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Zusammenfassung

Massereiche Sterne entstehen tief im Inneren von dichtelekularem Gas, welches sie aufgrund ihres hohen
EnergieausstoRRes aufheizen und ionisiererahk&nd einer fihen Phase ist die lonisation auf kleine Bereiche
beschankt und die stellare Strahlung wird von Staub absorbieg.nbhen Temperatureiiliren zum Verdampfen
der Eisnéntel der Staulikrner, und viele hoch angeregte und komplexe Malekonnen in diesen heil3en moleku-
laren Kernen beobachtet werden. Iratgren Stadien wird die ganze MoldWwolke ionisiert und auseinanderge-
rissen, und ein Sternhaufen wird sichtbar.

Diese Doktorarbeit hat zum Ziel, die Verteilung von Dichifemperatur, molekularer &ifigkeit und Ge-
schwindigkeitsfeld in hei3en molekularen Kernedthar zu bestimmen. Diese Sabkselinformationenifr die
Entstehung massereicher Sterne uirdiie Astrochemie werden durch aufwendige Strahlungsprar-Modellie-
rung sowohl von Einzelteleskop- als auch von InterferomBobachtungen gewonnen.

Zwolf Quellen wurden mit dem APEX-Teleskop in Submillimeténien der MoleKkile HCN, HCO und CO
beobachtet, wobei ein weiter Bereich von Anregungen unisamn Tiefen abgedeckt wurde. Dies wurde mitt
dem Herschel-Teleskops émyt, welches HCN-Linien in SgrB2-M bis zu hohen (THz-) Rrexzen und Anregun-
gen beobachtete. Die Linienformen und -integigih wurden mit dem s@hischen Strahlungstransportprogramm
RATRAN unter den Annahmen einer radialen Potenzgesettieillang der Dichte und eines zentralen Heizens
modelliert.

Vibrationsangeregtes HCN und ionisiertes Gas wurden niit #&A-Radiointerferometer bei einer hohen
Aufldsung von A’ (1000 AU) in G10.4%0.03, SgrB2-M und -N kartiert. Das SMA-Interferometer weird
eingesetzt, um Hunderte von Mol@knien und Staubemission in G10-40.03 zu beobachten, wobei eine Fre-
guenz von 690 GHz und eine A@flung von @B” erreicht wurden. Die Daten wurden mit dem dreidimensiamale
Strahlungstransportprogramm RADMC-3D modelliert, wekklie Staubtemperatur aus dem stellaren Aufheizen
berechnet.

Modellieren mit einer Potenzgesetz-Dichtestruktur rdpmiert die meisten Einzelteleskop-Linien, aber die
hochaufgebsten Daten zeigen eine zentrale Abflachung und eine setmagliiale Abnahme der Dichte uatineln
einem Plummer-Profil. Das Modellieren der Linienformentdéauf kleinskalige Dichteschwankungen hin. In-
ternes Heizen durch massereiche Sterne ist konsistentemiDdten und macht sich durch vibrationsangeregtes
HCN um kleine Regionen von ionisiertem Gas bemerkbar. $tngisdifusion aufgrund der hohera8lendichten
fuhrt zu Hunderten von Sonnenmassen an heiR8aq K) Gas. Die HCN-Hufigkeit nimmt mit der Temperatur
zu und erreicht in heiRem Gas hohe Werte desRenordnung 16 relativ zu H. GroRskaliger Einfall macht
sich durch asymmetrische Linienformen bemerkbar und igdamer als der freie Fall,alrend zur selben Zeit
zentrale Expansionsbewegungen durch blauverschobereptios und eine sich mitdherer Anregungndernde
Asymmetrie nachgewiesen sind.

Ich stelle fest, dass hei3e molekulare Kerne bei anhalter@evitationseinfall durch die beginnendé&dk-
kopplung massereicher Sterne auf das Gas gekennzeichaebar erldhte thermische, turbulente, windgetriebene
und Strahlungsdruck im zentralen Bereiéitnft zu Expansionsbewegungen und zu einem zentralen Abfiadr
Dichte. Hohe Temperaturen werden mittel$fDsion der Strahlung durch Staub erreicht.
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Abstract

High-mass stars form deeply embedded in dense moleculantiéch they heat up and ionize due to their high
energy output. During an early phase, the ionization is oexfito small regions, and the stellar radiation is
absorbed by dust. The high temperatures lead to the evaportice mantles around dust grains, and many
highly excited and complex molecules can be observed irethiet Molecular Cores. At later stages, the whole
molecular cloud is ionized and disrupted, and a star climeomes visible.

This PhD thesis aims at constraining the distribution ofsitgntemperature, molecular abundances, and ve-
locity field in Hot Molecular Cores. This key information foigh-mass star formation and for astrochemistry is
obtained by sophisticated radiative transfer modelingathilsingle-dish and interferometric observations.

With the APEX telescope, 12 sources were observed in submeiiér lines of the HCN, HCQ and CO
molecules, covering a wide range of excitations and optepiths. This was extended with the Herschel space
telescope, which observed HCN lines in SgrB2-M up to highZlfrequencies and excitations. The line shapes
and intensities were modeled with the spherical radiati@asfer code RATRAN, assuming a radial power-law
density distribution and central heating.

With the VLA radio interferometer, vibrationally excitedH\ and ionized gas was mapped at a high resolution
of 0.1” (1000 AU) in G10.4#0.03, SgrB2-M and -N. The SMA interferometer was used to nMeskundreds of
molecular lines and dust emission in G10:0703, reaching a frequency of 690 GHz and a best resolutiOrB6f
The data were modeled with the three-dimensional radiataresfer code RADMC-3D, which computes the dust
temperature from stellar heating.

Modeling using a power-law density structure reproducestraimgle-dish lines, but the high-resolution data
show a central flattening and a rapid radial decrease of thsitgeresembling a Plummer profile. Modeling of
the line shapes indicates small-scale clumpiness. Irtbeaing by high-mass stars is consistent with the data
and traced by vibrationally excited HCN around small regiofiionized gas. Dfusion of radiation due to the
high column densities lead to hundreds of solar masses ¢H360 K) gas. The HCN abundance increases with
temperature, reaching high values on the order of t€lative to H in the hot gas. Large-scale infall is traced by
asymmetric line shapes and is slower than free-fall, whitb@same time central expansion motions are detected
by blue-shifted absorption and a change of the asymmettyhigther excitation.

| conclude that Hot Molecular Cores are characterized by#ugnning feedback from high-mass stars, while
gravitational infall is ongoing. The increased thermatliative, turbulent, and wind-driven pressure in the céntra
region leads to expansion motions and to a central flattesfittte density. High temperatures are reached through
diffusion of radiation by dust.
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Chapter 1

Introduction

This PhD thesis was conducted at the Max-Planck-InstituRfadioastronomie in Bonn and the |. Physikalisches
Institut at the University of Cologne. | worked on it from M&r2008 to April 2011. The thesis advisor was Peter
Schilke.

This introductory chapter gives background informationl &ighlights the scientific context of the thesis,
which is high-mass star formation. Starting from the cdodi for star formation (Sect. 1.1), the peculiarities of
the formation of high-mass stars are described in SectSk&ion 1.3 gives details about Hot Molecular Cores, an
evolutionary stage of high-mass star formation prominentiolecular line emission. Problems in observations,
analysis, and theory are discussed in Sect. 1.4. Fina#haitins of this thesis are defined in Sect. 1.5.

The next chapter (Chapter 2) describes the tools used imttiis. As the measurement of electromagnetic
radiation plays a key role for the whole science of astronaimy first part (Sects. 2.1 to 2.4) is about radiative
transfer, with an emphasis on molecular lines. Section @sgribes the observational techniques to measure radio
and submillimeter wavelengths (single-dish and interfegtyy), and Sect. 2.6 introduces the modeling tools that
are used to analyze the observational data. They basidalljate the radiative transfer and the observations of a
model, to be compared to the real data.

Chapters 3 to 6 form the main part of the thesis. They rely oseplations made with the APEX 12-m
telescope (Chapter 3), the Herschel Space Observatorp{€h®, the VLA radio interferometer (Chapter 5), and
the SMA submillimeter interferometer (Chapter 6). | prasamd discuss the observational data and the analysis
with radiative transfer modeling in these chapters. Theybased on papers that | have written. The papers of
Chapters 3, 4, and 5 are refereed and published in the joAsti@nomyé AstrophysicgRolffs et al. 2011b, 2010,
2011a), the paper of Chapter 6 (Rslet al. 2011c) is submitted to the same journal. To Chaptesontributed
only the modeling part (Sect. 7.5), but reproduce the whetted submitted té & A (Qin et al. 2011) in order to
embed Sect. 7.5 in its context.

In Chapter 8, | discuss the results from all observationsrandeling, focusing on heating (Sect. 8.1), the
density distribution (Sect. 8.2), the velocity field (Se&8), and the implications for astrochemistry (Sect. 8.4)
and high-mass star formation (Sect. 8.5). Finally, | drawabtesions in Chapter 9 and give a short outlook in
Chapter 10.

1.1 Pressure in the Interstellar Medium

The Interstellar Medium (ISM) is kept in the plane of the Galdy the gravitational potential of the stars. In

addition, the dense (molecular) clouds are held togetheelygravity. Turbulence plays an important role on all
scales, rendering the ISM highly dynamic (e.g. Ballestétasedes et al. 1999; Mac Low & Klessen 2004). This
is in contrast to the old picture of pressure equilibriumi{&g 1978), which is characterized by stable phases.

1.1.1 Heating and Cooling

The temperature of the ISM depends on (past and presenipdeatd the &iciency of cooling. Heating is
basically the conversion of other forms of energy into theremergy, which is genererally backed by the tendency
to increase the entropy. Cooling is the conversion of théemargy into photons, which are dispersed in space. It
depends on the temperature, while heating is independént of

Above 16 K, the gas cools slowly by free-free radiation. At lower tesrggures, internal levels of the gas
particles have to be excited by collisions to decay radéhtjwvhich depends on the availability of levels that can
be excited. Above 10K, electronic levels of atoms and ions are easily excited, @woling is very ficient, but

9



10 CHAPTER 1. INTRODUCTION

lower temperatures are notflaient to excite these levels. Excitation of fine-structimes, such as the'ine at
158um, can cool down to about 100 K.

