymmetries are not

reproduced as well. The normalized populations of the relevant CO levels are shown in Fig. 7.5. The

low-J transitions originate from the outer envelope.

In the next attempt, I add the shell discovered by De Vicente et al. (1997). Figure 7.6 employs a

shock-shell combination as well as a modified velocity field. The shift of asymmetry is reproduced by

giving the large-scale envelope a radial expansion motion along the line-of-sight and the intermediate
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Figure 7.5: Normalized CO level populations within a 32" beam along the line-of-sight towards Sgr
B2(M). Top: Model C1. Middle: Model C1-shock1. Bottom: Model C1-shock2. Both models that include
the additional heating in the inner core clearly overestimate the high-J CO transitions.
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Figure 7.6: Results from a combined shell-shock model with a modified velocity field. Top: CO spectra of
Sgr B2(M). Bottom: Normalized CO level populations within a 32" beam along the line-of-sight towards
Sgr B2(M).

sized envelope an infall motion.

Hydrogen cyanide, HCN

Due to its larger dipole moment, the rotational lines of HCN have a higher critical density than CO. These
lines thus probe denser gas. Towards Sgr B2(M), the HCN(6-5) HIFI spectral line has a very pronounced
blue-shifted asymmetry, HCN(7-6) shows a slight blue-shifted asymmetry, HCN(8-7), HCN(9-8) and
HCN(10-9) are all red-shifted (see Fig. 7.7). The H'3CN isotopologue also features a double-peaked
structure, indicating that this isotopologue might also be optically thick. Using a single spherical symmetric
clump, Rolffs et al. (2010) reproduced the shift in asymmetry in the HCN rotational lines by assuming
a velocity field that exhibits infall on intermediate scales and expansion on small scales. In an attempt
to reproduce this finding, I have given the small scale cores a positive radial velocity of 2 km/s and the
intermediate core a negative radial velocity of -2 km/s. The resulting spectra are shown in Fig. 7.8 and
the corresponding fractional level populations are shown in Fig. 7.9. The spectra clearly indicate that the
expansion motion of the inner cores is too dominant. The infall motion on the intermediate scales is not

traced by the current setup.
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Figure 7.7: Herschel/HIFI spectra of HCN (in blue) and H!3CN (in orange) from the HEXOS survey
towards Sgr B2(M).
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Figure 7.8: HCN spectra of Sgr B2(M). The continuum level is reproduced. The intensities are currently
overestimated, the shift in asymmetry is not reproduced yet.
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Figure 7.10: Herschel/HIFI spectra of HCO" (in blue) from the HEXOS survey towards Sgr B2(M).
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Figure 7.11: HCO™ spectra of Sgr B2(M). The continuum level is reproduced. The intensities are currently

overestimated, the shift in asymmetry is not reproduced yet.

Formyl cation, HCO™*

Similarly to HCN, HCO™ has a larger dipole moment than CO. Thus the rotational transitions of this
molecule have a higher critical density and probes dense gas. The spectra of the transition covered by HIFI
towards Sgr B2(M) show a similar behavior as the HCN spectra (see Fig. 7.10). The low-J transitions are
blue-shifted, while the higher-J transitions are red-shifted. I used a similar model setup as for HCN. The
spectra and the fractional level populations are shown in Figs. 7.11 and 7.12, respectively. The outcome is

similar as for HCN.

Carbon monosulfide, CS

Like HCN and HCO™, CS is a commonly used dense gas tracer. The HIFI spectra as shown in Fig. 7.13.
The rotational spectra are Gaussian shaped without any clear asymmetry. The spectra and fractional
population levels of a combined shock-shell model is shown in Fig. 7.14. While the model reproduces the
low-J transitions, it clearly underestimated the high-J transitions. Thus the abundance profile had been
modified (Fig. 7.15). In this model, the low-J transitions are overestimated while the match to the higher-J

transitions is improved.
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Figure 7.13: Herschel/HIFI spectra of CS (in blue) from the HEXOS survey towards Sgr B2(M).
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Figure 7.14: Top: CS spectra of Sgr B2(M). The continuum level is reproduced, the intensity of the low-J
transitions are reproduced. The intensity of the high-J transitions are underestimated. Bottom: CS level
populations within a beam of 32" along the line-of-sight towards Sgr B2(M).
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Figure 7.15: Top: CS spectra of Sgr B2(M). The abundance profile has been modified. The intensity of the
low-J transitions are now overestimated while the intensity of the higher-J transitions provide a reasonable
fit. Bottom: CS level populations within a beam of 32" along the line-of-sight towards Sgr B2(M).
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7.2.5 Summary of the model setups

7.3

7.3.1

e Model C1:
— Additional intermediate sized core. Coordinates xjaop0= 17"4720.056°, 8y2000= —28°23/6.46",

dz =0, central density n =2 x 100, radii ry = ry = r; = 30000 au, exponent n = 2.5

e shockl:
— Radius r = 1 pc, centered on HIFI pointing position of Sgr B2(M), temperature 7 = 150K
e shock2:
— Radius r = 1 pc, centered on HIFI pointing position of Sgr B2(M), temperature 7 = 100 K,
exponent s = (0.8
e CO best fit model:

— intermediate core: v, = -2.0km/s, v, = -2.5 km/s

— large-scale envelope: v, = 8.0km/s, v, = 2.5 km/s

— shock: radius r = 0.5 pc, temperature 7 = 100 K

— shell: inner radius r; = 2.1 pc, outer radius r, = 3.6 pc, temperature 7 = 100 K
HCN, HCO" model:

— small scale cores SMA-M-XX: v, = 2.0 km/s

— intermediate core: as for CO best fit model

— shock and shell structure: as for CO best fit model
CS model:

— shock: radius r = 1 pc, temperature 7 = 150K

— shell: as for CO best fit model

Results

Velocity field information

I will now discuss the modeling efforts in deriving the velocity field along the line-of-sight towards Sgr
B2(M) For this I employed the data from the Herschel/HIFI survey (Section 7.2). The molecules of
interest were CO, HCN, HCO™, and CS. Their spectral lines exhibit a very interesting behavior. From
low to high rotational transition number J, the lines, especially of CO, HCN and HCO™, display a change
in asymmetry. Based on the fit of the rotational spectra of these four molecules presented, an initial
(tentative) picture of the line-of-sight structure towards Sgr B2(M) can be deduced. The different spectral
line asymmetries could be explained, if the outer envelope was expanding, the intermediate scales were
infalling and the small scale were expanding again. In this picture, the investigates CO transitions emanate
from the outer envelope up to intermediate scales. Here the density is sufficiently high enough, so that the
lower rotational levels of the high density tracers such as HCN and HCO™ are populated.

Unfortunately, a single model reproducing all aspects of the here presented spectral line analysis could

not yet been obtained.
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Figure 7.16: Tentative sketch of the line-of-sight velocity field of Sgr B2(M). All values have to be taken

with caution.

Preliminary outlook

Once the velocity field along a few line-of-sights is obtained, one can attempt to model data cubes of the
entire Sgr B2 region. Using APEX, Rolf Giisten has recently obtained a CO(6-5) map covering the inner
part of Sgr B2. Out of curiosity, I ran PANDORA with the best fit CO model. Figure 7.17 shows integrated
intensity maps of the observed and synthetic CO emission. The line-of-sight towards Sgr B2(M) is already
promising, but for example the absorption feature towards Sgr B2(N) is not reproduced. This shows that

still quite some work has to be done to gain a better understanding of the velocity field of Sgr B2.
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Figure 7.17: Preview of the integrated CO(6-5) map obtained with APEX.
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8. Conclusions

To facilitate the process of full three-dimensional radiative transfer modeling including all steps necessary
to compare synthetics maps with observational maps, I have designed the PANDORA framework. I
successfully apply this framework to reconstruct a possible three dimensional density distribution of Sgr
B2, recovering the continuum structures covering a wide frequency range (v = 40 GHz — 4 THz) on scales

from 100 au to 45 pc.

I find that the density field of Sgr B2 can be reasonably well fitted by a superposition of spherical
symmetric density cores with Plummer-like profiles. To reproduce the spectral energy distribution, we
locate Sgr B2(N) along the line of sight behind the plane containing Sgr B2(M). Sgr B2 comprises a
total gas mass of 8.0 x 10® M, within a diameter of 45 pc. This corresponds to an average gas density
of 170 M, pc~3. For Sgr B2(N) we find a stellar mass of 2400 M, a luminosity of 1.8 x 10°L., a

2 in a 40" beam. For Sgr B2(M) we derive a stellar mass of

H, column density of 2.9.7 x 10**cm™
20700 M, a luminosity of 1.2 x 107 L., a H, column density of 2.5 x 10**cm~2 in a 40" beam. For
Sgr B2(S) we find a stellar mass of 1100 M., a luminosity of 6.6 x 10> L., a H, column density of
2.2 x 10**cm™2 in a 40” beam. The derived star formation efficiency is very low for Sgr B2(N), ~5 %,
and significantly higher for Sgr B2(M), ~50 %. This indicates that most of the gas in Sgr B2(M) has

already been converted to stars or dispersed.

The derived density structure builds the foundation for the modeling of molecular spectral lines. In the
second step, I employ PANDORA and attempt to reconstruct the line-of-sight velocity structure towards
Sgr B2(M) using different tracers of low, intermediate and high densities. Although I do not yet succeed in
obtaining a single model reproducing all spectral lines investigated, I find evidence hinting at a potentially

three-layered line-of-sight velocity field: (i) Expansion motion dominates in the outer envelope, (ii) on
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intermediate scales, the gas might be infalling towards Sgr B2(M), and (iii) the inner cores show signs of

expansion.
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9.1

9.1.1

The development of the modeling engine PANDORA and its usage to derive the density structure and
temperature field of Sgr B2 presented in this thesis opens the stage for a plethora of different applications
and improvements. Naturally, the modeling engine PANDORA and its usage to derive the physical structure
of an astrophysical are tightly linked. Each new source will pose new requirements and challenges.
However, in this outlook I will try to separate the modifications needed to improve PANDORA from the

next, e.g. observational steps needed to improve the derived physical structure of Sgr B2.

Pandora

Functionality

The developed modeling engine PANDORA has many advantages. Let us assume we have a model based
on a specific set A of observational data. With the advent of, for example higher resolved, observational
data (dataset B), the physical structure can be progressively fine-tuned, since instead of rather modeling
dataset B with a new setup, it will be added to dataset A and this will add valuable additional constraints
to the physical structure. Thus over time, a consistent library of physical setups for individual sources
could be established.

Concerning PANDORA, future work should focus on improving the modeling engine. This includes
for example an improved treatment of the optimization, i.e. the link between PANDORA and MAGIX,
especially for the spectral line modeling. Furthermore the modeling procedure would gain significantly
by adding features to automatically generate an initial guess of the source structure in order to save

time spent on an otherwise by-hand adjustment technique. This encompasses the determination of the
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density and stellar distribution. Efforts to combine PANDORA with a sophisticated chemical modeling
engine are currently undertaken by G. Stéphan. This will allow a self-consistent determination of the
molecular abundances. Eventually I would also like to link PANDORA with numerical codes that perform

(magneto-)hydro-dynamical simulations (e.g. Flash, Ramses, Pluto).

Here I could imagine two different applications. First one could (a) use PANDORA to simplify and
standardize the post-processing of numerical simulations (radiative transfer calculation, convolution etc.)
and (b) to use the physical structure obtained for a specific source of interest and use this as a starting
point for a numerical simulation to derive the fate of the region. This is not straight forward, but it would

nicely link theoretical and observational efforts to gain more insights into specific sources.

Model setup

The physical setup of the model presented in this thesis sets the stage for future improvements. By
including the possibility to spatially vary the composition of dust, the influence of different compositions
can be tested. The treatment of the HII regions can and should be improved, eventually leading the way to
also model radio recombination lines and thus getting access to the ionized gas content. Furthermore the

effect of a clumpy density structure can be tested as well as the influence of dusty HII regions.

Source application

Sagittarius B2

With the current state of telescopes, it is now possible to efficiently map larger portions of the sky with
a high resolution. As indicated in Fig. 5.1, maps with high angular resolution of Sgr B2 are missing,
especially in the frequency range of 100 — 400 GHz. But they are necessary to improve the setup of the
envelope. Currently there is for example only one map available, that resolves dust structures down to
~ 0.01 pc towards Sgr B2(N) and Sgr B2(M). To constrain the dust properties properly, at least another
map covering similar scales at a different wavelength is needed. Studying spatial variations of the dust
properties on scales smaller than 10" in the entire envelope is impossible with the data sets currently
available. However, this could be partly achieved by using the Atacama Compact Array (ACA).

The investigation of the dynamics of Sgr B2 need to be continued, leading to the determination of
a consistent velocity field. (i) Along the line-of sight towards the hot cores Sgr B2(N) and Sgr B2(M),
multi-frequency molecular line data is available. This provides the necessary wide range of transitions of
a diversity of molecular species to perform a molecular line tomography. Part of this work has already
been performed towards Sgr B2(M). But more molecules need to be included to confirm the current
conclusions. Eventually this approach should be expanded to include Sgr B2(N). (ii) The two hot cores
are embedded in an extended, lower density envelope. Based on the experience gained during step (i)
crucial transitions of selected molecules throughout the entire envelope should be modeled. This will
provide us with a complete physical state of Sgr B2, including the spatial structures, the dynamics and the

properties of the stellar populations.
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9.2 Source application

9.2.2 Other sources

PANDORA follows a philosophy of flexibility. The model setup of the physical structure works like a
LEGO system, i.e. different structures (dense cores, filaments, outflows etc) can be combined if needed.
Up to now PANDORA has been used to successfully model Sgr B2 (presented in this thesis) and the nearby
high-mass star-forming region NGC6334 (presented in Zernickel 2015). It would be insightful to apply
the framework methodically to other star-forming regions, for example Orion, other clouds in the CMZ
(e.g. GO.253 aka the Brick, Sgr C), and nearby extragalactic sources (e.g. the Magellanic Clouds, which
are now resolvable using ALMA). This will enable us to investigate similarities and differences between

the sources and thus will provide statistics, ultimately allowing to test star formation theories.
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A.l

A. Theoretical Background

Hil regions

HI1 regions are sharply defined regions of photoionised gas. For simplicity we first assume a massive
star to be buried in a cloud which consists of purely molecular hydrogen and has a uniform density. The
energetic photons ejected from the stellar surface first dissociate the molecular hydrogen (i.e. atomic
hydrogen, HI, is generated) and then ionize the atomic hydrogen (i.e. ionized hydrogen, HI1, is generated).
For the last step photons with energies larger than 13.6eV are needed. On the other hand, existing
electrons and protons may recombine to form atomic hydrogen. For each of dissociation, ionization
reactions, a photon is needed. The ionized particles are free, i.e. their energy states are not quantized, thus
the free-free radiation is continuous over the spectrum. Since stars only have a fixed amount of photons,
they can only ionize a limitied region around the star. If the ionization spreads isotropically, then the

ionization fills a volume around the star that is called Strémgren sphere.

We assume an electron density distribution that equals N, within the radius r( of the HII region and is
zero elsewhere. We furthermore assume, that the entire HII region is ionized, i.e. the electron density n,
equals the ion density n;. We can then calculate the emission measure EM as follows
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;P

observer

Figure A.1: Sketch of the HII region along the line of sight. The integration path along-the line of sight

for the calculation of the emission measure is marked.
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where D is the distance to the source, 0y is the radius of the HII region in angular units, y(a) is the
remaining angle term, a is the angular position along the line of sight in the x-y plane. Introducing the

source size Oyource = 2 * By, we obtain

) 46, \°
EM = N2 D Bsouree | 1 — (A2)

GSOLII'CC

= NOZD Osource W(a) (A.3)

If we want to calculate the maximum emission measure then we set a = 0 and the term y/(a) vanishes.

EM _ Ny 2 D BOsource
(rems) = (enr) () (%) =
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However, neither the emission measure nor the electron density are known. So we need another equation
to solve the system. Integrating the specific intensity /,, over the angular size of the source Qgoyrce yields
the flux density Fy,

Fv — / Ide (A.S)
Q.

source

From the radiative transfer section we recall that the general solution of the radiative transfer equation for

the specific continuum intensity is

Ty
I, =1 e ™ +/SV eir,dfl
0
=(Sv—I)(1—e™) (A.6)

where Sy is the source function of the HII region and [ is the background intensity. We assume an HII
region with uniform temperature and negligible background temperature, i.e. I,,(0) < S,. The intensity
Iy is then given by

Li=S(1-e™) (A7)
We have to distinguish two cases for the optical depth 7 :

Syty if 1, <1 (optical thin
I = vy v (op ) (A.8)
Sy if T, > 1 (optical thick)

The source function Sy for the free-free radiation can be defined using the Planck function B, at an

electron temperature 7,

Sv - Bv(Te)
 2kv? 1
c2 ehv/kTe -1
2kT,v?
~ C; (A.9)

where k is the Boltzman constant, c is the speed of light in vacuum and 4 is the Planck constant. The last
step holds if hv < kT (Rayleigh-Jeans approximation). The optical path length for free-free emission
was derived by Oster (1961). For that the continuum absorption coefficient kg(Vv) is needed, however
its derivation is challenging. Oster (1961) dicusses the history and problems of calculating the free-free
emission coefficient in detail. The calculations require modeling of the electrical interaction between
two charged particles, but also the velocity dispersion of the particles. Classically, the encounter of two
moving charged particles involves changes in their directions - either toward each other for unlike charges

or away from each other for like charges. The acceleration of these direction changes causes radiation (as
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shown by the early work of Hertz). In the end Oster (1961) provide the following formula:

T\ "/ v \20/ EM
ser = 3.014x 1072 | ==
Foster = 3.014x 10 (K) (GHz) (pccm6)

(m (4.955 % 1072 (G‘I’{Z)_l> +151n (2)) (A.10)

An approximation of this equation was given by Altenhoff et al. (1960).

—1.35
T, v \-21/ EM
—8235x10°2( = (—) Al
FAMWW . ( K > GHz pcem© @-11)

In both equations, the number electron density N, equals the number ion density N;. According to Mezger

& Henderson (1967), the deviation factor a, defined as

TOster

= (A.12)
TAMWW

deviates in the region of interest, i.e. 5 x 103 < T, < 1.2 x 10*K and 100MHz < v < 35GHz, less than
10%.