The formation of molecules starts the next step of coolingpbyviding further éicient mechanisms. As
molecules have many low-lying rotational (and vibratigriavels, the gas can cool e.g. by rotational transitions
of CO and HO. In addition, dust (about 1% of the mass) cools by continuadiation, and influences the gas
temperature through collisions with the molecules, esigct high density.

Main heating sources of the ISM are stellar radiation andcesugprae. The first provides an approximately
constant heating through absorption of the local intdestehdiation field. The latter is a rare explosive event,
inducing not only radiation energy, but especially kinetiergy. Shocks and the decay of turbulence subsequently
heat up the gas. In dense molecular clouds, which are sHidétden the interstellar star light, absorption of
the cooling radiation itself, the conversion of gravitatb energy, and cosmic rays provide additional heating,
maintaining a minimum temperature of about 10 K, typicabbethe onset of star formation.

Considering the ficiency of cooling and heating by stellar radiation, threag@s can be distinguished in a
simplified picture of the ISM (McKee & Ostriker 1977) - a hohiaed phase of 10K produced by supernovae, a
warm phase of 10K (which can have dferent degrees of ionization), and a cold neutral phase aftdlfi® K. The
thermal pressure, which is the product of particle density emperature, would beT ~ 3000 cn1® K outside
of molecular clouds (where gravity is crucial), leading.@a@a few dozen atoms per érfor the cold phase. The
volume of the Milky Way is thought to be about equally distitésd between the hot and the warm phase, the gas
mass ¢10'° M) between the warm and the cold phas&0% of the gas mass is molecular.

The modern picture emphasizes much more the turbulent anantg nature of the ISM, which is out of
equilibrium. The lifecycle of interstellar matter involgradual cooling and contracting until star formation sets
in, and subsequent heating and disruption of the remairasgBhrough star formation, the ISM loses mass, which
could be partly replenished from the intergalactic medium.

1.1.2 Collapse

Pressure gradients drive the acceleration of mattefef@int types of pressure can be distinguished, e.g. thermal,
gravitational, turbulent, rotational, or magnetic pressuGravity is the driving force for collapse, while most
pressure types provide support against collapse. Turbalprovides support on global scales, but can promote
local collapse at the same time (Klessen et al. 2004).

At high densities, self-gravity becomes important, exerai contraction force. Thermal and turbulent pressure
represent microscopic and macroscopic motions of the ghesti respectively. In addition, magnetic pressure
tends to stabilize a cloud against collapse, since chargettles are coupled to the magnetic field, which resists
compression. Neutral and charged patrticles can slowlyujgedy ambipolar dfusion.

For collapse to occur, gravity has to ultimately win overatlier forces. A simple approximation to estimate
the critical mass, at which the cloud is stable, is to evaltia¢ energy balance in virial equilibrium

2T +2U+ M+W =0 (1.2)

For a cloud of mas#1 and radiusR, the internal energy (kinetic energy of macroscopic mgtiely™ o« Mv?
with v the typical velocity, the thermal energyds o« MT, the magnetic energy i$1 o« B?R® with the field strength
B, and the gravitational (or potential) energyig o —""{. For collapse, the gravitational energy must be larger
than the rest. However, this is very simplified and ignorefase terms, also it is not always clear if the condition
of equilibrium is fulfilled (Ballesteros-Paredes 2006).

A simple case is to consider only gravitational and thernmedrgy: Then?d o« W, or T « %, therefore

M x pR® p’\T"—f. Division by M and multiplication bny leads to the Jeans malgl o ‘/%3. For a temperature

of 10 K and a density of ¥0H, molecules per cf it is about 1 M, while for diffuse neutral gas it can be some
10* M.

In the complete absence of supporting forces, a cloud walldpse over the free-fall timg. The core radius
R is roughly the acceleration times the square of this tiRe; %—';"tfP soty ~ (Gp)‘%. For a neutral cloud, the
free-fall time is around 10years, for a dense core only somé y@ars.

With increasing density, self-gravity becomes strongenalier masses can collapse and the timescales are
shorter. Collapse thus proceeds first in the dense, inneEmggwith outer regions following (inside-out collapse,
Shu 1977). This might be filerent if the cloud is initially homogeneous, in which case tollapse propagates
inward (Larson-Penston collapse, Larson 1969a; Penst68)19\ comparison between these solutions can be
found in Zhou (1992).

1Astronomical constants in this thesis are solar mags=M1.98892x 10°° kg, solar luminosity L = 3.839x 10?6 W, the Astronomical
Unit AU= 1.49598x 101 m, and the parsec pc3.08568025¢ 101 m. Physical constants are Planck’s constaat6.626x 1034 Js, the speed
of light ¢ = 2.99792458< 10° ny's, Boltzmann’s constamt= 1.38x 10-23 JK, and the gravitational consta6t= 6.6739x 10-11 m3/kg/s?.
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The supporting force is here represented by thermal presstowever, in molecular clouds turbulence and
magnetic fields dominate, increasing the stable mass. Ttgrdater contribution of turbulence than of thermal
pressure can be seen in the line widths, which are much lgrgarthe thermal line width. The line width to the
power of three is contained in the Jeans mass.

Nevertheless, since higher densities increase the salftgrthe stable mass decreases and consecutively lower
masses can contract. This is triggered by turbulent caiidresz This gravoturbulent fragmentation leads to strong
density fluctuations (cores inside clumps) in Giant Molaclouds, which typically measure 50 pc and have
masses of 10M,. Molecular clouds are probably in a non-equilibrium stdtewerall gravitational collapse with
many local centers of collapse (Ballesteros-Paredes 204l.).

Collapse first proceeds in an isothermal way, as the enelegsed by contraction, converted to thermal energy,
can be radiated away easily. This is essential for the fragmtion. However, as the density increases, it becomes
harder to get rid of the additional thermal energy, becaoséirg lines become optically thick, leading to trapping
of line photons, and later also the dust emission is incnghsiabsorbed. The dust optical depth becomes even
larger with higher temperature, as the emitted radiati@hiied to shorter (infrared) wavelengths.

When the isothermal approximation breaks down due to the ldugt optical depth, the collapsing core can
cool only at its surface, where accretion is ongoing, andehgperature rises. A first hydrostatic core develops,
where thermal pressure balances gravity (Masunaga et@8)19%his is the seed of a star.

1.1.3 Expansion

As soon as stars have formed, they provide additional pressuhe ISM. They convert gravitational and nuclear
binding energy into radiation, produce winds and, durirggahbcretion, bipolar outflows.

These feedback mechanisms strongly enhance the turbidedaso the thermal pressure by heating the gas.
Especially the high-mass stars also provide radiationspresand ionize the surrounding gas by their strong UV
radiation. The ionized gas has high pressure due to its tetnpe of 16 K. The combined pressure from the fast
stellar winds that high-mass stars drive, their radiati@sgure, and the thermal pressure of the ionized gas finally
removes the gas from a newly formed star cluster. Havingdasibstantial part of their mass, the less massive
clusters disssolve.

The feedback on the star formation process itself is mostative, since the additional pressure works against
gravity. However, it can also be positive and trigger stamfation elsewhere by compressing the gas locally
(Deharveng & Zavagno 2008; Zavagno et al. 2007, 2010).

At later stages of stellar evolution, massive winds can teah expansion of stellar envelopes, and high-mass
stars explode after a few million years as supernovae, sngep and heating the ISM on large scales. These
processes enrich the ISM with metals and close the cycle@efstellar matter.

1.2 High-Mass Star Formation

A detailed overview of star formation, including also theitoof the last section (Sect. 1.1), can be found in the
book by Stahler & Palla (2005). A review on high-mass stamftion is Zinnecker & Yorke (2007).

1.2.1 Impact

The formation of high-mass stars, through its feedback en3iM, regulates the star formation process. Together
with the high energy output, it thus shapes and dominategtbkition and appearance of galaxies. This is
particularly true for starburst galaxies and earlier casemiochs, which were characterized by high star formation
rates triggered by galaxy mergers. The first stars in theewsévmust have had very high masses, as the gas
temperatures were high due to the lack of cooling mechanisvtasnly through the production and disposal of
heavy elements, high-mass stars provide the conditiorthédiormation of dust, planets, and life.

High-mass stars have large enough masses that they coltapseeutron star or a black hole when the raw
material of nuclear fusion is exhausted and its supportagi@ravity vanishes. The released potential energy
causes a supernova explosion, outshining the whole galackg@eating giant bubbles in the ISM. This criterion
means that they have masses abe8eV,. According to the stellar initial mass function (IMF, Kroau2002),
only 0.4% of newly formed stars have high enough masses. ¥Hawas the luminosity on the Main Sequence
(MS, which relates the luminosity to the surface tempeeatifihydrogen-burning stars) is proportional to the mass
to the power of about 3.5, they dominate the luminosity, ta& up the hydrogen fuel very quickly (lifetime on
the MS proportional tav/L, about 18° years for the Sun). So high-mass stars are short-lived, arsd of their
material is recycled to the ISM. In contrast, the matter seafally locked in the 94% of newly formed stars that
have masses lower than 1;M



12 CHAPTER 1. INTRODUCTION

Figure 1.1: High-mass stars forming via disk accretion (gation by Krumholz et al. 2009). The color scale
represents logarithmic density, the arrows denote the gjasity.

Already before the supernova explosions, high-mass st & far greater impact on their natal molecular
cloud than the low-mass stars. They have high luminositiesteot surface temperatures, therefore an ionizing
radiation field, producing Hregions and photon dominated regions (PDR), where the mieleare dissociated.
With their fast winds, they drive out the cluster gas.

1.2.2 Accretion

A fundamental dference between low-mass and high-mass star formation tiahbow-mass stars hydrogen
burning starts only after accretion and contraction havisHed, while for high-mass stars it starts while still
growing in mass. The virial equilbrium (Equation 1.1), winapplies to a hydrostatic core, relates gravitational and
thermal energy; hence contraction and higher mass meaertigmperatures, which eventually ignite hydrogen.
For high-mass star formation, the Kelvin-Helmholtz timaled'\_’/R = GR—'VF, over which the luminosity could be
maintained by contraction, is less than the collapse tiraked¢/M. The accretion rat®¥ (infalling mass per time)
produces a luminosity o??"" M. It depends on stellar mass and environment, and a high-sterseeaches values
over 10° M, yr~! (Beuther et al. 2002; Keto & Wood 2006).