Putting everything together, and assuming optical thin emission, we obtain

Fv = Istource

2kT,v?
- 67; \Y Q'source
2k (T, v \2
- 67 <Ke> K (GHZ) (GHZ)z T Lsource
2k 18 2 (TN v 0 EM
= ) x 10K Hz" x 8.235 x 10 X (@) W Qsource
= sz x 8.235 x 10"° K Hz E (GHZ) pe cm—6 Qsource
_ 525w 10 KHE S (1) 07 (—V )_O'] _EM g
’ Km? K GHz pccm—6 ) TTONEe
~0.35
J T, v 01 EM
=2.525%10°x [ 10726 = ( ) Q;
AR < sm?Hz ) \ K GHz pccm—6 ) ~Touree
=1lJy
~0.35
L) =255x10° () (o) ()@ A3
(J y ) x < K) GHz pc cm—6 ) "N A13)

Usually one fits a Gaussian to the data and extracts the flux density and the full width at half maximum
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from this fit. If so then the solid angle has to be converted info useful units assuming a Gaussian beam.
o _.m (&Y
O 4102 \ rad

2
T < 0, )
- 180 d 3 i arcs
41n2 = cg % 60 drgglgln % 60 arcsec

arcmin

T 79 2 0, 2
~ 41In2 \ 180 x 60 x 60 arcsec

0 2
=2.66x 107" <> (A.14)
arcsec

However, we simply determine the total flux in a given circular aperture. We calculate the solid angle for

the given density distribution as follows:

6o
Qsource = 27 /Bal[/(a) dae,
0

6o
_ ea 2 2
—2n/9—0\/60 — 0246,
0

_2my 1 2 _p2)3 ®
_90|: 3 (90 Ga) :|O

o
3

- E Bsource ?

6 rad

- E T 2 Osource 2
6 \ 180 x 60 x 60 arcsec

2
=1.231x10""" <9> (A.15)
arcsec

0%

Now we obtain the following expression for the emission measure for a circular aperture

EM F\ (T.\"P o1/ g \?
— ) =3217x107 (=2 ) (5 ( v ) 2 (A.16)
pc cm Jy K GHz arcsec

Combining Eq.A .4 and Eq.A.16, we can derive an expression to calculate the electron density Ny

No Y\ _ EM \03 D 05 /g 705
cm—3 pccm—0 pc rad
B EM \03 D -05 T 05 rg N0
pccm—© pc 180 x 60 x 60 arcsec
05 —05 —05
= 454.16 x EM b Gsource (A.17)
pc cm~—° pc arcsec
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This yields

0.175 -05 -15
No 6 [ Fv 1, v \%05 /D 0,
=2.576 x 10 — = A.18
(cm 3> % (Jy) <K> (GHZ) pc arcsec (A.18)

We derive the flux of ionizing photons N; by balancing the number of recombinations and photoionizations

within the HII region. For a Strémgren sphere this is determined by

(SN_’1> = /neni(ﬁ —Bi)av (A.19)

where f3 and f3; are the rate coefficients for recombinations to all levels and to the ground state, respectively.
Thus (B — ) provides the recombination coefficient to level two or higher. Rubin (1968) approximate
the recombination coefficient given by Seaton (1959) for electron temperatures 7, generally found in HII

regions as

B=Bi\ _ —10 (Te 08
(Cm3s_])_4.1x10 <K> (A.20)

We will use again the idealization that the HII region is fully ionized, yielding n, = n; = Ny. We then

combine A.19 and A.20 and solve the integral for a spherical symmetric clump. This yields

()= (@) () (Gef) 821

the radius r( of the HII region can be converted to the angular diameter provided the distance to the HII

region is known
) 1/ 6 D
DY (=) (= A22
(cm) 2 (rad) (cm) ( )
Putting everything together yields
N\ _ 1 (6 (BB
s1 6 \rad cm— 3 cm3s~!
16\ 19 ’ No B—Bi
=-r|— 3.086 x 10
6n<rad> ( x cm3s!
3
n D BB
=1.539 x 10
7 (180><3600> <arcsec> < ) ( > (cm3s 1>
3 3 2
:1.754><1039( o ) (D> ( 3> (53B‘1)
arcsec pc cm™ cm’s
3 3 2 —0.8
:7.189><1029< % ) <D> <N°3> (T> (A23)
arcsec pc cm— K

This yields
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B.1

The Central Molecular Zone

Many large-scale continuum surveys have been performed towards the CMZ. To provide a visual impres-
sion of the structure of the CMZ, I have obtained available archival data at various wavelengths. Table B. 1
presents an overview of the data and their origin. Except for the Herschel SPIRE and PACS maps, I have
obtained calibrated archival data. In the case of the Herschel data, I obtained the raw data and calibrated
them myself. For most data sets, the coverage of the CMZ was split into several sub maps. I employed the
publicly available MONTAGE software' to stack these individual maps together. Furthermore this task
involved a lot of unit conversion. The calibrated data of different telescopes, even of different instruments
aboard the same telescope, are provided in different units. For the radio, sub-mm, and far-infrared regime
I decided to use Jy/beam. For each of these maps, the beam size is denoted by an orange circle in the
bottom left corner of the map. Due to the large field-of-view and the high resolution of many of these
maps, this circle is rather small. For the infrared, ultra-violet and X-ray regime, I decided to stick to
the provided units, except for maps given in units of data number (DN), as was the case for the data
obtained with the Infrared Array Camera (IRAC) instrument aboard of the Spitzer Space Telescope. 1

have converted them to units of magnitude according to the documentation.

In the order of operation from long wavelength to short wavelength, here are a few details on the

telescopes, their instruments and the data obtained.”.

Thttp://montage.ipac.caltech.edu/
ZPlease note: I do not claim this list, nor the collected telescope specific information to be complete. This served as an

overview for myself during the study of the CMZ and Sgr B2 in particular.
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VLA

The Karl G. Jansky Very Large Array (VLA) is an interferometer consisting of 27 antennas, each 25-
meter in diameter, located about eighty kilometers west of Socorro, New Mexico. The VIA is operated
by National Radio Astronomy Observatory (NRAO). Observations are performed in the centimeter
wavelength regime (400 — 0.7 cm, 74 MHz — 50 GHz). The 20 cm map presented here was obtained under
project number AL83 (PI: Harvey Liszt). Observations were performed in the compact, hybrid array
configuration DnC, yielding a resolution of 30”. The archival data has been processed by Yusef-Zadeh
et al. (2004). For more details about the data calibration and imaging, the reader is refered to Yusef-Zadeh
et al. (2004).

CsO

The Caltech Submillimeter Observatory (CSO) is a 10.4 m diameter single-dish telescope located on
Mauna Kea, Hawai’i. The Bolocam Galactic Plane Survey (BGPS) is a 1.1 mm continuum survey of the
Galactic Plane. This survey employed the Bolocam on the CSO. I use the version 2.1 release of the BGPS
which is described in detail in Ginsburg et al. (2013). More information as well as the data products can
be found here: http://irsa.ipac.caltech.edu/data/BOLOCAM_GPS/

Operation of the CSO has been shut down as of September 18, 2016 and the telescope is in the process
of being dismantled and removed from Mauna Kea.

APEX

The Atacama Pathfinder Experiment (APEX) is a 12 m diameter single dish telescope located at the Llano
de Chajnantor Observatory in the Atacama desert in Chile. It is build and operated by Max Planck Institute
for Radio Astronomy (MPIfR), Onsala Space Observatory (OSO), and European Southern Observatory
(ESO). The telescope is a modified ALLMA prototype antenna. ATLASGAL is an observing programme
using the Large APEX Bolocam Camera (LABOCA), a multi-channel bolometer array for continuum
observations at APEX, to map the Galactic Plane at 870 um. More information about ATLASGAL as
well as data products are available here: http://www3.mpifr-bonn.mpg.de/div/atlasgal/

JCMT

The James Clerk Maxwell Telescope (JCMT) is a 15 m single-dish telescope located close to the summit
of Mauna Kea, Hawai’i, right next to the CSO. Operations started in 1987 as a joint collaboration of the
United Kingdom, Canada, and the Netherlands. In 2015 the operation of the telescope was taken over by
the East Asian Observatory. The JCMT is equipped with both, broadband continuum receivers and high-
resolution spectral line receivers. One of these continuum receivers was Submillimetre Common-User
Bolometer Array (SCUBA). This receiver was actively used between 1997 and 2003 to observe at 450

and 850 pm. More information can be found here http://www.eaobservatory.org/jcmt.

Herschel Space Observatory

The Herschel Space Observatory (hereafter: Herschel) is a European space observatory, constructed and
operated by European Space Agency (ESA). It consisted of a 3.5 m sized telescope and operated between
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B.1 The Central Molecular Zone

2009 and 2013 in the sub-mm, far-infrared wavelength regime. The observatory carried three instruments:
Heterodyne Instrument for the Far-Infrared (HIFI), SPIRE, and PACS. Hi-GAL is a large-scale survey
aimed at mapping the entire Galactic plane at four wavelength. The survey employed SPIRE and PACS in
parallel mode. More information can be found here http://sci.esa.int/herschel. Data products

are available in the Herschel Science Archive (http://archives.esac.esa.int/hsa/whsa/)

MSX

The Midcourse Space Experiment (MSX) is a satellite managed by the Ballistic Missile Defense Organiza-
tion. It was launched in 1996 and operated until 2008. The satellite carried a 33 cm telescope. Part of the
mission was to map the Galactic plane. In addition it also covered areas missed by [nfrared Astronomical
Satellite (IRAS) and performed follow-up observations of regions that were particularly bright in the
IRAS observations. More information is available here http://irsa.ipac.caltech.edu/data/MSX/
mission.htm. MSX data products are available here http://irsa.ipac.caltech.edu/Missions/

msx.html.

Spitzer Space Telescope

The Spitzer Space Telescope (hereafter: Spitzer) is an infrared space telescope launched in 2003 by
National Aeronautics and Space Administration (NASA). IRAC and operating in the wavelength range
between 3 and 180 um. Spitzer carried three instruments: IRAC, Infrared Spectrograph (IRS), and
Multiband Imaging Photometer for Spitzer (MIPS). More information on the space mission and its
instruments can be found here: http://www.spitzer.caltech.edu/. Data products are publicly

available: http://irsa.ipac.caltech.edu/Missions/spitzer.html.

2MASS

The Two Micron All Sky Survey (2MASS) is a ground-based all sky survey in three near infrared
bands (1.25 um - J-Band, 1.65 um - H-Band, and 2.17 um - Kg-Band). Observations were carried out
between 1997 and 2001. The survey used two highly automated 1.3 m telescopes, one located in the
U.S. to cover the Northern Hemisphere and the other in Chile to perform the same observations of the
Southern Hemisphere. More information is available here http://www.ipac.caltech.edu/2mass/.
Data products can be downloaded here http://irsa.ipac.caltech.edu/Migsions/2mass.html.

Galex

The Galaxy Evolution Explorer (GALEX) is an Earth-orbiting space telescope. It operates in the ultraviolet
wavelength regime and has a 50 cm sized primary mirror. The telescope operation time was between
2003 and 2012. More information on the mission can be found here http://www.galex.caltech.edu.
The data is publicly available and can be downloaded via the following webpage http://galex.stsci.
edu/GR6/.
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XMM-Newton

The X-ray Multi-Mirror Mission (XMM-Newton) is an X-ray space observatory which was launched in
1999 by the ESA. The primary instrument aboard of the satellite are the three European Photon Imaging
Cameras (EPIC). The total field of view of EPIC is 30" and it operates in the range between 0.15 and
15 keV. Detailed information on the mission can be found here: https://www.cosmos.esa.int/web/

Xxmm-newton
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Table B.1: Overview of observational surveys towards the CMZ

Wavelength [pm)] Telescope Instrument  Reference Comment
2 x10° VLA Yusef-Zadeh et al. (2004)
103 CSO Bolocam Ginsburg et al. (2013) BGPS
870 APEX LABOCA Csengeri et al. (2016) ATLASGAL
850 JCMT SCUBA Pierce-Price et al. (2000)
500 Herschel SPIRE Molinari et al. (2010b) Hi-GAL?
450 JCMT SCUBA Pierce-Price et al. (2000)
350 Herschel SPIRE Molinari et al. (2010b) Hi-GAL?
250 Herschel SPIRE Molinari et al. (2010b) Hi-GAL?
160 Herschel PACS Molinari et al. (2010b) Hi-GAL2b
70 Herschel PACS Molinari et al. (2010b) Hi-GAL?
21.3 MSX SPIRIT IIT  Price et al. (2001)
14.65 MSX SPIRIT IIT  Price et al. (2001)
12.13 MSX SPIRITIII  Price et al. (2001)
8.28 MSX SPIRIT III  Price et al. (2001)
8.0 Spitzer IRAC Stolovy et al. (2006) GALCEN program
5.8 Spitzer IRAC Stolovy et al. (2006) GALCEN program
4.5 Spitzer IRAC Stolovy et al. (2006) GALCEN program
3.6 Spitzer IRAC Stolovy et al. (2006) GALCEN program
2.17 Mt Hopkins & Skrutskie et al. (2006) 2MASS
CTIO, Chile
1.65 Mt Hopkins & Skrutskie et al. (2006) 2MASS
CTIO, Chile
1.25 Mt Hopkins & Skrutskie et al. (2006) 2MASS
CTIO, Chile
0.27-0.18 GALEX GALEX team®

(6.3-2.5)x 1073
(2.5-0.6) x 1073
(0.6-0.3) x 1073
(03-02) x 1073
(02-0.1) x 1073

XMM-Newton EPIC
XMM-Newton EPIC
XMM-Newton EPIC
XMM-Newton EPIC
XMM-Newton EPIC

Ponti et al. (2015)
Ponti et al. (2015)
Ponti et al. (2015)
Ponti et al. (2015)
Ponti et al. (2015)

2 Calibrated by myself.

® This map is saturated towards Sgr B2.

¢ http://www.galex.caltech.edu/index.html.
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Appendix B. Additional figures and spectra
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Appendix B. Additional figures and spectra
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Appendix B. Additional figures and spectra
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B.1 The Central Molecular Zone
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B.1 The Central Molecular Zone
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Appendix B. Additional figures and spectra

B.2 Sagittarius B2

A common feature of the maps covering the CMZ in the radio and sub-mm regime is the very bright
intensity of the Sgr B2 region. I am here presenting zoom-in maps toward the Sgr B2 region. This

overview includes the data specified in Appendix B.1.
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Appendix B. Additional figures and spectra
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Appendix B. Additional figures and spectra
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Appendix B. Additional figures and spectra
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B.2 Sagittarius B2
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Appendix B. Additional figures and spectra
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B.2 Sagittarius B2
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Appendix B. Additional figures and spectra
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B.2 Sagittarius B2
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Appendix B. Additional figures and spectra
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B.2 Sagittarius B2
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Table C.1: Known HII regions in the Sgr B2 region.?

n,7 ZAMS?®
[10* cm™3] type

ID! Model 2 RA3 DEC 4 dz> Tobs ©
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10° au]

EM? log(Nj) 10
[107 pc cm 9] [s71]

Al ABCD 17:47:19.432  -28:23:01.23 0.0 19.400 0.912 06 2.30 48.86
A2 ABCD 17:47:19.562  -28:22:55.82 0.0 7.910 1.440  08.5 2.40 48.09
B ABCD 17:47:19.903  -28:23:02.78 0.0 5.230 4.060 O7.5 12.00 48.44
B1 ABCD 17:47:19.990  -28:23:02.65 0.0 1.370 3.820 BO 2.90 46.65
B9.89 ABCD 17:47:19.695  -28:23:05.78 0.0 2.000 3.410 BO 3.40 47.04
B9.96 ABCD 17:47:19.772  -28:23:10.05 0.0 2.000 3.170 BO 2.90 46.98
B9.99 ABCD 17:47:19.798  -28:23:06.77 0.0 3.510 2750 095 3.80 47.59
B10.06 ABCD 17:47:19.864  -28:23:01.28 0.0 1.890 4.120 BO 4.60 47.13
B10.10 ABCD 17:47:19.904  -28:23:02.00 0.0 1.440 4.640 BO 4.50 46.88
C ABCD 17:47:20.001  -28:23:18.19 0.0 6.040 2.020 09 3.60 48.03
D ABCD 17:47:20.049  -28:23:12.74 0.0 4.390 3.110 09 6.10 47.99
E ABCD 17:47:20.067  -28:23:08.52 0.0 7.800 2300 O75 6.00 48.47
FlaP ABCD 17:47:20.122  -28:23:03.54 0.0 0.731 66.400 O7.5 480.00 48.35
F1b® ABCD 17:47:20.123  -28:23:03.76 0.0 0.315 182.000  O7.5 2000.00 48.45
FlcP ABCD 17:47:20.129  -28:23:03.85 0.0 0.655 83.200 o7 760.00 48.55
F1d® ABCD 17:47:20.134  -28:23:04.20 0.0 0.238 224.000 075 2800.00 48.51
Fleb ABCD 17:47:20.137  -28:23:03.98 0.0 0.731 54.400 0O8.5 310.00 48.14
F1f° ABCD 17:47:20.153  -28:23:03.84 0.0 0.901 83.200 o7 760.00 48.55
Flg® ABCD 17:47:20.171  -28:23:03.85 0.0 0.459 177.000 08 1700.00 48.30
F2aP ABCD 17:47:20.167  -28:23:03.45 0.0 0.323 91.800 09.5 460.00 47.73
F2b® ABCD 17:47:20.174  -28:23:03.56 0.0 0.417 76.500  09.5 350.00 47.70
F2cP ABCD 17:47:20.181  -28:23:03.47 0.0 0.502 81.300 09.5 400.00 47.75
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Table C.1: (continued) Known HII regions in Sgr B2.