The extreme luminosities of high-mass stars lead to highatiath pressure, which reverses any spherical
accretion flow. Therefore, they can only form by an inhomagers non-spherical infall or by disk accretion.
This way, the accreting material is shielded from the ramliatwhich can escape through expanding low-density
bubbles (e.g. Fig. 1.1, Krumholz & Matzner 2009).

Disk accretion is accompanied by bipolar outflows. In lowsmsatar formation, magneto-centrifugal outflows,
powered by the accretion, are a common phenomenon. High-stas produce strong radiation-driven winds,
which can entrail molecular gas in an outflow.

Outflows from young high-mass stars are much more massivéliBeet al. 2002) and probably less collimated
(Shepherd 2005) than from low-mass stars. Direct detecfiaisks is more dficult. Large massive but instable
rotating structures, so-called toroids, have been obddBeltran et al. 2005; Cesaroni et al. 2007).

The ionization is first quenched by accretion, i.e. the ammeate is larger than the ionization rate and so
no Hu region can be observed (Walmsley 1995). Accretion, witlitge infalling momentum, can well proceed
into Hir regions as an ionized accretion flow (Keto 2003). Finallg, dlacretion disk is probably photoevaporated,
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which puts an end to accretion (Hollenbach et al. 1994), hadH region undergoes the classical pressure-driven
expansion (Spitzer 1978).

That accretion must occur through a disk is also set by theaswation of angular momentum. Forming stars
have to get rid of angular momentum, which would prevent @mtion otherwise. Therefore, matter has to flow
in while angular momentum is transported outwards by fyiitin the disk or by outflows. Also the formation of
binary or multiple stellar systems and of planets servephipose.

In addition to angular momentum, other factors limit ancutate star formation, whose relative importance is
not clear though. Important contributions come from tuelgke (Mac Low & Klessen 2004), likely replenished by
outflows (Li & Nakamura 2006; Wang et al. 2010), and from maigrfeelds (e.g. Hennebelle & Fromang 2008;
Peters et al. 2011). Also thermal pressure from heatinglsyiand radiation pressure play a role.

While it has become clear that high-mass stars can form byetonr although with substantial fEiérences
to low-mass stars, it is currently under debate how highsnséers grow by accretion, with two rivaling theories.
Monolithic collapse of turbulent-supported cores (McKed#&n 2003) assumes that a high-mass star has its own
well-defined mass reservoir and accretion disk. In contcashpetitve accretion in a cluster environment (Bonnell
et al. 2001, 2004) focuses on the global mass reservoiretactby the combined gravitational potential of the
stars, which compete for this accretion flow by their locamd their mass.

There is observational support for both scenarios, e.gotitiows and the core mass function for monolithic
collapse and the large-scale infall and the clustering gihtmass stars for competitive accretion. The truth lies
probably in between, with aspects of both theories beiny teaddition, stars may collide and merge in cluster
centers, focused by their gravitational attraction. Thialescence scenario (Bonnell et al. 1998; Bally & Zinnecker
2005) of merging low-mass stars applies however only in gtkaeal cases.

To conclude, the high and hard luminosity that high-masss gteoduce very early in their formation is an
obstacle to accretion, but not an unsurmountable one. Tt @ay of accretion is not yet known, however. The
radiation is likely to limit the stellar mass, e.g. by phataporation of the accretion disk.

1.2.3 An Evolutionary Sequence

In low-mass star formation, a well-established evolutigrecheme is based on the Spectral Energy Distribution
(SED) of a protostar, which reflects the relative importanfoenvelopgdisk and the star itself. As the star is hotter,
the SED is shifted to shorter wavelengths with time. Fromesiallar core, a class O protostar emerges, which
emits only in the submm regime (Andre et al. 1993). The sthickvis completely obscured by the envelope,
drives an outflow. It first appears in the SED as an infraretbgtar, with the submm contribution from envelope
and disk still dominating (class I). In class Il, there is normoutflow and only weak accretion from a circumstellar
disk, which gradually disappears (due to planet formatid@@ipss Il (T Tauri star) is a contracting pre-MS star
with only remnants of the disk present.

While low-mass protostars can even be distinguished on aplominosity vs. éective (surface) temperature
as colder stars gaining their luminosity from contractitrere is no high-mass protostar in the sense of a pre-MS
star (before the onset of hydrogen burning), but high-mtess instead evolve up the MS by growing in mass.
They cannot be observed optically there, however, as treyighly obscured by surrounding dust. Moreover,
they evolve very quickly and do not form in isolation, but islastered mode. This makes it much morgidult
to clearly define an evolutionary sequence for high-masdataation.

Theoretically, Zinnecker & Yorke (2007) distinguish beemefour phases: compression to dense cores or
filaments by gravoturbulent fragmentation, collapse otgaf these cores into small protostars, accretion onto
these protostars, and disruption of the whole molecularctchy feedback from the high-mass stars.

Observationally, the most likely sequence of events hatlléiisout as the following. The highest column
densities are sites of future high-mass star formationfiroiz & McKee 2008), and absorb the infrared radiation
field. Visible as dark patches in the infrared backgrounely tire called infrared dark clouds (IRDC, Menten et al.
2005; Rathborne et al. 2006). When high-mass stars have dottmeee, they first heat up the gas, giving rise to a
Hot Molecular Core (HMC, Sect. 1.3). Next, they ionize the,gad Hi regions growing in size can be observed by
their free-free radio emission (Hoare et al. 2007). Hypetgact Hi regions have high densities (L0° electrons
per cn?), a rising spectral index, they are very smalD(01 pc), and have broad radio recombination lines (Kurtz
2005). They probably evolve over ultracompact and compadarge, classical h regions. When they have
expanded and disrupted the cloud, a star cluster or an OBiaisa can be seen in visible light.

1.3 Hot Molecular Cores

As soon as stars have formed inside dense and cold coreyeghewyp their surrounding gas. Ice mantles around
dust grains evaporate, releasing complex molecules it@#s phase. Molecules are highly excited due to the
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Figure 1.2: ATLASGAL map of a region of. &’ diameter (80 beam sizes). The compact source on the right sid
is the Hot Molecular Core G10.4D.03, the color scale is [Beam.

large temperatures of over 100 K, and the large column desdibgether with the high temperatures lead to
extraordinary emission of molecular lines. This stage iieda Hot Molecular Core.

Itis characterized by the beginning of stellar feedbackstdbvious is the heating of dust and gas by the newly
formed stars. The higher temperatures have also chemigdications, from the evaporation of grain mantles to
gas-phase reactions that change the composition of theeolategas.

Reviews of hot cores can be found e.g. in Kurtz et al. (200Byur€hwell (2002), van der Tak (2004), Cesaroni
(2005), and Beuther (2007).

1.3.1 Discovery

Due to the high dust column densities, these sources ar@mokinn the mid-infrared and at shorter wavelenghts,
so they look simply dark with classical optical telescopese frequency-dependence of dust absorption originates
in the size distribution of dust grains, which are more alaumidhe smaller they are, and the properties of their
coupling to electromagnetic radiation, which is strongéhwiigher ratio of grain size to wavelength.

With the advent of spectrally resolved radio astronomy @amdpnjunction, molecular astrophysics, the exis-
tence of HMCs could be revealed. The long wavelength is rieglsee through the dust, and the molecular lines
to estimate the temperature by relative intensities ofliinem diferent excitation states.

An important molecule was, and is, ammonia (YH The inversion transitions of its metastable states lie
relatively close in a well-observable frequency range ¢}, and the hyperfine structure allows a derivation of
optical depth (e.g. Morris et al. 1980; Cesaroni et al. 1984t also CHCN was used early to derive a temperature
of 275 K'in Orion (Loren & Mundy 1984). A later example is theeusf the vibrational states of HS (Wyrowski
et al. 1999).

The SED that hot cores emit peaks at arounda®0in the far infrared. This wavelength regime is completely
absorbed by the Earth’s atmosphere and not observable fremground. In 1983, the space telescope IRAS
(Infrared Astronomical Satellite) surveyed the whole skyl3a, 25, 60, and 10@m, albeit with low angular
resolution. HMC candidates can be selected by color aitedm the point source catalog, and investigated by
further continuum and line observations (Sridharan et@0)22 Araya et al. 2005; Dedes et al. 2011). SED (and
line) studies of HMCs are about to improve significantly wdtkta from the Herschel space telescope.

For high column densities<(10?° H, cmi3), dust changes between optically thin and thick at aroundrl m
In this regime, most of the dust emission can be actually,s&®th HMCs appear as the strongest sources in the
sky due to their large masses and high temperatures. Fangestin the 85@m survey of the inner Galactic
plane ATLASGAL (APEX Telescope Large Area Survey of the GglaSchuller et al. 2009), HMCs stick out
prominently as compact and strong sources (Fig. 1.2).
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Figure 1.3: APEX observations of the Hot Molecular Core G327.6 (double-sideband mode), overlaid with a
model from myXCLASS for CHCN,vg=1 (red, the size is.5”, the temperature 300 K, the line width 4 Jgyand
the CH;CN column density is 1 cm™2). The energy of the lower level is given in K.

Embedded high-mass stars, whose entire radiation is adxbbybdust and converted to the infrared, can already
have developed aniHregion, which emits free-free radiation in the radio regimea their dust emission shows
up in the IRAS maps, Wood & Churchwell (1989) searched falaattmpact  regions in color-selected IRAS
sources. Due to the clustering of high-mass stars, one gaateto find HMCs close to them. Also, HMCs can be
heated by the star(s) in the UGHegions, in which case it is considered as external heatingyntrast to heating
by internal sources which have not yet developed a W@idion.

Finally, HMCs are often associated with water masers (atid2)@wvhich require several hundred K and.(?
cm 3 to be excited. Also OH and GJ®H masers occur. Masers are very strong, non-thermal litéstvarise
from population inversion. They are very compact and eakglgctable.

Ouflows also often appear in HMCs, but to definitely detect tachoe, the spectrum has to show many lines
from complex organics and highly excited states (e.g. Fi§j. 1

1.3.2 Chemistry

Chemistry in the ISM dfers signifcantly from chemistry on Earth due to the low nundensities, which prevent
three-body encounters (e.g. Tielens 2005). Thereforetices with a single product cannot happen due to energy
and momentum conservation. Also the low temperaturesaypianolecular clouds<10 K) prevent endothermic
reactions or reactions with an activation barrier . Insteh@rge-transfer reactions between neutral and ion dom-
inate the gas-phase chemistry. A typical sequence of eigtiie ionization of H by cosmic rays, the formation

of H3, H}, and HCO by collisions with H and CO. Subsequent reaction pathways can lead to largecuhede
which finally recombine with an electron and lose (at leadtydrogen atom. The products of such gas-phase
reactions tend to be rather poor in hydrogen (e.g. carbamaholecules).

The majority of molecules in the ISM were found in HMCs, irdilag complex molecules (Herbst & van
Dishoeck 2009). With the high temperatures and large dessgas-phase chemistry in HMCs is somewhat richer
than in other molecular environments, in particular atitbrabarriers can be overcome and endothermic reactions
can occur. Probably even more important is grain-surfaeenistry, as the released binding energy can be given
to the dust grain and more reactions are possible. Atoms athecoles stick to the grains when they collide, and
ice mantles form at low temperatures. Hydrogen atoms careraowhe surface, and at higher temperatures also
heavier atonysolecules can move. This way, the hydrogen atoms scan tiregrtil they find a reaction partner
and form the most abundant moleculg (Duley & Williams 1993) as well as saturated molecules sk
(water), NH; (ammonia) and CEOH (methanol).

The astrochemistry of HMCs thus develops from freezing duholecules to form ice mantles around dust
grains in a cold phase, the warm-up with increased mobiity @acitivity and eventual evaporation of the ices
when the newly formed stars provide heating, and gas-pHesmistry in a hot phase. Garrod et al. (2008) have
simulated the reactions occuring in gradual warm-up of ttangmantles and the gas-phase, leading to varying
abundances of the molecules. In principle, such simulatian provide age estimates of HMCs, as chemical
timescales are long enough in interstellar conditions hedyas does not reach a chemical equilibrium. However,
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this requires detailed knowledge of the history of collagsd warm-up for dierent parts of the cores, as well as
reliable reaction networks also at high temperatures.

An indication of age could be e.g. the abundances of SO and&Qhey seem to fier substantially between
sources. Sometimes, N- and O-bearing molecules are foutifatent locations, which could be an age or tem-
perature fect (Rodgers & Charnley 2001). Very complex reaction nek&and history determine the abundances
of the ditferent molecules, starting from the elemental abundandgshvin the solar neighborhood are relative to
hydrogen 07 (He), 68 x 1074 (0), 37 x 10 (C), 1.2 x 10* (N), and 16 x 10 (S) (Cameron 1973).

1.3.3 Physical Structure

The physical structure of HMCs is not well known, anételis from source to source. Most sources have masses
on the order of 1M, and luminosities on the order of 10, which is reprocessed by dust and mostly emitted
in the far infrared.

The density reaches values well abové H) cm2 in the central region and fallsfiowith radius. This con-
densation of matter is expected from collapse. Some HMCw $ftagmentation in the sense of multiple centers.
It is not clear how to define the size for a continuous densdiridution; the area where most of the dust and line
emission is concentrated (if observed with an interferemaes typically on the order of 0.1 pc.

The temperature is higher in the inner part than furtheridetsThis temperature gradient points to internal
heating by the formation of embedded stars or protostarerafye temperatures, deduced from line ratios, are
100-300 K, but probably all temperatures up to the dust swtion temperature of around 1500 K are present on
small scales.

Apart from turbulence, which is imprinted in the line widtlisere are many indications for systematic motions
such as outflows, rotation, and collapse. Velocity gradieseen at high spatial resolution can be interpreted as
rotating massive disks or toroids (Bélir et al. 2005, 2011; Zapata et al. 2010). Outflows can be wdxsem
larger scales and in high-velocity line wings. Simultarewall often shows up in asymmetric line profiles or in
red-shifted absorption (e.g. Qiu et al. 2011; Furuya et@l.13.

1.3.4 Sources

A few dozen sources are currently known in the Galaxy, ang thigplay a high individuality. The sources in-
vestigated in this thesis are briefly described in Chapters3hey were all observed with the APEX telescope
(Table 3.1). These are G10:40.03 (Sect. 3.8.1), IRAS 16065-5158 (Sect. 3.8.2), G3Pm®3(Sect. 3.8.3),
G34.26+0.15 (Sect. 3.8.4), G31.4D.31 (Sect. 3.8.5), IRAS 12326-6245 (Sect. 3.8.6) , IRAS3B72606 (Sect. 3.8.7),
NGC6334-I (Sect. 3.8.8), W51e (Sect. 3.8.9), W51d (Sectl8)8SgrB2-M (Sect. 3.8.11), and SgrB2-N (Sect. 3.8.12).

SgrB2-M was also observed with Herschel (Chapter 4), and4320.03, SgrB2-M and -N with the VLA
(Chapter 5) and the SMA (G10.49.03 in Chapter 6, continuum of SgrB2 in Chapter 7). They #rext¢remely
massive HMCs associated with H@legions.

Among the other HMCs, Orion-KL is the most prominent sourdt & distance of only 414 pc (Menten et al.
2007). It could be an unusual hot core though, heated by doyneaplosive event rather than internal high-mass
stars (Zapata et al. 2009b, 2011).

1.4 Problems

The understanding of high-mass star formation and of dstrméstry has to face several problems in theory, ob-
servations, and analysis. Some of them are described ilbe/ing.

1.4.1 Theory

Although much progress has been made in the last yearst{iit iso$ well understood how high-mass stars form.
Examples of problems include the relative contributionidifedlent forms of pressure to the support against gravity,
the exact ways of collapse and accretion, and ffects of feedback.

High-mass stars form only in clusters (Lada & Lada 2003) asuhlly in multiple systems, while low-mass
star formation can also occur in relative isolation. Fumtihere, they are concentrated in cluster centers (mass
segregation), and it is under debate if they formed therewe Imigrated there due to dynamical interactions.

Apart from that, the stellar initial mass function seemsdao/ery universal, and the core mass function follows
a similar slope. It is not clear what regulates the IMF, an@wthe connection to the core mass function is.

(Magneto-)hydrodynamical simulations of the star form@afdrocess can hardly include all the physics that is
involved (e.g. detailed time-dependent heaftingling), and lack the resolution to handle all relevanictires
due to limited computing power. The latter hurdle is bypddsg sink particles, which form ad-hoc stars once
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Figure 1.4: Atmospheric transmission at the APEX site, fdlumns of precipitated water vapor of 0.3, 0.6 and 1
mm (courtesy: P. Schilke).

the density gets too high. Still, even if the evolution is guted correctly, the outcome depends on the initial
conditions, which have to be set a priori. It is not yet posstb compute several models, since one run takes
several months to complete on the best available computers.

Astrochemical calculations need a complete network ofti@acates, as well as dust properties and time-
dependent physical conditions. The latter could come frgdrddynamical simulations.

1.4.2 Observations

High-mass stars are rare and undergo a fast formation amatievoprocess. Therefore, not many in a given stage
of formation are present in the Galaxy, and they are mostlg\ay.

Moreover, the structures are very compact, and the coresifrdividual stars overlap due to the strong clus-
tering of high-mass stars. Hence, very good angular rdealig a critical issue.

Due to the large dust column densities and the frequencgrilgmt dust opacity, most of the sources are
obscured at short wavelengths. In the optical and infravad,can only see a cold surface, while the hot core is
hidden and only visible at submillimeter and radio wavetbag These in turn are partly obscured by the Earth’s
atmosphere, in particular by water vapor. The transpardapgnds on weather and location. Figure 1.4 shows the
transparency of the atmosphere as function of observingiéecy for one of the best sites, unddfetient weather
conditions.

1.4.3 Analysis

The extreme richness of spectral lines that HMCs exhibitdda spectral confusion and blending, i.e. line overlap.
While this is less of a problem for strong lines (e.g. from dempolecules that have only relatively few transitions),
it makes the detection of complex molecules, which have mask transitions, very éicult and in many cases
impossible, regardless of sensitivity. But also in the gsial of profiles of strong lines one has to be aware of
possible blending by neighboring lines.

The individuality of the sources impedes a comparison takitions, which have necessarilyffdirent initial
conditions. This makes it flicult to test theories, which lack clear observational priains.

The observed radiation depends on the physical structockit & not straightforward to derive physical and
chemical quantities such as temperature, density, andcuateabundances. The abundances can vary with phys-
ical conditions, which renders the problem even mofgalilt.

For a proper analysis of the observations, one needs nagli@éinsfer modeling. The models should be as
simple as possible to allow a combination of parameterspootice the observations. Defining parameters and
scanning the parameter space for solutions poses a gidierade

The modeling needs physical inputs, many of which are vexertain or not yet measured or calculated.
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These include dust opacities, collision rates of molec(deiected at the database LAMBA&nd BASECOE),
and line frequencies (collected at the databases Chang JPE).

1.5 Aims

The aim of this thesis is to constrain the structure of HM@giftdensity, temperature, velocity, and abundance
distribution) in order to facilitate future progress in highass star formation and in astrochemistry. This shall be
achieved by exploring four ground-breaking techniques, dw the observational and two on the analytical side.

1.5.1 High Submillimeter Frequencies

High submillimeter frequencies-(600 GHz) are challenging due to atmospheric absorption () and receiver
technology. New instruments, namely APEX, the SMA, and Efees open up these frequency windows and
provide the opportunity to use them in my research (ChaBer, and 6). Compared to lower frequencies,
rotational transitions trace higher energy levels and #éingelr dust opacity facilitates absorption features, which
are sensitive probes of the source structure. Also the ruaumtin gives hints on the structure, as dust becomes
optically thick.

1.5.2 High Resolution

High angular resolution requires a large apertDréecause the beam size (FWHM) is 2%‘. As the wave-
length A has to be long enough to penetrate the foreground dust, tamsninterferometers (see Sect. 2.5).
Currently the best possible resolution provides the VLAts1most extended configuration and at its shortest
wavelength (7 mm, Chapter 5). However, the brightness wahsidecreases with higher resolution. At shorter
wavelengths, where the dust emits stronger, the SMA can & (@hapter 6). Spectral resolution is essential to
measure line shapes, a resolution of around Askssuticient and provided by the heterodyne receivers.