ID! Model > RA3 DEC * dz 3 Tobs © n,’ ZAMS® EM? log(Nj) 10
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10% au] [10* cm~3] type [107 pc cm 9] [s71]
F2db ABCD 17:47:20.182  -28:23:03.60 0.0 0.493 54900 09.5 250.00 47.82
F3aP ABCD 17:47:20.164  -28:23:04.85 0.0 0.621 48.100  09.5 190.00 47.70
F3b® ABCD 17:47:20.167  -28:23:04.74 0.0 0.264 95900 09.5 500.00 47.77
F3cP ABCD 17:47:20.169  -28:23:04.37 0.0 0.306 150.000 08 1300.00 48.22
F3db ABCD 17:47:20.189  -28:23:04.58 0.0 2.540 38.500 05.5 490.00 49.31
F3eP ABCD 17:47:20.223  -28:23:04.64 0.0 0.323 51.600 BO 120.00 47.02
F4aP ABCD 17:47:20.202  -28:23:03.95 0.0 0.187 414.000 09 3700.00 47.85
F4b® ABCD 17:47:20.226  -28:23:04.23 0.0 0.621 108.000 08 890.00 48.31
F4cb ABCD 17:47:20.231 -28:23:04.07 0.0 0.723 48900 08.5 260.00 48.09
F4d® ABCD 17:47:20.218  -28:23:04.09 0.0 0.655 48.800  09.5 180.00 47.62
F10.37° ABCD 17:47:20.191  -28:23:05.76 0.0 0.689 62.300 09.5 240.00 47.58
F10.39° ABCD 17:47:20.206  -28:23:06.45 0.0 0.408 34.400 BO 70.00 46.98
GP ABCD 17:47:20.297  -28:23:02.88 0.0 1.330 35.100 o7 250.00 48.62
F10.27° ABCD 17:47:20.075  -28:23:05.22 0.0 1.760 4.310 BO 4.70 47.08
F10.30° ABCD 17:47:20.107  -28:23:03.02 0.0 0.867 4.810 BO 2.90 46.25
F10.303° ABCD 17:47:20.108  -28:23:03.57 0.0 2.180 9.090 09 26.00 48.01
F10.318® ABCD 17:47:20.124  -28:23:02.27 0.0 4.120 2.380 09.5 3.40 47.67
F10.32° ABCD 17:47:20.131 -28:23:00.13 0.0 1.910 3.700 BO 3.80 47.05
F10.33* ABCD 17:47:20.136  -28:23:05.97 0.0 1.530 4.240 BO 4.00 46.88
F10.35° ABCD 17:47:20.152  -28:23:06.60 0.0 1.450 4.070 BO 3.50 46.77
F10.44> ABCD 17:47:20.245 -28:23:06.22 0.0 2.620 2.760 BO 2.90 47.21
G1044 ABCD 17:47:20.242  -28:23:03.23 0.0 1.370 4.920 BO 4.80 46.87
G1047 ABCD 17:47:20.270  -28:23:02.25 0.0 1.910 3.670 BO 3.70 47.05
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Table C.1: (continued) Known HII regions in Sgr B2.

ID! Model > RA 3 DEC * dz > Tobs © n,’ ZAMS?® EM? log(Nj) 10
[h:m:s, J2000] [d:m:s, J2000] [10° au] [103au] [10* cm ™3] type [107 pc cm 9] [s71]
H ABCD 17:47:20.426  -28:23:44.62 0.0 9.260 2.700 06 9.80 48.84
I ABCD 17:47:20.507  -28:23:05.95 0.0  22.000 1.630 05 8.40 49.52
110.49 ABCD 17:47:20.304  -28:23:04.45 0.0 2.000 3.440 BO 3.40 47.05
110.52 ABCD 17:47:20.325  -28:23:08.01 0.0 1.980 4.530 BO 5.90 47.28
J ABCD 17:47:20.570  -28:22:56.04 0.0 25.500 0.608 06 1.40 48.86
K1b A 17:47:19.802  -28:22:20.71 0.0 5.340 5.250 06.5 21.00 48.70
BCD -7.0
K2P A 17:47:19.874  -28:22:18.37 0.0 2.400 12.700 O7.5 56.00 48.42
BCD -7.0
K3Pb A 17:47:19.897  -28:22:17.07 0.0 3.200 7.610 075 27.00 48.35
BCD -7.0
K4 A 17:47:19.993  -28:22:04.58 0.0 6.280 3.750 o7 13.00 48.62
BCD -7.0
K5 A 17:47:20.266  -28:22:14.67 0.0  34.000 0.819 05 33.00 49.49
BCD -7.0
K6 A 17:47:20.568  -28:22:08.82 0.0 49.900 0.532 05 20.00 49.62
BCD -7.0
L ABCD 17:47:22.661  -28:21:55.77 0.0 17.300 1.420 055 5.10 49.09
L13.30 ABCD 17:47:23.079  -28:21:55.16 0.0 5.680 1.450 09.5 1.70 47.66
0] ABCD 17:47:22.901  -28:22:49.07 0.0 7.800 0.698 09.5 0.55 47.44
P ABCD 17:47:23.621  -28:23:36.02 0.0 7.800 0.777  09.5 0.68 47.53
Q ABCD 17:47:24.875  -28:21:44.93 0.0 7.800 0.895 095 0.90 47.65
R ABCD 17:47:26.464  -28:22:05.11 0.0 28.500 0.535 06 1.20 48.89
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Table C.1: (continued) Known HII regions in Sgr B2.

ID! Model > RA3 DEC * dz 3 Tobs © n,’ ZAMS® EM? log(Nj) 10

[h:m:s, J2000] [d:m:s, J2000] [10° au] [10% au] [10* cm~3] type [107 pc cm 9] [s71]
T ABCD 17:47:27.256  -28:20:58.75 0.0 35.100 0.138 09 0.10 47.99
U ABCD 17:47:12.093  -28:22:33.86 0.0 27.300 0.364 075 0.52 48.50
v ABCD 17:47:13.224  -28:23:47.77 0.0 54.600 0.233 06 0.43 49.02
W ABCD 17:47:16.717  -28:23:29.52 0.0 19.500 0.238 09.5 0.16 47.69
X ABCD 17:47:17.363  -28:22:03.74 0.0 3.120 2.220 BO 2.20 47.25
X8.33 ABCD 17:47:18.113  -28:22:06.82 0.0 1.900 5.320 BO 7.80 47.36
Y ABCD 17:47:18.657  -28:22:54.51 0.0 5.630 1.480 09.5 1.80 47.67
Z ABCD 17:47:18.689  -28:22:44.78 0.0  19.000 0.607 0O7.5 1.00 48.47
71024  ABCD 17:47:20.038  -28:22:41.18 0.0 1.680 6.140 BO 9.20 47.33
AA ABCD 17:47:19.388  -28:22:18.33 0.0 11.700 1.070 08 1.90 48.33
BB ABCD 17:47:22.348  -28:22:17.41 0.0 33.100 0.218 08 0.24 48.31
Notes:

2 All values listed in this table are the values used in the different models assuming HII regions are spherical symmetric regions of fully ionized

gas with no dust and a single ionizing source.

b These regions are optically thick. Their electron density has been increased manually.

D is the identifier used in the model. We use the same identifiers as (Mehringer et al. 1993; Gaume et al. 1995; De Pree et al. 1998).

2 Model refers to one of the four model described in this paper.

3 RA is the right ascension of the HII region given in units of hours:minutes:seconds in the equatorial coordinate system.

4 DEC is the declination of the HII region given in units of degrees:arcminutes:arcseconds in the equatorial coordinate system.

3 dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points towards the observer.

6 rops is the observed radius of the HII region.

7

n, is the number electron density.

8 ZAMS refers to the zero age main sequence star embedded in the HII region.

9 EM is the emission measure.

10 10g(N;) is the logarithm of the number of Lyman continuum photons.
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Table C.2: Small scale structure. Dust density cores in Sgr B2.

ID! Model 2 RA3 DEC * dz? 1o © n.’ n?¥ star?
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10° au] [107 Hy cm™]

M-SMA-la ABCD 17:47:20.197  -28:23:04.36 1.0 3.0 20 50 BO
M-SMA-1b ABCD 17:47:20.170  -28:23:04.60 1.0 3.1 35 50 BOS
M-SMA-1c  ABCD 17:47:20.158  -28:23:05.08 1.0 3.6 10 5.0 BO.S
M-SMA-1d ABCD 17:47:20.148  -28:23:05.48 1.0 3.6 20 5.0 BO.S
M-SMA-2a ABCD 17:47:20.152  -28:23:04.18 0.0 32 19 5.0 BO.S
M-SMA-2b ABCD 17:47:20.124  -28:23:04.45 0.0 3.3 14 50 BO.S
M-SMA-3 ABCD 17:47:20.100  -28:23:04.04 0.0 2.8 14 5.0 BO.S
M-SMA-4  ABCD 17:47:20.152  -28:23:03.30 0.0 3.4 7 5.0 none
M-SMA-5 ABCD 17:47:20.212  -28:23:04.90 0.0 32 50 BO0.S
M-SMA-6 ABCD 17:47:20.175  -28:23:06.08 0.0 3.0 35 5.0 none
M-SMA-7 ABCD 17:47:20.118  -28:23:06.35 0.0 2.9 30 5.0 BO.S
M-SMA-8 ABCD 17:47:20.215  -28:23:06.43 0.0 3.6 4 50 none
M-SMA-9  ABCD 17:47:20.250  -28:23:07.10 0.0 2.8 9 50 BO.S
M-SMA-10 ABCD 17:47:20.005  -28:23:05.79 0.0 3.3 15 5.0 none
M-SMA-11 ABCD 17:47:20.108  -28:23:03.10 1.0 3.2 20 5.0 BO.S
M-SMA-12 ABCD 17:47:20.136  -28:23:02.24 1.0 3.8 50 50 BO
N-SMA-la A 17:47:19.912  -28:22:18.25 -5.0 9.0 45 5.0 none

BCD -6.95 9.0 45 5.0 none
N-SMA-1b A 17:47:19.900  -28:22:19.51 2.0 4.0 75 5.0 none

BCD -6.98 4.0 75 5.0 none
N-SMA-2a A 17:47:19.944  -28:22:13.64 3.0 6.9 10 5.0 BO.S

BCD -6.97 6.9 10 5.0 BO.S

se|gp| D Xipusddy
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Table C.2: (continued) Small scale structure. Dust density cores in Sgr B2.

ID! Model 2 RA3 DEC * dz? 1o © n.’ n?¥ star?
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10° au] [107 H, cm 3]
N-SMA-2b A 17:47:19.880  -28:22:13.80 -30 6.8 10 50 BO.S
BCD -6.97 6.8 10 50 BO0.S
Notes:

UID is the identifier used in the model. These identifiers are identical to the ones introduced by Qin et al. 2011. Note:
Some of these objects identified by Qin et al. 2011 show an elongated intensity structure. We recover these objects with
a superposition of several spherical symmetric clumps. We distinguish these components by adding additional lowercase
letters to the identifier introduced by Qin et al. 201 1.

2 Model refers to one of the four model described in this paper.

3 RA is the right ascension of the density component given in units of hours:minutes:seconds in the equatorial coordinate
system.

4 DEC is the declination of the density component given in units of degrees:arcminutes:arcseconds in the equatorial
coordinate system

> dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points
towards the observer.

6 1y is the turnover radius defining the component, as described in Eq. 3.2.

7 n. is the central density.
8 11 is the exponent of the dust density profile.
% This column indicates whether an additional heating source had to be included inside the dust component. If this is the

case, the spectral type of the star is given.
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Table C.3: Large-scale structure. Dust density envelopes in Sgr B2.

ID! Model 2 RA 3 DEC 4 dz? I0.x 6 10,y 6 10,z 6 no’ M 8 star?
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10%au] [10%au] [10°au] [10* Hy cm™3]
NE ABCD 17:47:22.361  -28:21:31.94 0.0 200 200 200 9.8 22 BO
N1 A 17:47:19.912  -28:22:18.25 0.0 40 40 40 200 2.5 none
B -7.0 40 40 40 400 2.5 none
C -7.0 40 40 40 400 2.5 none
D -7.0 40 40 55 300 2.5 none
N2 A 17:47:16.000  -28:21:48.00 0.0 30 30 30 60 1.8 none
B -7.0 30 30 30 100 1.8 none
C -7.0 30 30 45 90 1.8 none
D -7.0 30 30 30 90 1.8 none
M1 AB 17:47:20.056  -28:23:06.46 0.0 30 30 30 200 2.5 none
C 0.0 60 60 140 30 2.5 none
D 0.0 60 60 80 70 2.5 none
M2 AB 17:47:17.800  -28:23:00.00 0.0 20 20 20 200 1.8 none
C 0.0 40 40 80 100 1.8 none
D 0.0 40 40 50 100 1.8 none
S1 ABCD 17:47:20.465  -28:23:45.25 0.0 30 30 30 90 24 BO
S2 ABCD 17:47:19.509  -28:23:52.45 0.0 20 20 20 40 1.8 none
Se ABCD 17:47:21.525  -28:24:20.58 0.0 50 50 50 50 2.3 none
deepS ABCD 17:47:20.632  -28:25:30.87 0.0 220 220 220 12 2.2 none

se|gp| D Xipusddy
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Table C.3: (continued) Large-scale structure. Dust density envelopes in Sgr B2.

Notes:

'ID is the identifier used in the model. These identifiers follow the historic naming scheme explained in Sect. 2.3.

2 Model refers to one of the four model described in this paper.

3 RA is the right ascension of the density component given in units of hours:minutes:seconds in the equatorial coordinate system.

4 DEC is the declination of the density component given in units of degrees:arcminutes:arcseconds in the equatorial coordinate system

> dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points towards the observer.
6 Iy, Iy, T, are the core turnover radii in each principal direction, as described in Eq. (3.2).

7 n. is the central density.

8 11 is the exponent of the dust density profile.

9 This column indicates whether an additional heating source had to be included inside the dust component. If this is the case, the spectral type

of the star is given.
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ABSTRACT

Context. We model the dust and free-free continuum emission in the high-mass star-forming region Sagittarius B2.

Aims. We want to reconstruct the three-dimensional density and dust temperature distribution, as a crucial input to follow-up studies
of the gas velocity field and molecular abundances.

Methods. We employ the three-dimensional radiative transfer program RADMC-3D to calculate the dust temperature self-
consistently, provided a given initial density distribution. This density distribution of the entire cloud complex is then recursively
reconstructed based on available continuum maps, including both single-dish and high-resolution interferometric maps covering a
wide frequency range (v = 40 GHz - 4 THz). The model covers spatial scales from 45 pc down to 100 au, i.e. a spatial dynamic range
of 10°.

Results. We find that the density distribution of Sagittarius B2 can be reasonably well fitted by applying a superposition of spherical
cores with Plummer-like density profiles. In order to reproduce the spectral energy distribution, we position Sgr B2(N) along the line
of sight behind the plane containing Sgr B2(M). We find that the entire cloud complex comprises a total gas mass of 8.0 x 10° M,
within a diameter of 45 pc. This corresponds to an averaged gas density of 170 Mypc™. We estimate stellar masses of 2400 M, and
20700 M, and luminosities of 1.8 x 10°Lg and 1.2 x 107 L, for Sgr B2(N) and Sgr B2(M), respectively. We report H, column
densities of 2.9 x 10%* cm™2 for Sgr B2(N) and 2.5 x 10** cm™2 for Sgr B2(M) in a 40" beam. For Sgr B2(S), we derive a stellar mass
of 1100 My, a luminosity of 6.6 x 10° L, and a H, column density of 2.2 x 10** cm™ in a 40" beam. We calculate a star formation
efficiency of 5 % for Sgr B2(N) and 50 % for Sgr B2(M). This indicates that most of the gas content in Sgr B2(M) has already been
converted to stars or dispersed.

Key words. radiative transfer — radio continuum: general — stars: formation — stars: massive — ISM: clouds — ISM:individual objects:

Sgr B2

1. Introduction

Apart from in-situ measurements in the Solar System, all infor-
mation gained in astrophysics is deduced from the analysis and
interpretation of radiation received with ground or space-based
telescopes. Gas and dust, in between the source and the tele-
scope, influences the radiation. So analyzing the radiation re-
ceived from an astrophysical object not only provides informa-
tion about the source, but also about the medium in between the
object and the observer. Radiative transfer is thus one of the most
fundamental phenomena in astrophysics.

As summarized by Steinacker et al. (2013), three-dimen-
sional dust radiative transfer calculations are essential to make
progress in many fields of astronomy. Dust grains modify the
radiation field in many objects such as protoplanetary disks,

evolved stars, reflection nebulae, supernova remnants, molecu-
lar clouds, the interstellar medium, galaxies, galactic nuclei, and
the high-redshift universe.

In this paper, we focus on the modeling of the dust and free-
free continuum emission of the high-mass star forming molecu-
lar cloud Sagittarius B2 (hereafter Sgr B2) by applying detailed
three-dimensional radiative transfer modelling.

Sgr B2 is one of the most massive molecular clouds in the
Galaxy. It is located at a distance of 8.34+0.16 kpc (Reid et al.
2014)! and has a projected distance of 107 pc (or 43.4") from
Sgr A*, the compact radio source associated with the supermas-
sive black hole located at the Galactic Center. Hiittemeister et al.
(1993) distinguish three different parts in Sgr B2: (i) a low den-

! In this paper, we assume a distance to Sgr B2 of 8.5 kpc.
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38 pc (15.4")
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1.7 pc (42.3")

5 pc
(121.3")

3.9 pc (95.6")

2.3 PC | .
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1Goldsmith et al. 1990 2Hittemeister et al. 1995

Fig. 1: Sketch of the Sgr B2 region, adapted from Hiittemeister
et al. (1999).

sity envelope, (ii) a moderate density region extended around
(iii) local hotspots, which are the most compact, densest molec-
ular regions (see Fig. 1). The envelope measures 38 pc (or 15.47)
in diameter (Scoville et al. 1975, corrected for distance) and has
a gas mass of 7 x 10° My (Goldsmith et al. 1990). The aver-
age H, density n(H,) ~ 10° cm™3, and H, column density N(H,)
~ 10% ¢cm™2, are relatively low compared to the central part of
the region. The moderate density region extends over 2.5 pc X
5.0 pc around the local hotspots. Its density and H, column den-
sity are higher, n(H,) ~ 10° cm™ and N(H,) ~ 10* cm™2. Em-
bedded in this intermediate region are the local hotspots. At least
three of them are sites of active star formation (Gordon et al.
1993). These three sources are historically named according to
their relative location in an equatorial coordinate system: Sgr
B2(N)(orth), Sgr B2(M)(ain), and Sgr B2(S)(outh). They are po-
sitioned along a north-south line. In projection, Sgr B2(M) is
located 1.9 pc (or 45"’) south of Sgr B2(N) and Sgr B2(S) is lo-
cated 1.7 pc (or 42.3”) south of Sgr B2(M), see Fig. 1. These
cores have sizes of ~ 0.5 pc, H, densities of ~ 107 cm™3, and col-
umn densities of 10% cm™2 (Hiittemeister et al. 1995). Different
works, e.g. Goldsmith et al. (1990); Etxaluze et al. (2013), have
derived the gas mass of the two cores Sgr B2(N) and SgrB2 (M)
in the ranges of 6 — 25 x 10* Mg and 3 — 23 x 10* M, respec-
tively. However, they used different radii (0.4 — 1.6 pc), which
makes a comparison of the results impossible.