1.5.3 Modeling Line Shapes

Not only the intensity of spectral lines contain importamfiormation, but lines have filerent optical depths at
different velocities (frequencyfisets from the rest frequency). While optically thin linesdagually a Gaussian
shape, optically thick lines tracefférent parts of the source afiirent velocities. Thisfbers access to the line-of-
sight structure such as the excitation temperature prdfilietlae velocity field (systematic motions like outflows,
rotation, and infall) and can even constrain sub-beam simetares by detailed radiative transfer modeling, e.g.
with RATRAN (Chapters 3 and 4).

1.5.4 Three-dimensional Modeling

Although models should be as simple as possible to reprotthgcebservations, real sources are not that simple.
In particular, as high-resolution maps show, multiple soaad stars have formed, so spherical or cylindrical
symmetry does not apply. Instead, one has to go for true-tirmensional models, at best in combination with
computation of the dust temperature. This can be done witBIR8-3D (Chapters 5 and 6).

2http;//www.strw.Ieidenuniv. nTmoldata
Shttpy/basecol.obspm.fr
4httpy/www.cdms.de
Shttpy/spec.jpl.nasa.gov



Chapter 2

Radiative Transfer

This chapter starts with brief descriptions of moleculaergy levels and radiative transitions between them
(Sects. 2.1 and 2.2). The determination of the level pojmratis discussed in Sect. 2.3. Section 2.4 deals
with the resulting radiation. These sections are based owlipigma thesis (Rdéls 2007), and illustrated with
examples from the HCN molecdlewhich plays an important role in this thesis. The radiatiemsfer theory is
also described e.g. in Rybicki & Lightman (1979), Genzel(1Q and Rohlfs & Wilson (2004).

How to measure the radiation with single-dish and interfestric telescopes is described in Sect. 2.5. Radiative
transfer modeling is discussed in Sect. 2.6.

2.1 Molecular Energy Levels

2.1.1 Rotational Levels

The rotational energy of molecules has discrete levelsaltleetquantization of angular momentinfe.g. Haken
& Wolf 2003). For linear molecules, it is given by

12 R
20 ~ 8120

with the moment of inerti® = ), mRI? (m being the mass of a nucleus aRdts distance from the center
of mass). J is the quantum number of angular momentum. Its projectido an arbitrary direction is another
guantum number, whose possible valueskde- 1, ... — J. These 3 + 1 projections have the same energy, so the
energy level is degenerate and its statistical weighfis 2.

©® depends on the equilibrium distances of the nuclei. Thesdealistorted by rotation or vibration. Due to
centrifugal forcesR and thus® increases with rotation, so highstates have a somewhat lower energy than they
would have for constar®. Including this éect, the energy levels can be approximatedshy = BJ(J + 1) -
D(J(J + 1))? with the molecular constan&andD. Substituting one nucleus with a heavier isotope chafgasd
hence the rotational energy levels.

Erot = JI+1) 2.1)

2.1.2 Vibrational Levels

Vibrational levels have higher energies than pure rotafitavels. According to quantum mechanics, a harmonic
oscillator has a vibrational energy proportional\ter(%). Vv is the vibrational quantum number, and evenver 0
there are fluctuations which cause a substantial minimumatidnal energy (as the molecule cannot go lower
in energy, it can be set to zero in practice). The proportipneonstant depends on the force gradient and the
(reduced) mass. For an anharmonic oscillator, a term ptiopai to (v + %)2 and to the inverse of the dissociation
energy has to be subtracted.

Different modes of vibration can be distinguished. Stretchibrptions are periodic changes of the bonding
length, while bending vibrations change the angles betwleemonds. The latter occur only for molecules with
more than two atoms and usually require less energy. Thgiesetepend on the atomic masses and the bonding
length. An¢-type finestructure arises due to the vibrational deforomadf the molecule and the coupling between
vibration and rotation.

10n Earth, HCN (hydrogen cyanide) is known as hydrocyaniaesgic acid (in German Bla&are) when it is dissolved in water. It is very
poisonous: by reacting with iron of a certain enzyme, it bfothe respiration mechanism of cells and prevents the incatipa of oxygen
from the blood. For prebiotic chemistry, it is important as dding block of amino acids.
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Electronic levels (the excitation of electrons) are gelhes high in energy that they are not excited in star-
forming regions.

2.1.3 Example: HCN Levels

The molecular constants that describe the rotation of H@NBar 1.478222 cm' = 2.127 K = 44.316 GHZ and
D=291x10%cm™ =4.2x10°K = 87.2 kHz. As the quadrupole moment of th&\ nucleus couples to the
gradient of the electric field, a hyperfine splitting of theergy levels occurs. This is important only for the lowest
rotational states. The 1-0 transition is split into 3 lindsich differ by 3.5 MHz (12 km 3%), while the six 4-3
transitions are distributed over 3 kmtswith 95% of the line strength in the central transitions.

Vibrational modes of HCN are stretching of the C-N or the Cédtdis and bending of the C atom perpendicular
tothe NH line. The energy of the C-H stretch vibrational msdEbouty; x4764 K (the quantum numbey denotes
the number of quanta in this mode), the C-N stretch mode$a8017 K (less than CH due to the higher reduced
mass). The designation (1 or 3) is sometimes reversed. Bgndirations require, x 1027 K.

While the stretching vibrations keep the linear structuréhefmolecule, the bending vibrations can occur in
the plane of rotation or perpendicular to it, so the bendiglens actually split into two, slightly eierent modes.
If the orientation of each of the, quanta is+ or —, the sum is the quantum numbgmwhich therefore goes from
V2 t0 -V, in steps of 2£ couples rotation and vibration, and is actually anothetiohal quantum number: Due to
the bending deformation, rotation around the axis becorossiiple. The result of the two simultaneous rotations
is thatJ cannot be smaller thahiand that a bending mode of quantum numigesplits intov, + 1 levels, whose
energies depend mainly on the absolute valugasfd slightly on its sign (the direction of rotation), whish(-1)
for the lower levels. An alternative designatioreifor the lower levels (and the ground vibrational state) &rfior
the upper levels.

The energy level diagram of HCN is summarized in Figure 2akéo on Maki 1974; Maki et al. 2000).

2.2 Radiative Transitions

2.2.1 Einstein Cofficients

The probabilities for radiative transitions are describgdhe Einstein Coicients (Einstein 1916). Considering
two levels, the populationsg, andn; (number densities of upper and lower level, respectiveignge according to

dny __dn.

ot T at = —Auny = By duny + By Juni (2.2)

n, can decrease by spontaneous emission, which is propdrtmngitself and to theA codficient. TheB codfi-
cients describe transitions induced by radiation. The gipdibies are proportional to the mean intensity, which

is the intensity from all directions weighted by the profiletion® (Sect. 2.4.4; it is centered af = %
whereE denotes the energyJy = f%} fdvIcD. Induced emission, described by the second term, meana that
passing photon of the right frequency is doubled. This medethus proportional ta,. The last term describes
the absorption of a passing photon, which causes the tiam§iom the lower to the upper level.

The EinsteinB codfticients are proportional to th& codficient (Sect. 2.3.2). The strength (Einstéircodti-
cient) of a transition is calculated quantum-mechanicttiyn the wave functions of the two states. For electric
dipole transitions, it is proportional y?v® with the dipole momeng. For forbidden (multipole) transitions, it is
very low. Hence, radiative transitions are unlikely if thaglate certain selection rules, and are more likely the
larger the energy gap is. The selection rules describe theitians for allowed (strong) transitions. For instance,
AJ = 1is necessary for a rotational transition, since the pho#wries one quantum of angular momentum.

2.2.2 Example: HCN Transitions

Due to the corresponding energy gaps, diettpe transitions occur in the radio regime, rotationahsitions in
the mm to far-infrared regime, vibrational transitionstie infrared (14m for Av, = 1) and electronic transitions
in the ultraviolet (190 nm for the electronic state of HCN).

The selection rules are bit more complicated when the vdmat levels are included. Pure rotational transitions
stay within a certain vibrational state. Rovibrationahs#ions (which change the vibrational state) requide= 1
for the lower level of arf-type doublet and\J = 0 for the upper level. Direct-type transitions are not electric
dipole transitions and hence weak. They exchange uppeioarat level of the samé with A¢ = 2.

2All units denote the energy, making uselft kT = hy = th
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Figure 2.1: Energy levels of HCN. THeft panel shows the vibrational levels, tbentral panel the lowest rota-
tional levels and theight panel shows levels of the first vibrational state. Some itians with their Einstein A
codficient (numbers in parenthesis are powers of 10) are indicate
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If an HCN molecule is in the upper level of a certdiin v, = 1, the most likely transition is td in v = 0, the
next likely is to the upper level af — 1 in v, = 1, and an unlikely transition is to the lower level of the sainé it
is in the lower level, it can decay tb— 1 orJ+ 1 inv = 0 or to the lower level 0o — 1 inv, = 1. In the right panel
of Figure 2.1, some transitions with their Einstéivalue are indicated. All transitions relevant for astroyaran
be found in the Cologne Database for Molecular Spectros(@@pMS, Muller et al. 2001, 2005).

HCN in space was first detected by Huebner et al. (1974) in aatthmough its 1-0 transition. Vibrationally
excited HCN was detected by Ziurys & Turner (1986) toward®®KL and the carbon star IR€10216. Also in
Orion-KL the J=9-8 transition was first detected (Stutzki et al. 1988). Bnghme carbon star, many vibrational
states can be observed, and the 9-8 transition #n4, £ = 0 shows maser emission due to Coriolis coupling with
thevs = 1, v, = 1 state (Schilke et al. 2000). Direétype transitions were detected by Thorwirth (2001) toward
the protoplanetary nebula CRL 618 (Thorwirth et al. 2003vall as Orion-KL, SgrB2-N and G10.47.

2.2.3 The Planck Function

Quantum Statistics yields an expression for the radiatield,fthe Planck formul®. The derivation is based on
the insight that photons are bosons and on the evaluatidreafensity of states. The expression is

B= %3 (e 1) 2.3)

Although discrete energy levels were assumed in the darivahis formula describes both line and continuum
radiation: In a solid body the energy levels are so closethmyehat every frequency is possible, and so it emits
continuous thermal radiation. The emitted radiation depeon the optical depth, which is again frequency-
dependent (Sect. 2.4).