Sgr B2(N) and Sgr B2(M) are sites of active massive star
formation and comprise a plethora of (ultra-compact) Hir re-
gions, X-ray sources associated with Hu regions, X-ray sources
with no radio or IR counterparts (Takagi, Murakami & Koyama
2002), dense cores, embedded protostars, and molecular masers
(Goicoechea et al. 2004). More than 70 Hu regions have been
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detected in the whole Sgr B2 cloud complex (see Fig. A.1 ;
Mehringer et al. 1993; Gaume et al. 1995; De Pree et al. 1998).

In the observed dust continuum maps, we see an extension
of the cloud complex to the north-east. Following the histori-
cal naming scheme, we name this region Sgr B2(NE) through-
out this paper. This component is located in projection 2.3 pc
(or 56.8"”) north-east of Sgr B2(N). Another extension is visible
towards the south of the cloud. We will name this extension Sgr
B2(deepS)outh throughout this paper. This component is located
in projection 3.9 pc (or 95.6”") south of Sgr B2(S), see Fig. 1 .

The modeling of the continuum emission of the Sgr B2
complex presented here provides us with the three-dimensional
model of the structure (density distribution) of this region. For
this multiwavelength, multiscale data is crucial to properly con-
strain the structure. In the next step this will enable us to model
the line shapes (kinematics) and thus constrain molecular gas
properties such as the gas velocity field, molecular abundances,
etc.

The paper is organized as follows: In Sect. 2 we introduce
the observational dataset used throughout the paper. The model-
ing approach is presented in detail in Sect. 3 . This is followed by
the application of the modeling approach to Sgr B2 and the dis-
cussion of the results in Sect. 4 . Finally the paper is concluded
in Sect. 5. In Sect. A, we present additional figures and in Sect.
B we tabulate the setup parameters of all models. In Sect. C we
derive physical properties of Hm regions.

2. Observations and data reduction

Multiwavelength, multiscale data is crucial to properly constrain
the structure of Sgr B2. Towards the hot cores Sgr B2(N) and Sgr
B2(M), the Herschel/HIFI spectral surveys provide the contin-
uum information from the sub-mm up to the far-infrared regime.
High-resolution interferometric maps towards both hot cores ob-
tained with the Submillimeter Array (SMA) and the Very Large
Array (VLA) provide the necessary spatial resolution on small
scales. To cover the large-scale structure, we use dust continuum
maps obtained within the surveys ATLASGAL and HiGAL, de-
scribed in detail below. A summary of the data is presented in
Table 1. Fig. A.6 provides an overview of the employed datasets
and the spatial scales they cover.

2.1. Herschel / HIFI

The Herschel / HIFI guaranteed time key project HEXOS (Her-
schel / HIFI observations of EXtraOrdinary Sources; Bergin
et al. 2010) includes full line surveys of Sgr B2(N) towards
otno00 = 17M47™19.88°, Sya000 = —28°22718.4” and Sgr B2(M)
towards ogagon = 17M47™20.35%, 852000 = -28°233.0”, covering
the frequency ranges of 480 — 1250 GHz and 1410 — 1910 GHz.
The corresponding half-power beam widths are 44.9 —17.2" and
15.3 - 11.3”, respectively.

The spectral scans have been calibrated with HIPE version
10.0 (Roelfsema et al. 2012). The resulting double-sideband
(DSB) spectra were reduced with the GILDAS CLASS? pack-
age. Basic data reduction steps included removal of spurious fea-
tures or otherwise unusable parts of the spectra. The continuum
emission was subtracted from the DSB scans by mostly zero-
th, first- or more rarely second-degree polynomial fitting. The
continuum-subtracted DSB data were deconvolved (sideband
separation through pure y? minimization; Comito & Schilke

2 http://www.iram.fr/IRAMFR/GILDAS
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Table 1: Summary of observational data.

center coordinates
Telescope v A resolution | RA, DEC (J2000) map size | incl. sources
[GHZz] [m] ["1 | [17:47:s, -28:m:s] [" x"]
large-scale
VLA 23.1 13000 0.27 x 0.23/ 20.166, 23:04.76 143 x 143 Sgr B2
APEX? 345 870 19.2 19.943,23:01.62 | 1100 x 1100° Sgr B2
Herschel? 600 500 42.5 19.639,22:57.77 | 1100 x 1100° Sgr B2
857 350 30.3 19.791, 22:59.68 | 1100 x 1100° Sgr B2
1200 250 234 19.939,23:01.64 | 1100 x 1100° Sgr B2
Herschel’ 4283 70 10.4 20.046, 23:02.89 | 1100 x 1100° Sgr B2
small-scale
VLA 40.8 7000 0.15 x 0.10° 19.902, 22:17.8 24 x 24 Sgr B2(N)
0.15 x 0.10° 20.202, 23:05.3 Sgr B2(M)
40.8 7000 | 0.049 x 0.0797 20.115 23:04.0 10 x 10 Sgr B2(M)
SMA 342 874 0.37 x 0.228 19.883, 23:18.4 16 X 16 Sgr B2(N)
0.37 x 0.228 20.158, 23:05.0 Sgr B2(M)
single
pointing
Herschel’ 480 —1250 | 625 -240 449-172 19.88, 22:18.4 — Sgr B2(N)
20.35, 23:03.0 — Sgr B2(M)
1410-1910 | 213 - 157 153-11.3 19.88, 22:18.4 — Sgr B2(N)
20.35, 23:03.0 — Sgr B2(M)

Notes. (V) The VLA was in the DnCnBnA hybrid array configuration. ® LABOCA instrument. This map has been combined with the Planck map.
© The coverage of these maps is beyond the extent of Sgr B2. We have thus extracted cutouts. ¥ SPIRE instrument. > PACS instrument. ® The
VLA was in the BnA hybrid array configuration. © The VLA was in the A array configuration. ® The SMA was in the compact and in the very
extended array configuration. Both data sets have been combined. ¢ HIFI instrument.

2002) to provide an equivalent single-sideband (SSB) spectrum
for each HIFI band.

Since a single full HIFI line survey is actually made up
of 14 independent line surveys with seven different local os-
cillators (HIFI LO bands la through 7b), inconsistencies in
the continuum level between HIFI bands were expected and
indeed observed. A linear least squares fit of the subtracted
continuum values as a function of local oscillator (LO) fre-
quency provided a reliable — because unaffected by spectral fea-
tures — parametrization of the continuum variation across each
HIFI band, which was then folded back into each continuum-
subtracted SSB spectrum.

Finally, the overall continuum was rendered self-consistent
in two steps: the first adjustment consisted of an additive factor
for each band, to achieve a zero-continuum level for the observed
saturated absorption features. This is based on the absorption of
molecules with a high dipole moment. These molecules are lo-
cated in foreground, i.e. low density, clouds along the line-of-
sight towards Sgr B2. Thus they will have a very low excita-
tion temperature. The second adjustment required a multiplica-
tive factor, in order for the continuum values in overlap regions
between bands to be consistent with each other.

For Sgr B2(N), the additive factors range between -1.08 and
0.48 K, with a median of 0.05 K; the multiplicative factors range
between 0.82 and 1.42, with a median of 1.00. For Sgr B2(M),
the additive factors range between -0.87 and +0.34 K, with a me-
dian of 0.28 K; the multiplicative factors range between 0.86 and
1.42, with a median of 1.03.

2.2. Submillimeter Array (SMA)

Sgr B2 has been observed with the SMA in the compact and
very extended configurations. The observations were carried
out on June 11, 2010 using seven antennas and on July 11,
2010 using eight antennas. The phase tracking centers were
o000 = 17747™19.883%, 8jp000 = —28°22'18.4” for Sgr B2(N)
and Xj2000 = 17h47m20.1588, 6]2000 = —-28°23’5.0” for Sgr
B2(M). The data reduction and results are described in detail
in Qin et al. (2011). The absolute flux scale is estimated to be
accurate to within 20%. Both sources were observed in double-
sideband mode, and covered rest frequencies from 342.2 to
346.2 GHz and from 354.2 to 358.2 GHz. The line-free channels
have been used to reconstruct the continuum image. We have
re-imaged the continuum maps with almost uniform weighting,
resulting in a beam of 0.37” x 0.22"”, position angle (hereafter:
PA) = 17.8 ° with a rms of ~ 26 mJy/beam.

2.83. Very Large Array (VLA)

To constrain the location and physical parameters of the Hi re-
gions in Sgr B2, we used several different data sets obtained with
the VLA.

2.3.1. Gaume et al. (1995) map at 1.3 cm covering Sgr B2

Gaume et al. (1995) observed Sgr B2 with the VLA in
three configurations, BnA, CnB, and DnC, between Febru-
ary 1989 and October 1989. The central pointing position is
XJ2000 = 17h47m20.166s, Oj2000 = —28°23’4.76” . The data set and
its calibration is described in detail in Gaume et al. (1995). We
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used an image of the combined DnCnBnA data, resulting in a
beam of 0.27"” x 0.23” (HPBW), PA = 70°, with an rms of ~
0.38 mJy/beam.

2.3.2. Rolffs et al. (2011a) maps at 7 mm covering Sgr B2(N)
and Sgr B2(M)

Sgr B2 has been observed with the VLA in the BnA
hybrid configuration at 40.7669 GHz, corresponding to
7.5mm (project AR687). The phase tracking centers were
XJ2000 = 17h47m19.9025, 6]2000 = —-28°22'17.8" for Sgr BZ(N)
and Xj2000 = 17h47m20.2025’ 6]2()0()2 —28°23’5.3" for Sgr
B2(M). Sgr B2(M) was observed on 2009 January 31, and
Sgr B2(N) on February 1. The data set and its calibration is
described in detail in Rolffs et al. (2011a). The continuum
was fitted using line-free channels. We have re-imaged the
continuum map with almost uniform weighting, resulting in a
beam of 0.15” x 0.10” (HPBW), PA = 52.8°, with a rms of ~
0.9 mJy/beam.

2.3.3. De Pree et al. (1998) map at 7 mm covering Sgr B2(M)

De Pree et al. (1998) observed Sgr B2(M) with the VLA using
the A configuration on 1996 December 12, and 1997 January
17. The central pointing position is &jppg = 17"47™20.1158,
012000 = —28°23’4.02”. The data set and its calibration is de-
scribed in detail in De Pree et al. (1998). The image we used has
a spatial resolution of 0.049” x 0.079” (HPBW), PA = 11°,
with an rms of ~ 0.5 mJy/beam.

2.4. APEX / ATLASGAL project

Carried out using the Large APEX BOlometer CAmera
(LABOCA; Siringo et al. 2009), the APEX Telescope Large
Area Survey of the Galaxy (ATLASGAL; Schuller et al. 2009)
covers the full inner Galactic Plane at 870 um with a resolution
of 19.2" and an rms below 70 mJy/beam. Each position of the in-
ner Galatic plane has been mapped twice with different scanning
directions to avoid striping, using the on-the-fly mapping tech-
nique. The pointing accuracy is of the order of 4" and the flux
calibration uncertainty is lower than 15 %. A detailed descrip-
tion of the data reduction is given in Csengeri et al. (2014). This
map was recently cross-calibrated using the data of the Planck
mission and the large-scale structure that is filtered out during
the processing of the LABOCA data has been added back into
the map (Csengeri et al. 2015, submitted). We use this improved
map in our study.

2.5. Herschel / HIGAL project

The Herschel Hi-GAL survey (Molinari et al. 2010) provides
photometric mid-IR observations at 70 pm and 160 um using
PACS (Poglitsch et al. 2010), and sub-milimeter observations at
250 wm, 350 pm, and 500 wm using SPIRE (Griffin et al. 2010).
Sgr B2 was observed as part of the Field 0 observations covering
the Galactic Center (OD 481; obsids 1342204102, 1342204103).
The observations were carried out in PACS/SPIRE parallel mode
with a fast scanning speed of 60”’s™!. The data reduction is de-
scribed in detail in Traficante et al. (2011). This dataset was
cross-calibrated using the data of the Planck mission on the
long-wavelength side and the data from the IRAS mission on
the short wavelength side. The angular resolutions at the five
wavelengths, listed by increasing wavelength, are 10.4", 13.6",
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Fig. 2: Flowchart of the modeling framework pandora.

23.4",30.3"”, and 42.5"” (Traficante et al. 2011). We note that
the 160 um PACS map is saturated towards Sgr B2(M) and N
and is thus not used in our study.

3. Modeling Procedure

We have implemented a framework called pandora that follows
the flowchart shown in Fig. 2 for the continuum modeling. As
part of this framework, we employ the three-dimensional, pub-
licly available radiative transfer program RADMC-3D (Dulle-
mond 2012, version 0.39), Miriad for the post-processing, and
MAGIX (Moller et al. 2013) for the optimization of the model
input parameters. We describe the model setup and physical pa-
rameters in the following subsections. RADMC-3D is written in
Fortran90 and allows the user to setup their models in a non-
invasive way, i.e. via a separate subroutine. In the following sub-
sections we describe different parts of the setup of our model.

3.1. Coordinate system

We use a positively right-handed cartesian coordinate system.
This means that the x-axis points west on the sky, the y-axis
points to the north and the z-axis points towards the observer.
The origin of this system is located at the center of the model,
which is chosen to be Sgr B2(M), i.e. xy2000 = 17747™20.1728,
O12000 = —28°2374.58"".

3.2. Grid refinement

We want to recover the large dynamic range in spatial resolu-
tion from 38 pc, i.e. the diameter of the envelope (Scoville et al.
1975, corrected for distance) down to 100 au (small scale struc-
ture around the hot cores and Hu regions). If we would attempt
this with a cartesian grid, i.e. a grid where the elements are unit
cubes, this would require 800 billion cells. This is not only com-
putationally unfeasible but also unneccessary when e.g. the den-
sity distribution is flat.

We use the adaptive mesh refinement technique (originally
presented by Berger & Oliger 1984; Berger & Colella 1989) to
locally increase the spatial resolution of our numerical radiative
transfer simulation. The initial grid consists of 113 cells. We em-
ploy the RADMC option to include a tree-based AMR method
(Khokhlov 1998, and references therein). This means that, on a
cell-by-cell basis, parent cells are refined into children cells re-
sulting in a recursive tree structure. The resulting grid provides
high resolution where needed based on the refinement criteria.

In our approach, two criteria are used to check if a cell needs
to be refined: (i) the presence of a dust core center within the
cell and (ii) the dust density distribution within the cell. Since
we cover a large dynamical range, it is crucial to make sure that
small clumps are recognized by the refinement routine. Thus as
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long as the cell size is larger than twice the radius of a dust core,
this cell is refined if the core center is located within the cell. A
cell is also refined into eight sub-cells when

|ncemer - nil
—_— > €,

(D
Hcenter
where neeneer 1S the density at the cell center and »; is the density
at the center of the faces or the corners of the cell and € is the
allowed maximum density difference, which is set to 10 %.
The grid is refined to level 13, i.e. at least one initial cell has
been refined 13 times. This results in a minimum cell size of
100 au and in total ~68 million final cells.

3.3. Heating sources

RADMC-3D provides several methods to include luminous
sources. We choose the option to manually specify the individ-
ual luminous sources and assume that all stars are point sources,
i.e. their radius is not taken into account. We use a two-step ap-
proach. In the first step we account for observed early-type high-
mass stars by including the known Hi regions (Mehringer et al.
1993; Gaume et al. 1995; De Pree et al. 1998, see Table B.1 for a
complete list of all parameters). Due to a revised distance of the
Galactic Center we estimated the corresponding parameters, see
Sect. 3.5. We specify their position and calculate the luminosity
and temperature from the Zero-Age-Main-Sequence (hereafter:
ZAMS) type using Table 5 from Vacca et al. (1996). Here we
assume that each Hu region is ionized by a single star. We use
the RADMC-3D option to assume simple blackbody spectra for
each star, by specifying their blackbody temperature. This ac-
counts for stars down to the BO spectral type.

In the second step we take later spectral types, i.e. stars
which cannot produce Hu regions detectable with current ob-
servations, with stellar masses between 0.01 Mg and ~19.0 M,
into account. We do this as follows: Based on the gravitational
potential, our algorithm randomly determines positions for the
new stars. For this, we follow the procedure explained in the ap-
pendix of Aarseth et al. (1974). A luminosity, which is randomly
drawn from the initial mass function (IMF) of Kroupa (2001), is
assigned to each star.

We do this as follows: Assuming a spherical symmetric star
cluster, we specify the radius of this cluster. This radius is de-
termined using a radial histogram of the distributed Hm regions
(see Fig. A.3). From Kroupa’s IMF we then calculate the frac-
tion fium of the stars in the high mass regime (i.e. between M,
and M,; M| < M>) to the mass of all stars (i.e. between My and
M;; My < M < My). The lowest mass boundary My is provided,
the mass boundaries M; and M, are set by the high-mass stars
that were distributed within the cluster in the first step described
above. The total stellar mass of the cluster Mjyseer 1S then calcu-
lated from the ratio of the sum of the stellar mass of all high-mass
stars distributed between M; and M, to the ratio fiyy. We then
randomly draw stars between My and M; from the IMF until the
total stellar mass of the cluster, M juster, 18 reached.

The model can contain several of these star clusters. After
the stars are sprinkled separately within each of these clusters,
the entire envelope is treated as a cluster itself and the proce-
dure is repeated once more, i.e. necessary stars are sprinkled ev-
erywhere except in the previously mentioned star clusters until
the calculated total stellar mass of the computational domain is
reached.

We then convert the stellar mass M to luminosity L using
the parameterized mass-luminosity relation from Griffiths et al.

(1988):
M
0.006 + 4.161 —,
+ 0810 (Mo)
M
0.682 < log;y[—] < 0.461
log ( L ) Mo
|7 |~
L
©710.370 + 3.51log,, (ﬂ)
Mo
M
IOglo (VO) > 0.461

@

Griffiths et al. (1988) provide two sets of boundaries. One is non-
continuous but has a better x> value whereas the other set, which
we choose to use, provides a continuous behaviour of the mass-
to-luminosity relation while having a slightly worse x> value.
We only include luminosity in terms of ZAMS luminosity.
The total luminosity determined in the literature, however, in-
cludes contributions from accretion luminosity, as well as from
high-mass stars without an Hn region (Hosokawa & Omukai
2009). We thus note that the luminosity calculated with our ap-
proach is a lower limit. We determine the corresponding effective
temperatures of the stars using the fundamental stellar parame-
ters (spectral type, luminosity, effective temperature) compiled
by Straizys & Kuriliene (1981). Since we need to provide an ef-
fective temperature for each star, the limitation of the tabulated
data sets the lower mass limits of the star clusters to 0.2 M.