The Planck function describes the radiation that every kedits due to its temperature. The wavelength of
maximum emission ifmax = Z%m@ (Wien’s displacement law), and the total emissi@hirftegrated over
frequency and solid angle) is proportionallt (Stefan-Boltzmann law).

If hy <« kT, the Rayleigh-Jeans approximatieﬁ ~1+ % is valid:

2hv® kT 3 22T

@ @4

Bry =
As hereB « T, one can express an intensitas a temperaturg, (brightness temperature). Even if the Rayleigh-
Jeans approximation is not valid, the brightness tempeyaudefined as

c2

Tp= —|
= J2

(2.5)

If a source had infinite extension and optical depth and aotmitemperature, then this temperature would be
the brightness temperature in the limit of low frequencisile at higher frequencie§, would be less than the
temperature. For a real source, the telescope’s finiteutsnlcauses angular averaging (Sect. 2.5), and along the
line of sightTy, is averaged according to the temperature structure andotimbdepth (Sect. 2.4).

2.3 Level Populations

2.3.1 Collisional Transitions

In addition to radiative transitions, it is also possiblectange the state by collisions. The probability for such
transitions is proportional to the number of collisionsréfore to the density of collision partnerg, times the
density of the molecule. For a two-level-system, this iscdesd by the following equation:

dn, dn
at = ~at = —YulNcolNu + YuNcolNy (2.6)

The rate cofficientsy, andy,, (from upper to lower and from lower to upper level, respestiiy depend on the
levels, the molecule and the collision partner. Their rigidetermined by the temperature (Sect. 2.3.2, equa-
tion 2.9).

In molecular clouds, the collision partners are molecujairbgen (6 out of 7 particles) and Helium atoms (1
out of 7, 25% by mass). In many cases, consideralfferdnces for collisions with ortho- and para-ekist (e.g.
Flower & Launay 1985; @er & van Dishoeck 1992). Other particles (electrons, ionst garticles, CO and other
molecules, H and other atoms) are rare comparedtand He, but the cross sections for collisions with electrons
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(abundance around 1) is large, particularly for ions. Usually is set equal to the Hdensity and the rate
codficients are scaled to include Helium and electrons.
Merging equations (2.2) and (2.6) and generalizing to aifeutl-system yields for every staie

o(ljr: Z(njAjl (nyByi — miBy)Jy) — > (A + (B — nBj)Jy) + D nea(Myysi — i) (2.7)
j

> j<i

When statistical equilibrium is reached, the level popalsistay the samé’(% = 0 for everyi (although the
individual molecules change their state). For given cood# (density, gas temperature, and radiation field),
the level populations are determined by the above equatanthe radiation field in turn depends on the level
populations, this is a non-linear equation.

2.3.2 Boltzmann Distribution

A huge simplification compared to the solution of equatiory)arises for the case of Local Thermodynamic
Equilibrium (LTE, Sect. 2.3.3). Statistical Thermodynampredicts for an equilibrium system of temperaftire
(canonical ensemble) that the levels are populated acaptdithe Boltzmann distribution:

Ny _ Qu BB N _ G -5

= =g KT or — = =@ kT 2.8
n o g Nt Q 28

The statistical weighg is the degeneracy of a level, i.e. how many quantum statesrtda@y level haskE is the

energy above groundy is the number density of the molecule a@d= g.e‘ﬁ is the partition function that
accounts for the conditiop; N = Nyt.

Einstein cofficients and collisional rate cficients are intrinsic properties of a certain transition ceaain
molecule or atom. They do not depend on environmental condit Therefore, if a statement on them is valid
under such a condition, it is generally valid.

If the densityng is high enough, the radiative terms can be neglected andiequ@.6) in steady state
determines the level populations byy, = nyy,. With the Boltzmann equation (2.8), the rate fiméents are
related as e

Yu _ Qg5 (2.9)
Yu G
So if one collisional rate cdicient is known, the other one is given according to the teatpee.
Similarly, if the radiation field is strong enough, the csillinal terms can be neglected and equation (2.2) in

steady state can be written ag = ﬁ%. With the radiation field given by the Planck formula (2.3dan
inserting the Boltzmann equation (2.8), this reads
NuAul _ Ay (2.10)

C nBu-nBu ge% By, — By
Comparison withB (equation 2.3) yields the relation between the Einsteirfmients:

guBuI =0 B (2-11)

2hv3
c?

Au = Bui (2.12)

2.3.3 Local Thermodynamic Equilibrium (LTE) and Beyond

If the level populations are uniquely determined by the terafure, LTE reigns. This is generally the case if the
density is high enough that radiative transitions are gédgk compared to collisional transitions, or if a thermal
radiation field is strong enough. The radiation field can atausist of line photons which are trapped due to high
optical depth: In this case a radiative decay leads to diaitaf another molecule, so the energy of a collision is
not lost, but just transfered to another place.

The Boltzmann distribution is only maintained if the spor@aus decay, that tends to drive the molecules
into the lowest energy level, is compensated by excitatibrihe excitation is insfficient, the upper level will
depopulate, reaching a new equilibrium. Imitating the Bolann distribution, an arbitrary ratio of upper and
lower level can be described by an excitation temperatwined as

E,.—-E

Tex(u—1) = kIn(E‘”gg' (2.13)
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In LTE, the excitation temperature of all transitions is kireetic temperature.

Usually, collisions excite the upper levels, which decagiatively or collisionally. Thus, kinetic energy is
transformed to potential energy, and the gas cools by iediiisses. If the collisional excitation is frequent
enough, it can thermalize the level populations, and théatian temperature is the kinetic temperature. If it
occurs too rarely, however, the upper level is less popditdian in LTE and the excitation temperature is less than
the kinetic temperature. This happens roughly if the dgmsj; is less than the critical density, at which the
change of the level populations by spontaneous emiggjoy) is as strong as by collisiongncoiny:

s = 2 (2.14)

Yul

The critical density is dferent for every transition, and fok, < ngit the thermal ratio ofy/n (equation 2.8) is
multiplied by ngo/Nerit, resulting in very weak emission.

The radiation field as well can thermalize the level popals;i if it is optically thick and comes from all
directions: Neglecting collisions one has from equatio2)2(Ay + BuyJdu)ny + ByJdun = 0 or & n = %
Substituting the Planck function (2.3) and the Einsteinfiégcients (2.12) and (2. 11) the Boltzmann distribution is
recovered. For the general case, the Planck function hasroultiplied by 1- e and the fraction of the sky that
is covered by the source, so the upper level will have a lowpufation.

In the case of radiative excitation, the radiation tempeeatvould determine the excitation temperature, while
it is the kinetic temperature in the case of collisional &t@n. These two temperatures are not necessarily
equal, e.g. the dust can be heated by external radiation ihvttie gas is transparent, or the gas can be heated
by shocks while dust remains cool. Very high densities waurtsiide enough collisions to adjust gas and dust
temperatures, and also guarantee that one single tempeveduld describe the level populations, but for most
interstellar conditions there is no way out: The complidagguation (2.7) has to be solved for a given density,
kinetic temperature and radiation field to determine thellpopulations and thus the line radiation.

2.3.4 Non-LTE Methods

The level populations depend on the radiation, which in tiepends on the level populations. If the density is so
high that collisions can excite all levels faster than thegay, one can simply use the Boltzmann equation (2.8)
and avoid this problem. However, LTE is generally not theecasd one has to use the rate equations (2.7) for
statistical equilibrium.

A method to solve these equations is théeration. The LTE populations give a source function (S2et.1),
and theA operator computes the mean intensitigsfor each cell and transition from the source functions of all
cells. It thus describes the local response of the radiditdeh to perturbations of the level populations. With the
Jij, new level populations are obtained using (2.7), which geaheA operator, and the procedure is repeated
until the population changes are low enough.

The convergence of th& iteration can be accelerated by splitting theperator into a local and an external
contribution (Accelerated Lambda lteration ALI, Rybicki Bummer 1991). The local part, which contains the
radiation emitted by the cell itself (or by the cell and itarest neighbors), is the diagonal (or tridiagonal) part of
the A matrix and can easily be inverted. This direct inversionvadl to solve the local problem without iteration
and removes self-coupling within a cell. The external radimacts as a perturbation to the level populations,
which have to be solved iteratively. Especially for highiogt depths the convergence is much faster this way.

The Monte-Carlo method (Bernes 1979) sends photons of madétection and frequency through the medium.
They interact with the matter and change the level popuiatidhe number of photons has to béisiently large
for a good sampling of directions and frequencies and fomeskatistical error.

Similarly to the ALI method, the convergence of Monte Caidm de accelerated by splitting the radiation field
into local and external mean intensities (Accelerated Md@wrlo, Hogerheijde & van der Tak 2000). The local
field simplifies emission and absorption within the samelmgllising local source function and opacity, which are
given by the current level populations. The field is obtaibgdsumming up rays between random positions on
the boundary and within the celb(1 — ™)), and adding the diluted external fiely¢ ™) for each ray direction.
Without this acceleration, optically thick cells would grahotons in random walks (permanent absorption and
re-emission).

Several approximations are based on an escape probabditlranism (EP) to simplify the non-locality of the
problem. An emitted photon has a certain probability to pedhe source, in which case it does not contribute
to the excitation. For a very low optical depth, the escapbglility may be unity, and the level populations at
different locations do not influence one another.

In the case of a monotonous velocity field with a large vejogitidient (LVG, Sobolev 1960), fierent regions
have diferent velocities, so the photons are Doppler-shifted aagtbfile functions do not overlap. The region of



2.4. OPTICAL DEPTH 25

50 Ze
> F .
2 40 F
Z 3 of
O L
o 30_— Te
3 r 3
i 20 F
= -
= 10 F

oL 0o

Figure 2.2: Infrared pumping leading to populationdof 4 from J = 2. All radiative transitions frond = 2 are
drawn pluedownwardyed upward). The rates (ir/§), written next to the lines, are the Einstéiodiicients for

the downward transitions ari}, Ji4,m for the upward transitions, where surrounding dust of 3008 @4m = 1
was assumed. Lower temperaturar sky covering fraction significantly weakens the IR exaita Agg is with
2.5x 107%/s as large as the the ratewp= 1,J = 10, so IR pumping would stop to befieient neard = 9 (but

at frequencies of these rotational transitions, the dustimoum is strong enough that direct pumping becomes
important, and also higher vibrational states contribute)

interaction depends on the velocity gradient and the lirdttwiThe LVG method allows to rapidly compute level
populations by ignoring non-locatfects.

The Coupled Escape Probability method (CEP, Elitzur & AgeRamos 2006) couples thefidirent cells to
get the exact solution. The problem is transformed to sgleinly algebraic equations.

Several methods are described and compared in van Zdtletta. (2002) and in Pavlyuchenkov et al. (2007).
An application of an ALI method can be found e.g. in Keto e(2004)

2.3.5 Example: HCN Excitation

HCN has a high critical density (a few times®1€@m3 for 1-0, more than cm™2 for 4-3, and more than 20
cm 3 for 9-8). This means that collisions cannot excite ffisiently when the density is not very high. At low
densities, each collision is followed by radiative decagulting in a large population of = 0 and very few
molecules in highed states.

Another way to excite the molecule is radiative excitatibime trapping occurs when a strong line, originating
from a high-density region, excites other molecules, wHimgeemission can in turn excite other molecules. The
line radiation can only get lost when the optical depth is &@wugh. This is a non-locaifect and transfers high
excitation from high to low densities.

Collisional excitation of the vibrational states requieedremely high densities, which are not found in the
ISM. Warm dust emits strong infrared (IR) radiation, thoughich can excite HCN. If the radiation field is strong
enough, the vibrational level populations thermalize ®dhst temperature.

As the EinsteimA values of the IR transitions are high, a vibrationally exdiimolecule quickly falls back to the
ground state. Becaugel = 1 (or 0) for both transitions, the origindlcan change by 2 or stay the same. Radiative
excitation toJ + 1 is more likely than ta — 1 because of the statistical weight, of which the decay ispeddent.
The result is that even without collisional excitation, thieole J ladder is populated until spontaneous rotational
decay A;;-1) becomes larger than the excitation to the vibrationaés®to,,-1J14.m). This IR pumping (Carroll
& Goldsmith 1981; Hauschildt et al. 1993) accounts for pathe populations in the highelstates. Itis illustrated
in Figure 2.2.

2.4 Optical Depth

2.4.1 Basic Radiative Transfer

For the definition of the intensity of electromagnetic rdidia one can imagine the following: A ray direction and
a frequency are given. Now one countsMIphotons within a frequency intervdl that fly through a pland A
(perpendicular to the ray direction) and that go to (or coroen) a solid angl@Q (in the ray direction). AN is
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proportional tadv, dA, dQ and to the measurement tirdg the intensityl is defined as the energy of the radiation
divided by these parameters:

B N hy

~ dtdvdA dQ

While photons of frequency travel a lengthds, they can be absorbed or scattered to another directioneby th
matter at this location, which in turn can emit photons ottsecahem to our direction. However, scattering can be
completely neglected at wavelengths longer than neaasiedrand will be ignored here.

As the decrease of the intensity is proportional to the isitgritself (Lambert-Beer law), while the increase is
usually independent of it, the intensity change can be syttthese two parts:

| (2.15)

dl = —«lds+eds (2.16)

The absorption cdicient or opacityk and the emission cdigcient e specify the probability that a photon is
absorbed and emitted, respectively. They depend on thedrey and the characteristics and density of the matter.
Stimulated emission is included inas 'negative absorption’.

The optical depthr is differentially defined aslr = —« ds so it weights the line-of-sight according to its
absorption capability and reverses its directior: — f; kds= f:" kdsis 0 at the observer’s locaticg > s. The
basic equation of radiative transfer (2.16) can thus bdewrias

|
a =1-S (2.17)
dr
with the source functio® = £. Multiplying this equation bye™, it can be transformed teSe™ = %e‘T -
le™ = % (Ie™). Integration from O tar yields

T

I(r)e™ - 1(0) = — f Sevdr (2.18)

0

I(t) = lg is the background intensity & and1(0) = | is the intensity at the observer's locatiga If S is
independent of (homogeneous medium orfiigiently small distance), solving the integral gives

I =l +S(1-€e7) (2.19)

In the optically thin caser( <« 1) the intensity isl = lp(1 — 7) + St, so part of the background is substituted
by the foreground. In the optically thick case ¥ 1), | = S, so one sees only the foreground. As highly
frequency-dependent,firent layers can be seen affeient frequencies.

2.4.2 Dust Opacity

Interstellar dust grains are the more abundant, the snthkdsrare (Mathis et al. 1977). A consequence of the
size distribution of dust grains and their properties ot&tamagnetic interaction is that emission and absorption
is generally stronger the shorter the wavelength is. Thisbeadescribed bygus; o« v with g between 1 and 2,
plus some maxima at resonance frequencies of graphites|mades.

Exact shape and magnitude of the opacity depend on the tygraiof, however, andfiler a lot. For example,
the grains can coagulate to larger grains (for very largimgya ~ 0), and gas can freeze out and form ice mantles
around them. The dust opacity is thus dependent on dernsitbpdrature, elemental abundances and evolution
(coagulation time); it is therefore complicated and vergentain. As the opacity is proportional to the mass
density of dust, it is usually given agusy/pqust (€-9. in Ossenkopf & Henning 1994). The total optical degth i
proportional to the column density of,Hif the gas is molecular):

Kdust[cm_l] Pdust
Pdust [g Cm_s] Pgas

Taust= Ny, [cm~?] 455%x 10724 (2.20)

with ’;"gas‘ ~ l—éo. When 73% of the gas mass is in the form aof (25% Helium and 2% metals), the gas mass per
H, molecule is two proton masses divided by 0.73, whichi&4 1024 g.

For dust,r generally rises with frequency. It decreases for ionizex| ga to produce free-free radiation, an
electron changes its velocity vector in the field of a nucleusich happens more often for small changes. For a
star,7 is large for all frequencies, but one still seeffetient layers at dierent frequencies. For line radiation, as

the name suggestshas a narrow peak at the transition frequengy= %
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2.4.3 Line Width

As the transition occurs between discrete energy levels,noay wonder how a frequencyfidirent fromyy, is
possible at all. There are five reasons for the line width:

e Natural Broadening: Most fundamental, the Heisenberg uncertainty relatios pdimit on the accuracy of
energyAE and timeAt: AE At > %. For a transition, the time uncertainty is given by the statal lifetime
of the upper levelAt = 1/A;, and causes the photon to have an energy uncertaimti of hAv. Therefore,
the natural line width is roughly the Einstefncodticient and very small.

e Pressure Broadening:When the molecule is colliding, its energy levels are disifiecause of interaction
with the collision partner. This strongly depends on thespoee, which measures the amount and strength
of collisions. For the low interstellar densities, this ggere broadening is generally not important.

e Thermal Broadening: The radial velocity v (projection to the line of sight, pasit for receding and neg-
ative for approaching motion) causes a Doppler shift in thguiency, from the rest frequengyto the sky
frequencyy:

Y_Xzv (2.21)
Cc 1%0)

The individual velocities of the molecules follow a Maxweistribution, with the average speed proportional
to \/; (m being the molecular mass, thermal energy is kinetic enefdlieoparticles). This results in a

thermal line width ofAv = /XT (related to frequency bgY = 4¥). Form = 27 x 1.67 x 10-?" kg (HCN)
andT = 300K, itis 0.3 km s?.

e Turbulent Broadening: Macroscopic motions of the gas shift the frequency accgrtbrequation (2.21).
On the one hand, the whole source moves relative to us,rghitl lines. This velocity is given as ¥, the
velocity relative to the Local Standard of Rest. On the ottad, internal motions such as turbulence smear
out the lines

e Systematic Motions: While turbulent motion is chaotic and undirected, systecatotions such as out-
flows, rotation, infall, and dierent systemic velocities of fierent parts of the cloud cause additional line
broadening. Turbulence and systematic motions combirsedtiia line widths of 3-15 kms for the sources
of this work.

The frequency dependencenfx ande is described by the profile functioby(v). Its integral is normalized
to unity, fo‘x’ @dv = 1, so it distributes the absorpti@mission strength over the frequencies.

The simplest approximation fdr is a box centered af, with a widthAv, the line width, and a height of/Av.
For thermal broadening, it is a Gaussian function:

4In2 1 _an2eoy(-g)?
——¢€ a2

D, =
ul T Av

(2.22)

For natural and pressure broadening, it is a Lorentziantimm¢or Breit-Wigner distribution):

1 Av

DOy = —
’ 27 (v — wy (1— %))2 + Av2/4

(2.23)

Av is the Full Width at Half Maximum, FWHM, and the central freqag v, can be shifted by the relative radial
velocity v (equation 2.21). For macroscopic motioszan be arbitrarily complicated. It is usually assumed to be
a Gaussian with turbulence dominating. In more generalscé@sean be taken as a Voigt function (convolution of
Gaussian and Lorentzian) with certain local velocity ané hvidth(s).

Now the exact expressions for the absorptionfitccientx and the emission céiéciente can be given. Compar-
ing equations (2.16) and (2.2), one sees thatn Ay andk o n By, —ny By, as the decrease of goes into increase
of the intensity.e has the unit of intensity per length, i.e. energy per volutineg, solid angle and frequency (see
equation 2.15)n,A is the number of photons per time and volume, so it has to baptiet by hv (energy), 14n
(solid angle, all directions) an@ (frequency). The same appliesitobecaus®, | has the unit of\y (s1).

e= A (2.24)
4r

hy c? e
K= E(W By — nuBy)® = WHUAM(D (ek$ex - 1) (2.25)



28 CHAPTER 2. RADIATIVE TRANSFER

Static
Envelope

Antenng
Intall Regon

Imersity

Welocity

Figure 2.3: Infall profile, resulting from velocity-seléet absorption. Inside-out collapse is shown, but other
inward motions produce very similar line shapes. Figurenfievans (2003)

In the last step, the relations between the Einsteiffiments (2.11 and 2.12) and the definition of the excitation
tempertature (2.13) were used. The source function is diyen

- - s 1 2.26
K n B|u - nuBu| c? e ( )

€ nAg _ 2h® ( e )—1
which is the Planck function (2.3) at the excitation temp@e « ande are generally sums of fierent components,
e.g. contributions from lines that can partially overlapl &#nom the dust continuum.