3.4. Dust density distribution

The overall density structure is obtained by the superposition of
the density profiles of all dust cores, i.e. in overlap regions, the
density simply adds up. In each cell j, the density is determined
as

N
nj= Zni,j(r)
i=1

where i is the index of the dust cores and N is the number of
cores. Following Qin et al. (2011), we use a modified Plummer-
like profile to model the SMA dust density cores as well as the
large-scale envelopes. For a subset of our models, we find it use-
ful to introduce elongated density structures (see Sect. 4). We
define them as follows:

(€)

— nc
(1 + )"

n(r) “

where 7, is the central density given in Hy cm™ and r is given
by the Euclidean norm, including scaling factors

- \2 \2 - \2
e e T )

ro,x roy 1o,z
where r,, . are the components of r and ro ., ro,, and o set
the size of the cluster core in each of the three principal axes.
A spherical symmetric distribution is obtained by setting ry =

rox = roy = ro.. The density distribution is flat inside the radius
ro and approaches a power-law with an exponent 1 at r > ry.

&)
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3.5. Hi regions

In our model, we consider Hii regions as Stromgren spheres, i.e.
as a fully ionized, spherical regions of uniform electron density
with no dust. There are more than 70 Hu regions known in Sgr
B2 (Mehringer et al. 1993; Gaume et al. 1995; De Pree et al.
1998).

We obtained the high-resolution interferometric maps pre-
sented in Gaume et al. (1995) and De Pree et al. (1998) and per-
formed the following analysis steps. Hi regions come in many
different shapes, which makes them hard to fit with Gaussians.
So in order to match them as best as possible with spheres,
we masked everything below three times the rms in the con-
tinuum maps and by eye inspection adjusted circles to enclose
the observed Hu regions. We then integrated the enclosed flux
and assuming optical thin emission and a homogeneous, non-
expanding Hm region, we calculated the number electron density
ne, the emission measure EM, and the number of ionizing pho-
tons N; using the following formulas.

0.35 0.1 2
= 3.217)(107 ﬂ (E) ( v ) (Gsource ) )
° JyJAK GHz arcsec

05 0.175 0.05
n F T %
¢ )=2576 x 10° [~ (—) (—)
(cm‘3 ) % ( Jy ) K GHz
QQOUTCC -1 D _05
arcsec pc

V. -0.45 0.1 2
(il) = 4771 1042><(5)(§) (57) (2) ®)
s” Jy/\K GHz pc
Here F, is the flux density of the Hu region, 7. is the electron
temperature, v is the frequency, D is the distance to the source,
and Bgource 1S the angular diameter of the Hm region. A derivation
of these formulas can be found in the appendix C.

Deriving the number electron density at a certain frequency
from the observed flux density assuming optical thin emission
will underestimate the number electron density if the Hi region
is actually optically thick. This underestimate will then lead to
the intensity of the (optically thick) Hm region being underpre-
dicted by the simulation compared to the observed data at this
frequency. To account for this discrepancy, we compare the syn-
thetic intensities obtained from our model setup (see Sect. 3.7)
with the observed intensities. From the deviation of the intensity
levels, we identify the Hm regions which must be optically thick.
We then iteratively adjust the flux density values and recalcu-
late the number electron density n., the emission measure EM,
and the number of ionizing photons N; until we obtain a reson-
ably good match between the observed and synthetic intensities.
As our main goal is to model the dust emission here we need
to derive the free-free contribution from the Hm regions. Hence
we did not aim at a very sophisticated model of the Hm regions,
which would have to include a different geometry and a density
structure.

The Hm regions detected by Mehringer et al. (1993) were
included according to the parameters stated therein. However,
Mehringer et al. (1993) assumed a source distance of 7.5 kpc.
We have thus re-calculated the radii and the parameters stated
above for a distance of 8.5 kpc. But we have not corrected the
values to account for the optical depth effects. Thus we note that
these values are a lower limit. All parameters, including the radii
and the precessed coordinates, are listed in Table B.1.

EM
pccm™
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3.6. Dust temperature calculation

The dust temperature is calculated self-consistently by RADMC-
3D using the Monte Carlo method of Bjorkman & Wood (2001),
with various improvements, such as the continuous absorption
method of Lucy (1999). Initially, all cells have a dust tempera-
ture equal to zero. To determine the dust temperature, RADMC-
3D first identifies all sources of luminosity, i.e. the total amount
of energy available. This amount is divided into photon pack-
ages, which are separately emitted by the individual stars one
after another. As the photon packages move through the grid,
they interact with the dust present (scattering, absorption) caus-
ing them to change their direction or wavelength. In the case of
absorption, the photon package is immediately re-emitted in a
different direction with another wavelength according to Bjork-
man & Wood (2001). However, the luminosity fraction each pho-
ton package represents remains the same. Whenever a photon
package enters a cell, it increases the energy of that cell and
thus also increases the temperature of the dust. Photon packages
never get lost, they can only escape the model through the outer
edge of the grid. After the last photon package has escaped the
grid, the dust temperature is obtained. In summary the dust tem-
perature of each cell is basically the sum of the energy fractions
of each photon package passing through the cell. In total we use
10 million photon packages.

The calculated temperature is an equilibrium dust temper-
ature, since it is assumed that the amount of energy each dust
grain acquires and re-radiates stays the same. For most cases,
this is presumably a very good approximation, because the heat-
ing and cooling timescales for dust grains are typically very
short, compared to any time-dependent dynamics of the system
(Choudhury et al. 2015). Thus transiently heated small grains are
not important within the wavelength range considered here.

Note, we only consider stars as heating sources (see Sect.
3.3). The calculated dust temperature in the outer parts of the
envelope is on average 12 — 15 K. Modified blackbody fitting of
SCUBA data (Pierce-Price et al. 2000) and Herschel data Etx-
aluze et al. (2013) yields average dust temperature values for Sgr
B2 (along the line-of-sight) of ~ 20 K. Apart from line-of-sight
effects in the modified blackbody fitting, which do not influence
the modeling, part of this discrepancy is most likely due to heat-
ing by sources not considered here, e.g. cosmic rays or coupling
with the turbulently heated gas.

We furthermore make use of the Modified Random Walk
(MRW) method that is implemented in RADMC-3D in the sim-
plified form described in Robitaille (2010). This method pre-
vents a photon package from getting trapped in high-density re-
gions by predicting where the photon will go next. This allows
RADMC-3D to make one single large step of the photon pack-
age, saving the computation time for the otherwise necessary
hundreds or thousands of absorption or scattering events.

3.7. Images and post-processing

We use one dust species throughout the model and do not in-
clude scattering events. We use the tabulated dust opacity from
Ossenkopf & Henning (1994) for dust without grain mantles and
no coagulation, as found to best fit the Sagittarius B2 region by
Rolffs et al. (2011b). Including the free-free emission we cover
the frequency range from 40 GHz up to 4 THz. Continuum maps
at various wavelengths of interest are produced with RADMC-
3D.

In order to compare the synthetic maps with real obervations,
telescope-dependent post-processing is necessary. For this pur-
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pose we employ the data reduction package Miriad (Sault et al.
1995). In case of interferometric observations, we fold the simu-
lated maps with the uv-coverage. The imaging is then performed
for both maps (synthetic and observed) with the same imaging
parameters. In case of single dish observations, the synthetic
maps are convolved with the beam of the telescope at that fre-
quency, which we assumed to be Gaussian. Final maps are then
produced for the respective telescopes at various wavelengths in
intensity units (Jy/beam).

3.8. Fitting procedure

Three-dimensional modelling intrinsically has many free param-
eters. For this initial study, we have focused on deriving the den-
sity field for a fixed dust setup and, apart from by-hand adjust-
ments to account for optical depths effects, fixed Hu regions.
Still, the amount of free parameters is large. We have 20 dust
core components and 9 components for the large-scale envelope.
For each component we modified, in order of increasing impor-
tance, the density exponent, a stellar heating source and accord-
ingly a stellar cluster, the position along the line of sight, the
displacement in right ascension and declination, the radius and
the central density. In total this amounts to approximately 140
free parameters, many of them degenerated.

Concerning the position along the line-of-sight we unfortu-
nately only have limited constraints available for certain sources
to fix the three-dimensional structure on all scales. For optically
thin radiation, there is no information on the line-of-sight struc-
ture. Optically thick radiation comes from a photospheric sur-
face where the opacity exceeds unity. Thus, maps from different
wavelengths, with different opacities tracing different radii, can
give some constraints on the relative positions of sources along
the line-of-sight, but in general it is not possible to fix the ab-
solute positions along the line-of-sight. The more observational
data is available the better the full three-dimensional structure
could be deduced. We have thus only varied the line-of-sight po-
sition in a very limited way. More will be possible when fitting
individual molecular lines, because multiple lines from many
isotopologues of the same species provide many more surfaces
with the opacity exceeding unity, allowing a tomography of the
source.

Exploring the complete parameter space of all remaining free
parameters is prohibitive in terms of computing time. Thus, we
used a hybrid approach to constrain the other parameters men-
tioned. First, we derive a good guess by varying parameters by
hand, and judging the quality visually (x2-by-eye). This enabled
us to fix the exponent, the presence of stellar heating source/star
clusters and the displacement in right ascension and declination.
We then employed the model optimizer MAGIX (Mbéller et al.
2013) to iteratively search for the best solution, i.e. the param-
eter set with the lowest reduced x? value. For this run, we use
the Genetic Algorithm, leaving the central densities and the radii
as free parameters. The contribution from the Hu regions (e.g.
number electron density) was kept fixed during the entire fitting
procedure.

We fit the 874 GHz SMA maps, 480 — 1280 and 1440 —
1900 GHz HIFI spectral scans as well as the large scale maps
from ATLASGAL at 850 um, HiGAL SPIRE at 500, 350 and
250 wm and HiGAL PACS at 70 pm.

In total, we have run approximately 2 x 10* different models
(multi-core). The runtime for a single run varies between 0.5 and
6.0 hours, depending on the density structure, which, e.g. affects
the number of final cells in the grid.

4. Analysis and Discussion

Within the scope of this paper, we will focus the analysis on
the regions for which a wealth of data is available, namely
Sgr B2(N), Sgr B2(M), and partly Sgr B2(S). We included Sgr
B2(NE) and Sgr B2(deepS) in the model. However, we did not
attempt to fit these components, since the available dataset is
scarce.

4.1. Large scale dust continuum

To recover the large scale structure of the envelope, as visible
in the ATLASGAL and Hi-GAL intensity maps, we superim-
pose many density components having profiles with varying ex-
ponents (see Sect. 3.4). While fitting the large-scale dust contin-
uum maps, we noted the following problem. For a model where
the density profile for each component is spherically symmetric
and all components are located in the z=0 plane (Model A), the
70 um intensity was always overestimated and the 870 um inten-
sity was underestimated, especially for the two cores Sgr B2(N)
and Sgr B2(M).

By moving Sgr B2(N) along the line of sight behind the
plane containing Sgr B2(M) as suggested by e.g. Goldsmith et al.
(1990) (Model B), the emission from Sgr B2(N) gets attenuated
by the envelope of Sgr B2(M) and an improved fit is possible.
However, the general trend of the overestimation of the inten-
sity at 70 pm and underestimation of the intensity at 870 um
remains, especially for Sgr B2(M). This is a sign of the dust
column density being underestimated and the luminosity being
overestimated.

In a first approach, we have reduced this effect by assum-
ing that the envelopes of both, Sgr B2(N) and Sgr B2(M) are
elongated along the line-of-sight, i.e. they basically look like a
cigar (Model C). We achieved an improved fit by increasing the
radii along the line-of-sight by factors of 1.4 and 2.3 for Sgr
B2(N) and Sgr B2(M), respectively. At 70 pm the dust becomes
optically thick. So by increasing the dust column density along
the line-of-sight, we are able to hide the contribution from the
stars. On the other hand, this approach increases the intensity at
870 pum, because it increases the total dust column density, which
is proportional to the intensity of the optically thin 870 pm emis-
sion.

Another solution would be to decrease the luminosity. The
luminosity was calculated assuming a single ionized star in each
Hu region. However, besides the Lyman continuum emission
from the early-type star, additional UV photons could be emit-
ted from accretion shocks in the stellar neighborhood (Cesaroni
et al. 2016, submitted) which would lead to assigning an earlier
spectral type and thus overestimating the total luminosity. To test
this possibility, we have multiplied the luminosity by an arbitrary
factor of 0.5 (Model D). While doing so, we of course needed to
increase the density to preserve the 870 um fluxes. In this ap-
proach, there was no need for the elongated envelope, except for
Sgr B2(M), where the envelope is still slightly elongated. How-
ever, the observational and theoretical evidence of this Lyman
continuum overluminosity seems to be mainly given for B-type
stars (Sdnchez-Monge et al. 2013; Smith 2014). Thus it is un-
clear if O-type stars exhibit the same behavior. Furthermore, the
effect of dust inside the Hi regions has not been assessed. This
will be part of future work, see Sect. 6.

We have kept the number of components in all these mod-
els fixed. All parameters of each component are listed in Table
B.3. To facilitate the comparison of these different models, we
have produced cuts of the intensity along the reversed right as-
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Fig. 3: Intensity cuts along the reversed right-ascension axis at the constant declination of the envelope components of Sgr B2(NE),
Sgr B2(N), Sgr B2(M), and Sgr B2(S) from top row to bottom row. The data is plotted in solid black. The wavelength decreases
from left to right: 870 pm, 500 wm, 350 pm, 250 um, and 70 pm. Model A is denoted by the circular markers, Model B by the
squared markers, Model C by the diamonds shaped markers and model D by the triangular markers.

cension axis at the constant declination of the components Sgr
B2(NE), Sgr B2(N), Sgr B2(M) and Sgr B2(S). These cuts are
shown in Fig. 3. For comparison, we also show the observed and
synthetic azimuthally averaged radial profile for all four models
of the same components in Fig. A.4. We present the ATLASGAL
870 um, HiGAL-SPIRE 500, 350 and 250 pm, and the HIGAL-
PACS 70 um from left to right, i.e. the wavelength decreases
from left to right. These different models show that there is a
degeneracy between the dust density, luminosity and the relative
location of the different dust density centers and star clusters
along the line of sight. So in summary Model A overestimates
the 70 um intensity for both, Sgr B2(N) and Sgr B2(M) while
underestimating the intensity for both regions at 870 pm. Model
B only improves the discrepancy for Sgr B2(N), but still gives a
bad fit for Sgr B2(M). These two models are thus clearly unfa-
vorable to proceed the analysis with them. Model D provides an
improved fit, however it remains unclear to which degree the lu-
minosity could be adjusted. We thus choose to use Model C for
the following analysis, since it provides a reasonably good fit for
Sgr B2(N) and Sgr B2(M) without assuming any modification of
the luminosity.

The resulting large-scale single-dish maps of Model C are
shown in Fig. 4 . The first row shows the observed maps, the sec-
ond row the synthetic maps and the third row is a simple differ-
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ence map between the observed data and synthetics maps. From
left to right we have again the same wavelengths as in Fig. 3: AT-
LASGAL 870pum, SPIRE 500 pum, SPIRE 350 um, SPIRE 250
pum, and PACS 70 pum. In the observed maps, the two hot cores
Sgr B2(N) and Sgr B2(M) are clearly visible. The extension to
the north-east, i.e. Sgr B2(NE), and the one to the south, i.e. Sgr
B2(S), are also distinguishable.

In both the observed and the synthetic maps, the intensity of
Sgr B2(M) is stronger than Sgr B2(N) except for 870 pm where
the opposite is the case. So the model reproduces the general
behaviour, but is currently incapable to reproduce the absolute
intensities. Especially in Sgr B2(M), the model underestimates
the flux at 870 um and slightly overestimates the flux at 70 pm.
The observed maps and the intensity cuts (see Figs. 3 and 4)
furthermore show a clear asymmetry, i.e. the profile of the con-
tinuum emission has at all wavelengths a slope that is steeper
on the east side of the peak than on the west side. To quantify
the difference of these slopes, we have fitted the intensity pro-
files, I oc r7P, of Sgr B2(N), Sgr B2(M) and Sgr B2(S) for the
wavelengths 870, 500, 350, and 250 um. For the east side of the
peak, we obtain an averaged p of 1.0 and for the west side of the
peak we obtain an averaged p of 0.4. Looking at the slopes for
the individual sources, we furthermore find that the steepness of
the west side of the peak remains unchanged with declination,
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Fig. 4: Sgr B2, large scale continuum maps (Model C). From left to right: ATLASGAL 870 um, Hi-GAL 500 pm, 350 um, 250,
and 70 um. First row: Data. Second row: Simulation. Third row: Difference between data and simulation.

whereas the steepness of the east side of the peak changes sig-
nificantly with declination. For Sgr B2(N) and Sgr B2(M), p is
on average 1.2, whereas it is 0.7 for Sgr B2(S). This asymmetry
is impossible to account for using a single spherically symmetric
component. If the slope of the intensity profile, i.e. the column
density distribution, is p, then the slope of the density profile
should be p + 1(= 1). So based on the fitting of the intensity
profile, the east wing should have a density exponent of 1 = 2.0
and the west wing should have a density exponent of n = 1.4.

In the model, we are able to approximate the asymmetry by
using a superposition of two components with different expo-
nents for each clump. The east wing is fitted with a density pro-
file having an exponent of 1 = 2.5, whereas the west wing is
fitted with a density profile having a lower exponent of n = 1.8.
These exponents are in good agreement with the ones derived
from the intensity profile fitting mentioned above. This clearly
shows that our assumption of spherically symmetric clumps as
basis limits the modeling effort.

In addition, it is noticeable that the peak of the intensity pro-
files is shifted to the west in the 870 um ATLASGAL maps com-
pared to all Hi-GAL maps by =~ 0.2 pc, corresponding to ~ 5”.
This is well within the relative pointing error of the ATLASGAL
map (pointing accuracy ~4"') and the Hi-GAL maps (pointing
accuracy ~1”"). Thus we do not attempt to reproduce this shift-
ing ot the peak with our model.

4.2. Small scale dust and free-free continuum

The interferometric maps covering spatial scales up to ~ 0.25 pc
are shown for Sgr B2(M) in Fig. 5 and for Sgr B2(N) in Fig. 6.
We refer to these spatial scales as the small-scale structure. In
addition to the intensity maps at different wavelengths, we also
show the physical setup of Sgr B2(M) in Fig. 7. We plot three
density isocontours colored using the dust temperature. To allow
a view inside the model, we cut it open along the (X, y, 0)-plane.
The bubbles visible there are the Hr regions that contain no dust.
Their dust surface however gets heated by the UV radiation field
from the embedded young stellar object. Dust temperatures as
high as 600 K are reached.

For the dust cores we find, similar to Qin et al. (2011, for
Sgr B2(N)) and Rolffs et al. (2011c, for the hot molecular core
G10.47+0.03), a Plummer exponent of 11 = 5.0 reproducing the
small-scale density structure well. For a comparison, we plot
the observed and synthetic azimuthally averaged radial profile
of each component in Fig. A.5. The parameters of all dust cores
are listed in Table B.2. Note that for some of the dust cores, we
had to include an internal heating source by placing B-type stars
at the center of the core. These could be e.g. stars that do (not
yet) show signs of an Hu region. This is also documented in the
above mentioned Table B.2. We also had to shift a few of the
many Hi regions in Sgr B2(M) behind the dust components to
produce a good fit. Please note that at frequencies higher than
100 GHz only one high resolution dataset is available in this
modeling procedure. Thus our resulting density distribution is
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Fig. 5: Interferometric maps of Sgr B2(M). Top row: SMA dust continuum map at 870 um (i.e. 345 GHz). Bottom row: VLA free-
free continuum map at 7 mm (i.e. 40 GHz). Left column: Observations. Middle column: Synthetic maps. Right column: Difference
plot. The field of view is the same for both rows. The green pluses denote the center of the Hir regions and the black circles denote

the center of the density cores.

only one possible solution. Other density distributions, e.g. dust
cores with a lower exponent and a smaller radius, might yield
similar good fits.

However, when comparing Sgr B2(M) and Sgr B2(N) a clear
difference is noticeable. Sgr B2(M) appears to be more frag-
mented compared to Sgr B2(N), which appears rather mono-
lithic. This has already been noticed by Qin et al. (2011). The
model presented here allows us, however, to quantify this dif-
ference further. We will do this especially in subsection 4.4. But
first we have a look at the stellar population.

4.3. Heating sources

For all four models, we used the same stellar distribution. We
account in total for four stellar clusters: Sgr B2(NE), Sgr B2(N),
Sgr B2(M), and Sgr B2(S). In Fig. A.3, we plot for each of these
clusters a radial distribution histogram of all high-mass stars
placed in the model based on observed Hi regions (see Sect.
3.5). We use these histograms to determine by-eye the star clus-
ter radii of 0.8, 0.4, 0.5, and 0.35 pc for Sgr B2(NE), Sgr B2(N),
Sgr B2(M), and Sgr B2(S), respectively. Within these radii we
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sprinkle stars separately for each cluster (see Sect. 3.3). We then
treat Sgr B2 as a cluster itself and continue to sprinkle stars ev-
erywhere, except in the previously mentioned star clusters, until
the calculated total stellar mass of Sgr B2 is reached. We call this
part the envelope of Sgr B2. The stellar density distribution is
plotted in Fig. 8 and the mass distribution of the stellar mass pro-
duced with this approach (including the high-mass stars placed
by hand) is shown in Fig. 9. Instead of plotting a histogram, we
use a kernel density estimate. A histogram has several disadvan-
tages. It is unsmooth and it depends on the end points as well
as on the widths of the bins. By using a smooth kernel we ob-
tain a smooth distribution that is independent of the choice of
the end points of the bins and only depends on the chosen band-
width. For our kernel density estimate a bandwidth of 0.217 Mg
has been calculated in linear space.

The results of applying this star sprinkling algorithm are
listed in Table 2. For each cluster we list the radius, the num-
ber of initial stars, the total number of stars, the enclosed stel-
lar mass, and the luminosity from the initial and all stars, re-
spectively. Where available, we also list luminosities from Lis &
Goldsmith (1990) as a reference. Additionally, this table lists the
enclosed gas mass for each of the clusters. It is calculated from
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Fig. 6: Same as Fig. 5 for Sgr B2(N).

Table 2: Summary of the star clusters.
radius no. stars  no. stars M. M, Mg L L L
[pcl [Mo]  [10° Mg] Mol [10°Lo]l  [10°Lol  [10° Lo]

(initial) (all) (initial) (all) (initial) (all)

Sgr B2(NE) 0.8 2 1282 52 1.2 7777 0.54 0.80 —
Sgr B2(N) 0.4 6 2642 150 24 27897 1.38 1.80 1.7
Sgr B2(M) 0.5 60 22705 1295 20.7 9572 7.78 12.10 13.0
Sgr B2(S) 0.35 2 1204 50 1.1 4472 0.45 0.66 —
Envelope - 19 8929 446 8.0 — 3.32 4.70 —
Sgr B2 22.5 89 36762 1993 334 8.0x 10° 13.47 20.06 —

Notes. @ Lis & Goldsmith (1990, their models C)

the dust density distribution assuming a gas-to-dust ratio of 100
(Hildebrand 1983). We calculate the stellar luminosity to mass
ratioas 90 LoMy ™!, 71 LeMoy !, 1176 LoMy ™!, and 120 LM, ™!
for Sgr B2(NE). Sgr B2(N), Sgr B2(M), and Sgr B2(S), respec-
tively.

In their appendix, Belloche et al. (2013) also estimate the
stellar mass of the entire Sgr B2 region by extrapolating the al-
ready distributed stellar mass of all stars embedded in observed
ultra-compact Hu regions using different IMFs. We apply the

same method. However, our total stellar mass is an order of mag-
nitude higher than their result. This difference is explained by
the different initial parameters applied and different conversion
tables for spectral type to stellar luminosity used. Belloche et al.
(2013) calculate a total stellar mass of 675 Mg, for the 41 ultra-
compact Hi regions they account for. Their lowest mass star has
amass of 11 Mg using the conversion table from Panagia (1973).
Using Kroupa’s IMF, they extrapolate a total stellar mass of ~
3900 M, for the mass range of 0.01 — 120 Mg. In our study, we
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Fig. 7: Impression of the 3d view of the dust density distribu-
tion in Sgr B2(M). Three density isocontours are presented, i.e.
at densities of 107173, 1078, and 107"° g cm=3. They are colored
using the dust temperature. The model is cut open at the model
center to allow a view inside. The bubbles are the empty half-
shells of the distributed Hu regions, which are free of dust. The
dust on the surface of these Hu regions is heated by the UV ra-
diation field from the young stellar object embedded in the Hi
region. This dust is thus very hot, exceeding dust temperatures
of 600 K (dark red spots). Visible here are mainly the Hu regions
detected by (De Pree et al. 1998, Fla — F4d).

account for more than twice the number of Hm regions, of which
the embedded lowest mass star has a mass of 18 M using the
conversion table from Vacca et al. (1996).

We infer a large population of low- and intermediate mass
stars. These low- and intermediate mass stars contain the major
fraction of the stellar mass, but the high-mass stars contribute the
major fraction of the luminosity. To evaluate the influence of the
additional low- and intermediate mass stars, we have performed
a simulation excluding these stellar populations. The intensity
levels in the large-scale maps are unaffected. We then investi-
gated the dust temperature profiles. Figure 10 shows the density
and dust temperature profile along the line-of-sight towards the
two hot cores. These line-of-sight profiles are obtained within a
0.5 arcsec beam. Differences in dust temperature on the order of
5-40K (<10%) are only visible on very small scales towards the
cores. The envelope temperature is only affected marginally.
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and dashed blue lines indicate the corresponding segmented IMF
from Kroupa (2001).

4.4. Mass distribution and star formation efficiency

From the model we obtain the three-dimensional distribution of
the stellar and gas mass. We can thus investigate the star for-
mation efficiency (hereafter SFE), i.e. the fraction of gas that
has been processed into stars. We calculate the SFE using the
standard definition (e.g. Myers et al. 1986; Federrath & Klessen
2013):

M.

SFE = ——
M, + My

©))
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Fig. 10: Density and dust temperature profile along the line-of-sight towards the two hot cores Sgr B2(N) (top) and Sgr B2(M)
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the panels on the right show a zoom-in view of the inner 0.4 pc. The solid lines show the resulting distributions when including the
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where M. is the stellar mass and My, is the gas mass. In Fig. 11
we show the radial distribution of the stellar and gas mass around
all four star clusters: Sgr B2(NE), Sgr B2(N), Sgr B2(M), and
Sgr B2(S) as well as the derived radially resolved star forma-
tion efficiency. For Sgr B2(M) we derive star formation efficien-
cies of on average 50 %, for Sgr B2(N) the derived value is 5 %
and thus significantly lower. Lada & Lada (2003) suggest that
the SFE of a cluster increases with time and can reach a max-
imum value of typically 30 % by the time the cluster emerges
from its parental cloud core. This indicates, that Sgr B2(M) has
already lost a significant portion of its gas mass through con-
version into stars and dispersion. This stellar cluster is emerging
from the parental cloud, whereas Sgr B2(N) is still forming stars.
This agrees well with the findings by Vogel et al. (1987). For Sgr
B2(NE) as well as Sgr B2(S), we calculate rather high average
star formation efficiencies of ~ 30 %.

These results have to be taken with caution. The SFE de-
pends on the distributed gas and stellar mass. From the cross
cuts in Fig. 3, we think the derived gas masses on large scales
are reasonable for all clusters. But while our star sprinkling al-
gorithm will always distribute the same amount of stars if the
number of initial stars and their mass is unchanged, the volume
within which these stars are placed is set by the star cluster ra-

dius. A larger cluster radius effectively decreases the stellar mass
density thus causing a lower SFE.

However, to interpret these results, we analyse the relation-
ship between the gas mass of the clusters and their total lumi-
nosity. This allows us to study the evolution of the young stellar
objects during the phase when they are still embedded in their
parental cloud. We follow the same steps outlined in Molinari
et al. (2008) and use their evolutionary tracks. In these evolution-
ary models, the fast accretion phase is stopped when the tracks
approach the line where Hm regions are found (at a few thou-
sands solar masses). To match the order of magnitude provided
by the massive clusters studied here, we had to arbitrarily ex-
tend this line. Please note that these evolutionary models assume
that a single massive star is forming, which is clearly not the
case for at least Sgr B2(N) and Sgr B2(M). We present all tracks
in Fig. 12. The five least massive tracks are the ones presented
in Molinari et al. (2008). To obtain the two most massive ones,
we had to stop the accretion when the central star reaches 80
and 220 Mg, respectively. Based on the instantaneous accretion
rates along the tracks, we estimate that in reality the forming star
reaches the ZAMS earlier than reaching the Hu line. In particular
around 50 M, for the first track and 75 Mg, for the second. The
track luminosity where this occurs is around 4.8 x10° L, for the
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Fig. 11: Top:Radial distribution of the gas and stellar mass den-
sity around Sgr B2(NE), Sgr B2(N), Sgr B2(M) and Sgr B2(S).
Bottom: Calculated star formation efficiency for Sgr B2(NE),
Sgr B2(N), Sgr B2(M), and Sgr B2(S). The vertical dashed lines
mark the extent of each star cluster. The same colors belong to
the same clusters.

first track and around 10° L, for the second track. If we assume a
single massive star is forming, then these tracks suggest that Sgr
B2(S) should be compatible with Hm regions (at least one Hir re-
gion is observed towards Sgr B2(S)), and Sgr B2(NE) as well as
Sgr B2(N) are reaching the ZAMS now. For Sgr B2(M) we do
not obtain any useful interpretation. Apart from the fact that a
realistic calculation would use a stellar cluster rather than a sin-
gle star, to reach this relation between gas mass and luminosity
in full accretion would require producing a star of a very large
mass; or else a star with much larger initial clump mass which
would reach the location of M during the ZAMS evolution.

Kruijssen et al. (2015) presented an orbital structure of the
Central Molecular Zone (CMZ), i.e. the central few 100 pc of
the Milky Way and derived an evolutionary timeline. According
to their model, the orbital time between G0.253 (the Brick) and
Sgr B2 is At = 0.43 Myr. Given the uncertainties in the ages and
the age difference, we can only say that the approximate age
is compatible with star formation beginning when Sgr B2 was
at the position where G0.253 is now. However, the scenario is
not able to shed light on the different development stages of the
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Fig. 12: Luminosity-Mass diagram for the four clusters pre-
sented here. The five evolutionary tracks with the lowest initial
envelope mass are taken from Molinari et al. (2008). The two
highest mass tracks are obtained by extending the evolutionary
model from Molinari et al. (2008).

various sources in the region, because on the scales considered
by the gaseous streams model all Sgr B2 sources are cospatial.

4.5. Column density map and probability density function

We convert the dust density to gas density by assuming a gas-
to-dust ratio of 100 (Hildebrand 1983), and that 73 % of the gas
is in H, (Cox 2000). An H; column density map of the whole
cloud complex is then obtained by simply summing up the H,
density distribution along the line-of-sight. The map of the full
model with a resolution of 0.1” and zoom-ins to Sgr B2(N) and
Sgr B2(M) are shown in Fig. A.2. The Hu regions are clearly
visible in the zoom-in maps due to their lack of dust.

The propability density function (hereafter: PDF) of the H,
column density within molecular clouds is commonly used as a
tool to investigate the influence of various competing star for-
mation processes within them (see e.g. Kainulainen et al. 2009;
Schneider et al. 2013; Federrath & Klessen 2013).

Unfortunately observational data covering the intermediate
scales of Sgr B2 (see Fig. A.6) are lacking. This affects the scales
from ~ 10 — 20", corresponding to ~ 0.4 — 0.8 pc. So while the
total flux on these scales is recovered in the Hi-GAL and AT-
LASGAL maps, its exact distribution is uncertain. We thus re-
frain from showing the PDF obtained from the H, column den-
sity map of the model. More observational data is needed.

4.6. Fitting the spectral energy distribution (SED) towards N
and M

The fit of the spectral energy distribution towards Sgr B2(N)
and Sgr B2(M) obtained with HIFI is shown in Fig. 13. The
fluxes from the simulated maps are convolved to the frequency-
dependent beam of the 3.5 m Herschel telescope. This kind of
fitting thus does not suffer from the necessary convolution to the
worst spatial resolution required for modified blackbody fitting.
For comparison with previous studies towards Sgr B2(M) and
Sgr B2(N) (e.g. Goldsmith et al. 1992; Etxaluze et al. 2013), we



A. Schmiedeke et al.: 3d structure of Sgr B2

Wavelength [um.
300 oth I ]200

700 600 500 400 10_0“
10*L| — HIFI: 3.5 m telescope SgrB2n ;
« RADMC-3D: dust, freefree L5
ﬁ 10
- )
5 S
X 8
= N &
=2 | D g
@ 1% - - N 3
/ 7111‘2;;
’ a
15
20
2 B )5
%00 500 600 700800900000 2000 3000
Frequency [GHz]
Wavelength [pm]
700 600 500 400 300 200 100“
10¢L| — HIFI: 3.5 m telescope SgrB2m B
= RADMC-3D: dust, freefree * 15
> 10
o)
<. 8
502
(8}
= — 0o £
2‘ 4 3
a " o w
i 1%~ 5 &
/ 3
y 10 @
a
15
20
2 I T )]
1(‘)100 500 600 700800900000 2000 3000

Frequency [GHz]

Fig. 13: Spectral energy distribution of the HIFI data (in grey).
The data is unsmoothed, what looks like noise are actually in-
dividual spectral lines. The best fit towards Sgr B2(M) and N
are represented by the solid orange line. The synthetic intensity
maps have been convolved to the frequency dependent beam of
the 3.5 m Herschel telescope. The fit includes dust and free-free
emission. The surface, where the dust optical depth equals one
is plotted in olive, the corresponding axis is shown on the right.
The z-axis points towards the observer, Sgr B2(M) is located at
z = 0 and Sgr B2(N) is located at z = 7 X 10° au. A tau surface
datapoint at -22.5 pc indicates that the dust is optically thin at the
corresponding frequency.

have convolved our continuum maps with a beam of 30" and
extracted the flux towards both sources (see Fig. 14). The agree-
ment between observations and simulation in the ranges, where
observational data is available is very good. We note however
that the model is not able to reproduce fluxes at wavelengths
shorter than 70 um.

Full three-dimensional continuum radiative transfer model-
ing has so far been performed for disks, and p Oph D (Steinacker
et al. 2005). However, this has to our best knowledge not been at-
tempted for Sgr B2, which limits our possibilities of comparison.
So in order to compare our results to the work from other authors
working on Sgr B2 (e.g. Lis & Goldsmith 1989; Goldsmith et al.
1990; Etxaluze et al. 2013), we have applied the modified black
body fitting technique to our synthetic maps.

The intensity I of a blackbody at frequency v is given by the
Planck function
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Fig. 14: Spectral energy distribution plots using a fixed beam-
size of 30”. The orange solid line is the RADMC-3D dust and
free-free best fit, the orange dotted line represents the free-free
contribution, the dashed-dotted line represents the contribution
from dust emission. The different dark blue markers represent
the observational results from Goldsmith et al. (1990, 1992), as
well as from Hi-GAL and WISE maps. The surface, where the
dust optical depth equals one is plotted in olive, the correspond-
ing axis is shown on the right. The z-axis points towards the
observer, Sgr B2(M) is located at z = 0 and Sgr B2(N) is located
at z = 7 x 10° au. A tau surface datapoint at -22.5 pc indicates
that the dust is optically thin at the corresponding frequency.

where h is the Planck constant, k is the Boltzmann constant, ¢
is the speed of light in vacuum and T is the temperature of the
blackbody.

This equation is multiplied by the factor 1 — e™™, where the
optical depth T is given by
T= p'Hz mH KV N(H2)a (] ])

ty, is the mean molecular weight of hydrogen, my is the mass
of hydrogen, N(H,) is the hydrogen column density. The dust
opacity k. is determined as a continuous function of frequency
v, by fitting a power-law to the dust opacities given by
Ossenkopf & Henning (1994):

Ky =—|— s

Xd \Vo
where « is the reference dust opacity and x4 is the gas-to-dust
mass ratio.

(12)
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Table 3: Results from modified blackbody fitting of Sgr B2(N) in
the upper part and Sgr B2(M) in the bottom part. For each core,
we list results from three different approaches.

Sgr B2(N) Tq N(H,) B
[K] [10** cm™2]
3d model“ — 2.6 —
blackbody fitting? 31 29 1.8
Etxaluze et al. (2013)¢ 30 7.0 2.2
Sgr B2(M) Ta N(H,) B
[K] [10%* cm™]
3d model” — 2.3 —
blackbody fitting” 36 2.5 1.9
Etxaluze et al. (2013)¢ 37 5.0 2.3

Notes.

@ Hydrogen column density in a 40” beam directly taken from the
model. This serves as the reference value.

® Result from the modified black body fitting performed in the course
of this paper.

© Results obtained by Etxaluze et al. (2013).

For this, we have extracted the flux within a beam of 40"’ to-
wards the SPIRE FTS pointing positions, given in Etxaluze et al.
(2013), namely XJ32000 = 17h47'n20.003, 5_]2000 = —28°22'17.44"
(Sgl‘ B2(N)) and XJ2000 = 17h47m20.303, 5]20()0 = -28°23’4.1”
(Sgr B2(M)).

We apply MAGIX (Mdller et al. 2013) using first the Ge-
netic Algorithm to find the global best solution, followed by
a Levenberg-Marquardt fit to obtain the local best fits for both
cores, Sgr B2(M) and Sgr B2(N). The dust temperature Ty, the
dust spectral index 3 and the hydrogen column density N(H,)
where left as free parameters. The mean molecular weight py, is
assumed to be 2.8 (Kauffmann et al. 2008), the gas-to-dust mass
ratio x4 is assumed to be 100 (Hildebrand 1983), the reference
dust opacity Ksooum is 1.773 cm?*g™" assuming no grain mantles
and no coagulation (Ossenkopf & Henning 1994).

We perform a fit covering the frequency range from 450 GHz
to 2.87 THz, i.e. excluding the optically thick regime. The result-
ing SEDs are shown in Fig. 15. Our results are summarized in
Table 3. For Sgr B2(N), we obtain a dust temperature T4 of ~
31K, a dust spectral index 3 of 1.8 and a column density N(H,)
of 2.9 x 10?* cm~2. For Sgr B2(M) we obtain a dust temperature
T4 of ~ 36 K, a dust spectral index 3 of 1.9 and a column density
N(H,) of 2.5 x 10** cm™2.

These values are the averaged values in a 40" beam and are
thus the results for the envelopes of Sgr B2(N) and Sgr B2(M).
The fitted dust temperature values correspond to radii of 2.0 and
1.3 pc for Sgr B2(N) and Sgr B2(M), respectively (see Fig. 10).

Recently Etxaluze et al. (2013) convolved the Her-
schel/SPIRE FTS spectral scan maps covering the wavelength
range from 194 um to 671 um to 40" and performed modified
black body fits towards Sgr B2(N) and Sgr B2(M). They find
spectral indices 3 of 2.2 and 2.3, dust temperatures Ty of 30K
and 37 K, and column densities N(H;) of 7 x 10** cm™2 and 5 x
10?* cm~2 for Sgr B2(N) and Sgr B2(M), respectively. Assuming
a distance of 8.5 kpc, a mean molecular weight py, of 2.3, and a
dust opacity of Kasoum of 5.17 cm* g~ (Li & Draine 2001), they
then estimate dust masses of 2500 Mg and 2300 M, and lumi-
nosities of 1.1 x 10°Ly and 5 x 10° Ly, for Sgr B2(N) and Sgr
B2(M), respectively.
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Fig. 15: Spectral energy distribution from the modified black-
body fitting for a beamsize of 40”’. The brown pluses represent
the observed flux densities obtained from the ATLASGAL and
Hi-GAL maps. The orange markers are the flux densities ob-
tained with RADMC-3D including only dust. The solid blue line
is the fitted SED and the dotted blue line is the SED from Etx-
aluze et al. (2013). Top: Sgr B2(N), bottom: Sgr B2(M).

The derived dust temperatures from our study and the ones
from Etxaluze et al. (2013) agree very well. But we obtain lower
dust spectral indices for which we see two reasons. On the one
hand our modeling setup is limited such that only a single dust
species is considered. On the other hand different datasets are
considered in both studies. We include the ATLASGAL 870 um
map, as well as the Hi-GAL 500, 350, 250, and 70 pm maps,
all cross-calibrated with Planck data and in the case of the Hi-
GAL map also cross-calibrated with IRAS data, whereas Etx-
aluze et al. (2013) only considered Hi-GAL data. This could in-
troduce differences in the fluxes which may result in different
dust spectral indices as well as different column densities. So
this might also explain why we derive a factor of two difference
in the dust column densities.

An important point is the resolution of the observation. We
have calculated high resolution (i.e. the pixel size equals 0.1")
synthetic intensity maps covering the same frequency range as
the SED plotted in Fig. 13 and Fig. 14. We have then convolved
these images with decreasing beamsizes from 30" down to 0.5 .
We extract the SEDs towards the Herschel/HIFI positions of Sgr
B2(N) and Sgr B2(M) as specified above for each beamsize and
also extract the respective T = 1 surface at each wavelength. This
is shown in Fig. 16. From these two SEDs, we can clearly see,
that towards the position of Sgr B2(N) the free-free emission
becomes optically thicker for smaller beamsizes. This indicates
that an Hi region is located along the line-of-sight. Furthermore
the dust also becomes optically thick towards Sgr B2(N) with
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Fig. 16: Top: Sgr B2(N), bottom: Sgr B2(M). The SED con-
volved with different beam sizes is plotted in blue. For each
beam, the combined dust and free-free emission is indicated with
the solid blue line, and the contributions from the free-free emis-
sion is indicated with the dotted blue line. The 7 = 1 surface, i.e.
the place along the line-of-sight where the optical depth 7 equals
one is plotted in orange. Darker colors indicate a smaller beam
size.

decreasing beamsize, leaving a very narrow frequency range of
100-200 GHz, where the dust is optically thin while still domi-
nating over the free-free emission. The contribution of free-free
emission at 100 GHz is in the order of 30 %, which is still a sig-
nificant fraction of the overall emission at this frequency. For Sgr
B2(M) the dust remains optically thin for this specific position
up to 600 GHz. However, at 100 GHz, the fraction of free-free
emission is in the order of 70 % for Sgr B2(M), indicating that
the free-free emission still dominates at this frequency. Look-
ing at the short-frequency range it is interesting to note that the
free-free is partly optically thick for intermediate beamsizes, but
turns optically thin for small beamsizes. This shows that there is
no Hrm region located along the line-of-sight towards the position
of the Herschel/HIFI beam on small scales. Given that there are
a lot of Hn regions located along the line-of-sight towards Sgr
B2(M) this shows that the pointing choice might be crucial for
high-resolution observations. It furthermore shows that if instead
of a smooth dust density distribution we would assume a clumpy
distribution, this clumping would change the photon penetration
depth at certain sightlines.

5. Conclusions

We successfully reconstruct a possible three dimensional density
distribution of Sgr B2, recovering the continuum structures cov-
ering a wide frequency range (v = 40 GHz — 4 THz) on scales
from 100 au to 45 pc. We employ the publicly available three-
dimensional radiative transfer program RADMC-3D and calcu-
late the dust temperature self-consistently.

e We find that the density field of Sgr B2 can be reasonably
well fitted by a superposition of spherical symmetric density
cores with Plummer-like profiles.

o To reproduce the spectral energy distribution, we locate Sgr
B2(N) along the line of sight behind the plane containing Sgr
B2(M).

e Sgr B2 comprises a total gas mass of 8.0 X 10° M, within a
diameter of 45 pc. This corresponds to an average gas den-
sity of 170 Mgpc 3. For Sgr B2(N) we find a stellar mass of
2400 M, a luminosity of 1.8 x 10° Lo, a H, column density
of 2.9.7 x 10**cm™2 in a 40" beam. For Sgr B2(M) we de-
rive a stellar mass of 20700 M, a luminosity of 1.2 X 107 Lo,
a H, column density of 2.5 x 10** cm™2 in a 40" beam. For
Sgr B2(S) we find a stellar mass of 1100 Mg, a luminosity of
6.6 x 10° Ly, a Hy column density of 2.2 X 10*cm™2 in a
40" beam.

e The calculated star formation efficiency is very low for Sgr
B2(N), ~5 %, and much higher for Sgr B2(M), ~50 %. This
indicates that most of the gas in Sgr B2(M) has already been
converted to stars or dispersed.

6. Outlook

The setup of the density structure and temperature field pre-
sented here opens the stage of a plethora of different applications
and improvements. We list some of them

o High resolution, envelope covering maps With the current
state of telescopes, it is now possible to efficiently map larger
portions of the sky at high resolution. As indicated in Fig.
A.6, maps with high angular resolution of Sgr B2 are miss-
ing. However they are necessary to improve the setup of the
envelope. Currently there is for example only one map avail-
able, that resolves dust structures down to ~ 0.01 pc towards
Sgr B2(N) and Sgr B2(M). To constrain the dust properties
properly, at least another map covering similar scales at a dif-
ferent wavelength is needed. Studying spatial variations of
the dust properties on scales smaller than 10" in the entire
envelope is impossible with the data sets currently available.
However, this could be partly achieved by using the Atacama
Compact Array (ACA).

o Physical setup: The physical setup of the model presented
here sets the stage for future improvements. By including the
possibility to spatially vary the composition of dust, the influ-
ence of different compositions can be tested. The treatment
of the Hu regions can be improved, eventually leading the
way to also model radio recombination lines and thus get-
ting access to the ionized gas content. Furthermore the effect
of a clumpy density structure can be tested as well as the
influence of dusty Hm regions.

e Molecular line studies: Ultimately, one wants to model
molecular lines. The setup of the density and tempera-
ture structure presented here builds the foundation for such
follow-up studies. By keeping the density structure fixed,
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the remaining main free parameters are the molecular abun-
dance and the velocity field. By modeling a variety of differ-
ent species, including their isotopologues, different surfaces
where the opacity exceeds unity can be sampled, allowing a
tomography of the source. Having one model for the whole
region, also requires to find a solution of the velocity field
that fits the plethora of available molecular line data.

e (M)HD simulations: While the work presented here focuses
only on the modeling of a specific source - Sgr B2 - it builds
a bridge between theoretical work, e.g. from (M)HD simula-
tions, and observational work.

e Chemical models: Combining the radiative transfer model-
ing efforts with sophisticated chemical modeling, would al-
low to fix the molecular abundances.

¢ Planning observations: The model enables us to examine
the full parameter space, finding combinations of e.g. transi-
tions, molecules, wavelengths that would allow to constrain a
degenerate parameter observationally. Thus it is a useful tool
to plan new observations. In Fig. 17 for example we show
a prediction of high-resolution continuum maps at differ-
ent wavelengths. They could be observed e.g. with ALMA.
These maps indicate that in order to search for fragmenta-
tion and determine its level, it is necessary to obtain multi-
wavelength observations as there is no single wavelength un-
affected by optical thickness effects or free-free continuum
contribution.
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Sgr B2(N): Simulation, 0.1”, 3 mm
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Fig. 17: Simulation of high-resolution continuum maps towards Sgr B2(N), left, and Sgr B2(M), right with a resolution of 0.1”
at decreasing wavelengths from top to bottom. Observations like this are possible with ALMA. The red circles in the maps in
the top row indicate the location and extent of the Hu regions. Maps having black dashed (and solid) contours are affected by
optical thickness. The black dashed contours in maps of Sgr B2(N) indicate where the 7 = 1 surface equals -3.50, and -3.39 pc,
respectively. The black (dashed and solid) contours in maps of Sgr B2(M) show where the 7 = 1 surface equals -1.0, -0.05, and
0.0 pc, respectively. These maps indicate that, especially for Sgr B2(M), the free-free emission contributes significantly at 3 and
2 mm. On the other hand, the dust becomes optically thick at ~0.5 mm for Sgr B2(M), and already at ~1 mm for Sgr B2(N).
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Appendix A: Figures
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Fig. A.1: Top: Three color composite map of the large-scale structure of Sgr B2. Blue: JCMT - SCUBA 850 um, green: CSO —
Sharc II 350 um, red: Herschel — PACS 70 pm. Bottom left: Zoom-in to Sgr B2(M), SMA data. Bottom right: Zoom-in to Sgr
B2(N), SMA data. The black circles mark the extent of the Hu regions. The rectangles in the upper map indicate the zoom-in region
of the bottom maps.
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Fig. A.2: Top: Hydrogen column density map of the whole cloud complex. The pixel resolution is 0.5 arcsec. Bottom left: Zoom-in
to Sgr B2(M). Bottom right: Zoom-in to Sgr B2(N). The Hu regions are visible due to their lack of dust.
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Fig. A.3: Histogram of the known high-mass stars around the star clusters to determine the star cluster radius. The dashed line
indicates the star cluster radius determined based on a by-eye inspection of these histograms.

| — DATA «-ws Model A o« Model B +— Model C + + Model D |
Atlasgal 870 um Higal 500 um Higal 350 um Higal 250 pum Higal 70 um
’E 100 Sgr B2(N) (1200 Sgr B2(N) 112000 Sgr B2(N) {3000 Sgr B2(N) 400'.' Sgr B2(N
£ )
g 8 1000 ‘ 2500 .,
3 | 800] * 15007\ 3000 .
= \—s 2000} ¢ .
A 60 . N .
£ 800 ey 1000 &) 1500 Ne.r & i 2000 - e, r
2 40 .\\ R NS \3\, S T
@ j—‘\ 400 \ g \ g
2 o ™ 1000 EN 100 o]
€ . . N 500 2 :
vV 20 ﬁ'iﬁ\, 200 khﬁt ?\R\w\\ﬁ"ﬁ 500 Kkﬁ% 4 Aia s A __
00 05 1.0 15 2.0 0 1 2 3 4 5 0 1 2 3 0.0 05 1.0 1.5 2.0 2.5 8903 06 03 12
2500 2000
EIOO Sgr B2(M) 1200 Sgr B2(M) Sgr B2(M) A Sgr B2(M) Sgr B2(M
8 1000} 20008 1500
3 800 \S\ 1500F \
A ool g \,\ 1000t
3 Kg\\\& 1000 EN NERN
] 400 xg\a\ . % \,\‘\’\ soo\
£ N - 1% 2 tg
v J 200 \B‘M_‘ 500 g 2 = \’*\\Q:—'sf;“,‘v §og.|
0 1 2 3 4 5 0 1 2 3 1.0 1.5 2.0 25 8903 08 o095 12
800l 300,
E 45 25 {1500 Sgr B2(S) r B2(S) Sqr B2(S
s 7000 \\
s 600} 1000 73 \
N . 500 [0
% % i \ 200 800 \\\ ‘
) e " "
c m 4\‘\ 600 E\Q\ \‘\ ST AR T -
£29 a 309 % :;:& e ] e
vV 15 "] 200 “F 400 " 600 \\x— s
00 05 1.0 1.5 2.0 0 1 2 3 4 5 0 1 2 3 0.0 05 1.0 1.5 2.0 2.5 06 09 1.2
Radius [pc] Radius [pc] Radius [pc] Radius [pc] Radius [pc]

Fig. A.4: Azimuthally averaged radial profiles of the large-scale structure around the position of the envelope components of Sgr
B2(N) (top row), Sgr B2(M), (middle row) and Sgr B2(S) (bottom row). The data is plotted in solid black. The wavelengths decreases
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Fig. A.5: Radial profiles of the averaged intensity of the small-scale SMA structure around the position of the small-scale density
components listed in Tab. B.2. For each of the four different models (A — D) described in this paper, the setup of the small-scale
structure was fixed. The data is plotted in solid Orange, the model is shown in dashed blue. The identifier of the components are
written in the upper right corner of each subplot.
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Appendix B: Tables

Table B.1: Known Hr regions in the Sgr B2 region.”

D Model? RA’ DEC? A tops n/ ZAMS® EM®  log(N;)"
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10%au] [10* cm™3] type [107 pc cm™®] [s™1
Al ABCD 17:47:19.432 -28:23:01.23 0.0 19.400 0912 06 2.30 48.86
A2 ABCD 17:47:19.562 -28:22:55.82 0.0 7.910 1.440 08.5 2.40 48.09
B ABCD 17:47:19.903 -28:23:02.78 0.0 5.230 4.060 07.5 12.00 48.44
B1 ABCD 17:47:19.990 -28:23:02.65 0.0 1.370 3.820 BO 2.90 46.65
B9.89 ABCD 17:47:19.695 -28:23:05.78 0.0 2.000 3.410 BO 3.40 47.04
B9.96 ABCD 17:47:19.772 -28:23:10.05 0.0 2.000 3.170 BO 2.90 46.98
B9.99 ABCD 17:47:19.798 -28:23:06.77 0.0 3.510 2.750 09.5 3.80 47.59
B10.06 ABCD 17:47:19.864 -28:23:01.28 0.0 1.890 4.120 BO 4.60 47.13
B10.10 ABCD 17:47:19.904 -28:23:02.00 0.0 1.440 4.640 BO 4.50 46.88
C ABCD 17:47:20.001 -28:23:18.19 0.0 6.040 2.020 09 3.60 48.03
D ABCD 17:47:20.049 -28:23:12.74 0.0 4.390 3.110 09 6.10 47.99
E ABCD 17:47:20.067 -28:23:08.52 0.0 7.800 2.300 07.5 6.00 48.47
Fla® ABCD 17:47:20.122 -28:23:03.54 0.0 0.731 66.400 07.5 480.00 48.35
F1b® ABCD 17:47:20.123 -28:23:03.76 0.0 0.315 182.000 07.5 2000.00 48.45
Flc? ABCD 17:47:20.129 -28:23:03.85 0.0 0.655 83.200 o7 760.00 48.55
F1d® ABCD 17:47:20.134 -28:23:04.20 0.0 0.238 224.000 07.5 2800.00 48.51
Fle? ABCD 17:47:20.137 -28:23:03.98 0.0 0.731 54.400 08.5 310.00 48.14
F1f? ABCD 17:47:20.153 -28:23:03.84 0.0 0.901 83.200 o7 760.00 48.55
Flgb ABCD 17:47:20.171 -28:23:03.85 0.0 0.459 177.000 08 1700.00 48.30
F2a’ ABCD 17:47:20.167 -28:23:03.45 0.0 0.323 91.800 09.5 460.00 47.73
F2b? ABCD 17:47:20.174 -28:23:03.56 0.0 0.417 76.500 09.5 350.00 47.70
F2cb ABCD 17:47:20.181 -28:23:03.47 0.0 0.502 81.300 09.5 400.00 47.75
F24d° ABCD 17:47:20.182 -28:23:03.60 0.0 0.493 54.900 09.5 250.00 47.82
F3a? ABCD 17:47:20.164 -28:23:04.85 0.0 0.621 48.100 09.5 190.00 47.70
F3b® ABCD 17:47:20.167 -28:23:04.74 0.0 0.264 95.900 09.5 500.00 47.77
F3c? ABCD 17:47:20.169 -28:23:04.37 0.0 0.306 150.000 08 1300.00 48.22
F3d? ABCD 17:47:20.189 -28:23:04.58 0.0 2.540 38.500 05.5 490.00 49.31
F3e? ABCD 17:47:20.223 -28:23:04.64 0.0 0.323 51.600 BO 120.00 47.02
F4al ABCD 17:47:20.202 -28:23:03.95 0.0 0.187 414.000 09 3700.00 47.85
F4b? ABCD 17:47:20.226 -28:23:04.23 0.0 0.621 108.000 08 890.00 48.31
F4c? ABCD 17:47:20.231 -28:23:04.07 0.0 0.723 48.900 08.5 260.00 48.09
F4db ABCD 17:47:20.218 -28:23:04.09 0.0 0.655 48.800 09.5 180.00 47.62
F10.37° ABCD 17:47:20.191 -28:23:05.76 0.0 0.689 62.300 09.5 240.00 47.58
F10.39? ABCD 17:47:20.206 -28:23:06.45 0.0 0.408 34.400 BO 70.00 46.98
Gb ABCD 17:47:20.297 -28:23:02.88 0.0 1.330 35.100 o7 250.00 48.62
F10.27° ABCD 17:47:20.075 -28:23:05.22 0.0 1.760 4.310 BO 4.70 47.08
F10.30° ABCD 17:47:20.107 -28:23:03.02 0.0 0.867 4.810 BO 2.90 46.25
F10.303> ABCD 17:47:20.108 -28:23:03.57 0.0 2.180 9.090 09 26.00 48.01
F10.318> ABCD 17:47:20.124 -28:23:02.27 0.0 4.120 2.380 09.5 3.40 47.67
F10.32° ABCD 17:47:20.131 -28:23:00.13 0.0 1.910 3.700 BO 3.80 47.05
F10.33° ABCD 17:47:20.136 -28:23:05.97 0.0 1.530 4.240 BO 4.00 46.88
F10.35° ABCD 17:47:20.152 -28:23:06.60 0.0 1.450 4.070 BO 3.50 46.77
F10.44° ABCD 17:47:20.245 -28:23:06.22 0.0 2.620 2.760 BO 2.90 47.21
G10.44 ABCD 17:47:20.242 -28:23:03.23 0.0 1.370 4.920 BO 4.80 46.87
G10.47 ABCD 17:47:20.270 -28:23:02.25 0.0 1.910 3.670 BO 3.70 47.05
H ABCD 17:47:20.426 -28:23:44.62 0.0 9.260 2.700 06 9.80 48.84
1 ABCD 17:47:20.507 -28:23:05.95 0.0 22.000 1.630 05 8.40 49.52
110.49 ABCD 17:47:20.304 -28:23:04.45 0.0 2.000 3.440 BO 3.40 47.05
110.52 ABCD 17:47:20.325 -28:23:08.01 0.0 1.980 4.530 BO 5.90 47.28
J ABCD 17:47:20.570 -28:22:56.04 0.0 25.500 0.608 06 1.40 48.86
K1? A 17:47:19.802 -28:22:20.71 0.0 5.340 5.250 06.5 21.00 48.70
BCD -7.0
K2?P A 17:47:19.874 -28:22:18.37 0.0 2.400 12.700 07.5 56.00 48.42
BCD -7.0
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Table B.1: (continued) Known Hn regions in Sgr B2.

D Model2 RA’ DEC? A tops n/ ZAMS® EM®  log(N;)"
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10%au] [10* cm™3] type [107 pc cm™®] [s1
K3? A 17:47:19.897 -28:22:17.07 0.0 3.200 7.610 07.5 27.00 48.35
BCD -7.0
K4 A 17:47:19.993 -28:22:04.58 0.0 6.280 3.750 o7 13.00 48.62
BCD -7.0
K5 A 17:47:20.266 -28:22:14.67 0.0 34.000 0.819 05 33.00 49.49
BCD -7.0
K6 A 17:47:20.568 -28:22:08.82 0.0 49.900 0.532 05 20.00 49.62
BCD -7.0
L ABCD 17:47:22.661 -28:21:55.77 0.0 17.300 1.420 05.5 5.10 49.09
L13.30 ABCD 17:47:23.079 -28:21:55.16 0.0 5.680 1.450 09.5 1.70 47.66
O ABCD 17:47:22.901 -28:22:49.07 0.0 7.800 0.698 09.5 0.55 47.44
P ABCD 17:47:23.621 -28:23:36.02 0.0 7.800 0.777 09.5 0.68 47.53
Q ABCD 17:47:24.875 -28:21:44.93 0.0 7.800 0.895 09.5 0.90 47.65
R ABCD 17:47:26.464 -28:22:05.11 0.0 28.500 0.535 06 1.20 48.89
T ABCD 17:47:27.256 -28:20:58.75 0.0 35.100 0.138 09 0.10 47.99
U ABCD 17:47:12.093 -28:22:33.86 0.0 27.300 0.364 07.5 0.52 48.50
\Y ABCD 17:47:13.224 -28:23:47.77 0.0 54.600 0.233 06 0.43 49.02
\\% ABCD 17:47:16.717 -28:23:29.52 0.0 19.500 0.238 09.5 0.16 47.69
X ABCD 17:47:17.363 -28:22:03.74 0.0 3.120 2.220 BO 2.20 47.25
X8.33 ABCD 17:47:18.113 -28:22:06.82 0.0 1.900 5.320 BO 7.80 47.36
Y ABCD 17:47:18.657 -28:22:54.51 0.0 5.630 1.480 09.5 1.80 47.67
Z ABCD 17:47:18.689 -28:22:44.78 0.0 19.000 0.607 07.5 1.00 48.47
710.24 ABCD 17:47:20.038 -28:22:41.18 0.0 1.680 6.140 BO 9.20 47.33
AA ABCD 17:47:19.388 -28:22:18.33 0.0 11.700 1.070 08 1.90 48.33
BB ABCD 17:47:22.348 -28:22:17.41 0.0 33.100 0.218 08 0.24 48.31

Notes.  All values listed in this table are the values used in the different models assuming Hn regions are spherical symmetric regions of fully

ionized gas with no dust and a single ionizing

source.

® These regions are optically thick. Their electron density has been increased manually.

(' ID is the identifier used in the model. We use the same identifiers as Mehringer et al. (1993); Gaume et al. (1995); De Pree et al. (1998).

 Model refers to one of the four model described in this paper.
) RA is the right ascension of the Hu region given in units of hours:minutes:seconds in the equatorial coordinate system.

@ DEC is the declination of the Hu region given in units of degrees:arcminutes:arcseconds in the equatorial coordinate system.
) dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points towards the observer.

© s is the observed radius of the Hu region.
) n, is the number electron density.

® ZAMS refers to the zero age main sequence star embedded in the Hu region.

© EM is the emission measure.

U9 Jog(N;) is the logarithm of the number of Lyman continuum photons.
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Table B.2: Small scale structure: Dust density components in Sgr B2.

D! Model? RA’ DECY dz’ ro® n.’ n8 star’
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10%au] [107 H, cm™3]

M-SMA-la ABCD 17:47:20.197 -28:23:04.36 1.0 3.0 20 5.0 BO
M-SMA-1b  ABCD 17:47:20.170 -28:23:04.60 1.0 3.1 35 5.0 BO0S
M-SMA-1c  ABCD 17:47:20.158 -28:23:05.08 1.0 3.6 10 5.0 BO0.S5
M-SMA-1d ABCD 17:47:20.148 -28:23:05.48 1.0 3.6 20 5.0 BO0S5
M-SMA-2a ABCD 17:47:20.152 -28:23:04.18 0.0 3.2 19 5.0 BO0S
M-SMA-2b ABCD 17:47:20.124 -28:23:04.45 0.0 3.3 14 5.0 BO0.S5
M-SMA-3 ABCD 17:47:20.100 -28:23:04.04 0.0 2.8 14 5.0 BO0.S5
M-SMA-4 ABCD 17:47:20.152 -28:23:03.30 0.0 34 7 5.0 none
M-SMA-5 ABCD 17:47:20.212 -28:23:04.90 0.0 3.2 7 50 BO0S
M-SMA-6 ABCD 17:47:20.175 -28:23:06.08 0.0 3.0 35 5.0 none
M-SMA-7 ABCD 17:47:20.118 -28:23:06.35 0.0 2.9 30 5.0 BO0S
M-SMA-8 ABCD 17:47:20.215 -28:23:06.43 0.0 3.6 4 5.0 none
M-SMA-9 ABCD 17:47:20.250 -28:23:07.10 0.0 2.8 9 50 BOS5
M-SMA-10 ABCD 17:47:20.005 -28:23:05.79 0.0 3.3 15 5.0 none
M-SMA-11 ABCD 17:47:20.108 -28:23:03.10 1.0 3.2 20 5.0 BO0S5
M-SMA-12 ABCD 17:47:20.136 -28:23:02.24 1.0 3.8 50 5.0 BO
N-SMA-la A 17:47:19.912 -28:22:18.25 -5.0 9.0 45 5.0 none

BCD -6.95 9.0 45 5.0 none
N-SMA-1b A 17:47:19.900 -28:22:19.51 -2.0 4.0 75 5.0 none

BCD -6.98 4.0 75 5.0 none
N-SMA-2a A 17:47:19.944 -28:22:13.64 -3.0 6.9 10 5.0 BO0.S5

BCD -6.97 6.9 10 5.0 BO0.S5
N-SMA-2b A 17:47:19.880 -28:22:13.80 -30 6.8 10 5.0 BO0.S

BCD -6.97 6.8 10 5.0 BO0.S5

() ID is the identifier used in the model. These identifiers are identical to the ones introduced by Qin et al. (2011). Note: Some of these objects
identified by Qin et al. (2011) show an elongated intensity structure. We recover these objects with a superposition of several spherical symmetric
clumps. We distinguish these components by adding additional lowercase letters to the identifier introduced by Qin et al. (2011).

@ Model refers to one of the four model described in this paper.

@ RA is the right ascension of the density component given in units of hours:minutes:seconds in the equatorial coordinate system.

) DEC is the declination of the density component given in units of degrees:arcminutes:arcseconds in the equatorial coordinate system.

© dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points towards the observer.

© 1y is the radius defining the component, as described in Eq. 4.

@ n, is the central density.

® 1 is the exponent of the dust density profile.

© This column indicates whether an additional heating source had to be included inside the dust component. If this is the case, the spectral type
of the star is given.
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Table B.3: Large-scale structure: Dust density envelopes in Sgr B2.

D! Model? RA’ DECY dz ro,xﬁ ro,y‘s ro,f ng’ 1]8 star?
[h:m:s, J2000] [d:m:s, J2000] [10° au] [10%au] [10%au] [10%au] [10* H; cm™3]
NE ABCD 17:47:22.361 -28:21:31.94 0.0 200 200 200 98 22 BO
N1 A 17:47:19.912 -28:22:18.25 0.0 40 40 40 200 2.5 none
B -7.0 40 40 40 400 2.5 none
C -7.0 40 40 40 400 2.5 none
D -7.0 40 40 55 300 2.5 none
N2 A 17:47:16.000 -28:21:48.00 0.0 30 30 30 60 1.8 none
B -7.0 30 30 30 100 1.8 none
C -7.0 30 30 45 90 1.8 none
D -7.0 30 30 30 90 1.8 none
M1 AB 17:47:20.056 -28:23:06.46 0.0 30 30 30 200 2.5 none
C 0.0 60 60 140 30 2.5 none
D 0.0 60 60 80 70 2.5 none
M2 AB 17:47:17.800 -28:23:00.00 0.0 20 20 20 200 1.8 none
C 0.0 40 40 80 100 1.8 none
D 0.0 40 40 50 100 1.8 none
S1 ABCD 17:47:20.465 -28:23:45.25 0.0 30 30 30 90 24 BO
S2 ABCD 17:47:19.509 -28:23:52.45 0.0 20 20 20 40 1.8 none
Se ABCD 17:47:21.525 -28:24:20.58 0.0 50 50 50 50 2.3 none
deepS ABCD 17:47:20.632 -28:25:30.87 0.0 220 220 220 12 2.2 none
Notes.

(1D is the identifier used in the model. These identifiers follow the historic naming scheme explained in Sect. 1.

 Model refers to one of the four model described in this paper.

©® RA is the right ascension of the density component given in in units of hours:minutes:seconds in the equatorial system.

) DEC is the declination. Both coordinates are given in units of degrees:arcminutes:arcseconds in the equatorial system.

© dz is the displacement along the line of sight with respect to the model center. The z-axis is oriented such that it points towards the observer.

© r,, 1,, r, are the core radii in each principal direction, as described in Eq. 4.

) n, is the central density.

® 1 is the exponent of the dust density profile.

© This column indicates whether an additional heating source had to be included inside the dust component. If this is the case, the spectral type
of the star is given.
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;>

observer

Fig. C.1: Sketch of the Hu region. Cut along the line of sight.
The integration path along-the line of sight for the calculation of
the emission measure is marked.

Appendix C: Derivation of the physical parameters
of Hu regions

We consider Hu regions as Stromgren spheres. They are fully
ionized and contain no dust. Here we derive the emission mea-
sure, the electron density, and the total flux of ionizing photons
for such a region. We assume an electron density distribution
that equals n, within the radius ry of the Hu region and is zero
elsewhere. We can then calculate the emission measure EM by
integrating the number of electrons and number of ions along the
line-of-sight. The factor accounts for both sides of the sphere.

’

=2 [ s (1)
0

If we assume that the Hi regions only contain hydrogen, it fol-

lows that the electron density 7, equals the ion density n;. Since

the electron density n, is uniform within the Hi region, we can

rewrite Eq. C.1 taking the geometry given in Fig. C.1 into ac-

count.

EM =2n} \[r} - & (C2)
0 2
=2n2D6y +[1 - (—) (C.3)
Ao
=2n2 D6y y(b,) (C.4)

where D is the distance to the source, 8¢ = ry/D is the radius

of the Hu region in angular units, and 6, = +/x* + y2/D is the
angular position in the x-y plane (z = 0). If we want to cal-
culate the maximum emission measure, we set a = 0 and the

2. . .
term /1 — (z—;) vanishes. Introducing the angular source diam-
eter Osource = 200, We obtain

EM = ng D Ogouree (C.5)

However, neither the emission measure nor the electron density
are known. So we need another equation to solve Eq. C.5. Inte-
grating the specific intensity /, over the angular size of the source
Qsource yields the flux density F,

F, = f 1,dQ
Q

source

(C.6)

The general solution of the radiative transfer equation for the
specific continuum intensity is e.g. given by Rybicki & Light-
man (1986) as

7
I, =Lhe ™+ f S, e ™™gy
0

=lhe ™ +8,(1-e™) (C.7)

where S, is the source function of the Hu region and I is
the background intensity. We assume an Hm region with uni-
form temperature and negligible background temperature, i.e.
I,(0) < §,. The intensity 7, is then given by

L=S,(1-¢™) (C.8)

We have to distinguish two cases for the optical depth 7,:

I = ST, %f T, <1 (opt%cal th%n) 9)
S, if 7, > 1 (optical thick)

The source function §,, for the free-free radiation can be defined
using the Planck function B, at an electron temperature 7,
S v = Bv(Te)
2kT V2
~ _2v (C.10)
c

where k is the Boltzman constant, ¢ is the speed of light in
vacuum and /4 is the Planck constant. The second step holds
if hv <« kT (Rayleigh-Jeans approximation). The optical path
length for free-free emission was derived by Oster (1961), an
approximation is given by Altenhoff et al. (1960).

( v )—2" EM
GHz pc cm~6
This approximation deviates in the region of interest, i.e. 5 X
10° < T, < 1.2 x 10*K and 100MHz < v < 35GHz, less than
10% (Mezger & Henderson 1967).

Putting everything together, and assuming optical thin emis-
sion, we obtain

F TN ( v \*'( EM
L) 22525 % 10° (—) ( ) Qo
(J y) X K GHz pc cm=6 ) "7

(C.12)

-1.35

T
Tatenhor = 8.235 x 1072 (—)

K ) (C.11)

Usually one fits a Gaussian to the data and extracts the flux den-
sity and the full width at half maximum from this fit. However,
we determine the total flux in a given circular aperture. We thus
calculate the solid angle for the given density distribution as fol-
lows.

o
Qsource = 27 f G.4(6,) db,
0

— 7_1- 92
- 6 source

(C.13)

= 1231 x 107" (—9 )2
' arcsec

Now we obtain the following expression for the emission mea-
sure for a circular aperture

EM Fy\(Te\"P 01/ Gyon
) =3217x107 (2 (—) ( Y ) (ﬂ)
pccm™ JyJ\K GHz arcsec

(C.14)

From that we can derive an expression to calculate the electron
density

0.5 0.175
n F T y \0:05
¢ )=2576 x 10° [ (—) ( )
(cm*3 ) X ( Jy ) K GHz

Ocou -15 =05
o ( ource ) ( D )
arcsec pc

(C.15)
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To derive the flux of ionizing photons, N;, we balance the
number of recombinations and photoionizations within the Hi
region. In a Stromgren sphere, this yields

N; = f (B - B1)dV (C.16)

where 8 and B, are the rate coefficients for recombinations to
all levels and to the ground state, respectively. Thus (8 — S81)
provides the recombination coefficient to level 2 or higher. Ru-
bin (1968) approximate the recombination coefficient given by
Seaton (1959) for electron temperatures 7, generally found in
Hu regions as

0

( F—B )=41x 10—10(%)_ ’ €17

cm3 s7!

Including Eq. C.17 in Eq. C.16 and solving the integral for a
spherical symmetric clump yields:

(Ni ) - fn(ﬂf( e )2><4.1 X 10—10(%)_08 (C.18)

s—1 3" \em/ \em3

Converting the radius ry to the angular diameter 6oy of the Hir
region and using Eq. 7 yields an expression for the total flux of
ionizing photons, given in practical units as

& B 0 ﬂ (£)70.45( v )()_1 2 2
(S_l)_4.771><10 x(Jy) o ain) o) (€19
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