2.4.4 Line Profiles

The shape of real spectral lines depends on the distribofiemperature and opacity. For low optical depth, the
line has a Gaussian shape (if there is only one velocity corapt). The background intensity determines whether
the line is in absorptionl§ > S(Tex)) Or in emission [y < S(Tex)).

For high optical depth, one sees a black-body radiation tri¢hexcitation temperature at~ 1. At the
maximum of®, T exceeds unity first, so regions closer to the observer atedrat the line center, while regions
farther away are seen at frequencies more distant frgmif the temperature is lower in the foreground region,
self-absorption is observed: The center of the line is wetllan the edges, as the colder foreground molecules
absorb the emission from the warmer background molecules.

In addition, @ is shifted by the velocities along the line-of-sight. A higélocity outflow produces broad
wings, and an infall can lead to asymmetric self-absorptiith the blue side being stronger than the red side.
The reason is that the foreground envelope, which recedes tis, can better absorb the emission from the hot
inner gas which recedes as well, while the emission from pipeaaching gas can pass (Zhou & Evans 1994). The
asymmetry is stronger with larger infall velocities. Fig&.3 illustrates this line shape.

2.5 Observational Techniques

After having described the origin of radiation, | will hergdfly present a few aspects of the measurement of radio
and submillimeter wavelengths. Details of radio telessa be found e.g. in Rohlfs & Wilson (2004).

2.5.1 Single-dish Telescopes

A telescope collects the incoming parallel radiation by ateana with a parabolic surface, and measures the
intensity with a receiver. For instance, heterodyne reasimix the signal with a tunable local oscillator and take
spectra by measuring many frequencies simultaneouslylonteters measure the temperature change due to the
absorption of radiation. Through a secondary reflectorfdbas can be adjusted to compensate for deformations
of the telescope.
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The sensitivity depends on the collecting area, receiveseispand atmospheric transmission. The noise from
the whole system is summed up in the system temperdiyte The observational noise (rms variation) for a
frequency bandwidtiAy and an integration timeis

Tsys
VAvt

The angular resolution is limited byftliaction. The beam pattern, which describes the angulamdiepee of
the telescope’s sensitivity, is the Fourier transform efaperture. Thus, a point is spread to a beam of half power
beam width (HPBWY = 1.44% with wavelengti and telescope diametBr. Expressed in arcseconds,

AT = (2.27)

A[mm]

6 = 252 D[]

(2.28)

Scanning over a point source produces the beam shape, asddgaicorrect the pointing of the telescope
when the position of the source is known. The sky is convolwethe beam, and the telescope can take either a
single pointing (as an average over the sky weighted by taenlygattern) or a map that is smeared out with the
beam. The beam consists of a main beam with approximatelgseaushape of the above HPBW and sidelobes
at larger angles. For a small source, only the main beamibates, and the measured forward beam brightness
temperaturdl , has to be corrected for the main beaffiaiency B (and re-corrected for the forwardfieiency
Fe) to give the main beam brightness temperature

Tmb = FiﬁT; (2.29)
Berr
This is still less than the brightness temperature that ececamaller than the beam emits. For a hypothetical
Gaussian source of FWHM, this beam dilution is given by the beam filling factﬁ{%.
To filter out the contribution of the atmosphere and the resddandpass, reference measurements are taken at
positions df the source and subtracted from the measurements on thesdteedata are calibrated by comparison
with a source of known flux or a load of known temperature.

To convert units between brightness temperature (in K) gfgeam (1 Jy= 1026_W

~ ), One has to evaluate the
solid angle of the bearf2. Assuming a circular beam with Gaussian sh&g = e *"@z, @ = [~ 2arf (r)dr =
ﬁ(z)ez for #inradian, i.e. IIn(2) larger than a circle with diametér Dividing the fluxF (in Jy) byQ gives the flux
density or intensity, which is converted to brightness terafure by applying the Rayleigh-Jeans approximation

of the Planck function (equation 2.5):

A[mm]

6]

2
To[K] = 13.6( ) Fly] (2.30)

2.5.2 Interferometry

The low angular resolution of single-dish telescopes caousEcome by combining several antennas, thereby
simulating a large telescope that consists mainly of gape. éktension of the array (the largest baseline) can be
used in equation (2.28) instead of the diameter to competarigular resolution. The field of view is given by the
beam size of a single antenna.

The signal received by each antenna is correlated with ther @intennas, producing an interference pattern
(fringes) that depends on the baseline and the source emisehe sky emission is Fourier-transformed by mea-
suring interferences instead of the direct emission. Thibiity, which is the interference contrast, is stored as
amplitude and phase for each baseline and time intervaigaigth the orientation of the baseline relative to the
source.

Angular coordinates are transformed to the Fourier spagelgotatess andv. The location of the antennas can
be seen in thisiv plane, and a baseline represents/@oint. While a single-dish telescope completely fills the
plane up to a maximum value given by its diameter, an intenfter has an incomplets coverage, given by its
array configuration relative to the source. Many baselirielfterent lengths are essential for a genctoverage.
Tracking a source while the Earth rotates helps in samplirg¢ plane, as one baseline is stretched from a point
to a part of an ellipse.

A point source would have the same amplitude on any basélin¢he extension of real sources causes a lower
amplitude on the longer baselines. The missing of shortlipesameans filtering out of extended emission, which
complicates the interpretation of interferometer data.

Atmospheric influence distorts phases and amplitudes. fireciofor that, a point-like calibrator source has
to be observed regularly between the target observatiohs. v@riations of its phase and amplitude are due to



30 CHAPTER 2. RADIATIVE TRANSFER

atmospheric changes. It should be close-by and strong.r&efoafter the track, a source of known flux has to
be observed for the absolute flux calibration as well as a spng source without line emission to correct for
fluctuations in the bandpass (the spectral response of tkéveg).

To restore the image, the calibrated visibilities have t&terier-transformed. The synthesized beam depends
on the weighting of the visibilities. Natural weighting issigning the same weight to each data point, uniform
weighting gives the same weight to eaoharea, i.e. visibilities in sparsely sampled regions ofutaplane have
greater weights. Uniform weighting results in smaller beabut larger noise. Bierent weighting schemes lying
between these two are used, sometimes taking also the systeperature into account, thereby giving lower
weights to measurements taken at low elevations, wheredilse is increased due to the larger air mass.

Resulting beam and map are called 'dirty’ as the beam haseguiar shape with positive and negative side-
lobes due to missing spacings (the incompleteoverage). The dirty map can be cleaned by finding maxima in
the image (clean components), subtract their dirty beamh,aad instead the clean components convolved with
a clear (two-dimensional) Gaussian beam of the same HPBW.tB¢ map might show systematic fluctuations
which result from phase noise (the calibration is imperthat to the low time resolution and thefdrent loca-
tions of calibrator and source). Self-calibration is t@kthe clean components (or a known source structure) as
representative of the real source and modifying the caldmmgmostly of the phases) accordingly. After imaging
again, the process can be repeated.

While a larger single-dish telescope has a smaller beam anefftine the samAT as a smaller one, the noise
for an interferometer is approximately increased by thie r@tthe area of the simulated telescope and the actual
collecting area. Higher brightness sensitivity is thuscheal with more compact configurations, giving lower
resolution. For same resolution and collecting area, sheravelenghts increase the sensitivity, as the array can
be more compact for the same beam. However, the system tetupeusually increases with frequency because
both receiver and atmosphere have higher contributiorsKige 1.4 for the atmospheric transmission).

2.6 Modeling

Analyzing the observations involves understanding howntieasured radiation was produced. With the physical
background provided in Sects. 2.1 to 2.4, itis possibleg¢ater models and compare their radiation to the observa-
tions. Deducing the source structure in a more direct wamoissible mainly due to the loss of the third spatial
dimension that occurs in the integration of equation (2.16)

Section 2.6.1 describes how to compute the temperaturés.Se6.2 and 2.6.3 present the radiative transfer
codes RATRAN and RADMC-3D, respectively, which are useddmpute the radiation that a model emits. In
Sects. 2.6.4 to 2.6.6 | discuss how to define a frame for thecea@tructure, how to compare model and data, and
how to search the parameter space for good fits to the data.

2.6.1 Temperature Computation

A method to approximate the dust temperature in sphericairsstry with central heating is presented in Sect. 3.6.1.

The approximation of heatirigooling balance assumes that the radiation is an extertdltfiat is not influ-
ences by the dust. The dust grains are thus bathed in a fixedioadfield, and their temperature is determined
by the interplay of heating by the radiation, which is indegent of the dust temperature, and cooling by dust
emission, which depends dit and the dust opacity.

The difusion approximation, in contrast, assumes that the dugptisadly thick to its own radiation, so it
cannot cool easily. Instead, dust emission is constantBbsorbed, and the radiationffdises outwards. This
radiative trapping leads to a steeper temperature gradiehhigher temperatures in optically thick regions that
harbor an internal heating source. Tlfigageny of difusion depends on geometry, as the radiation can bettereescap
in the case of an inhomogeneous medium, e.g. a disk or filanent

Although the above methods are good approximations in tegimes, an exact way of computation has to be
iterative. The dust temperature depends on the radiatitah fidich in turn is, to varying degrees, influenced by
the dust temperature through the cooling radiation.

Dust radiative transfer codes explicitly perform these patations, e.g. DUSTY (lvezic et al. 1999) or RADMC-
3D (Sect. 2.6.3). They are usually slower with larger optoegpth, since the photons are absorbed and emitted
more often.

As for the level populations, the timescales are short endhgt one can assume an equilibrium. An exact
determination of the temperature would have to take intoactthe diferent cooling and heating of dust and gas
and the coupling of their temperatures, which is strongbigit densities.
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2.6.2 RATRAN

The radiative transfer code RATRAN, developed by Hoged®e& van der Tak (2000), calculates the excitation
and radiative transfer of molecular lines, using an acaéelr Monte Carlo method for the determination of level
populations. The manual can be found at Htypww.sron.rug.ndtakratran. The code consists of two parts.
AMC computes the level populations for a given source stmgGtSKY does the ray-tracing to create maps in a
certain transition.

AMC involves two steps. A fixed set of random rays is propagjdteough the source, iterating the level
populations until a certain accuracy is reached. In thersestep, this is repeated for varying ray directions. The
number of photons is doubled for each new set, until the Ipgpllations and the radiation are consistent. The
procedure is accelerated for large optical depths by trgddical contributions to the radiation field separately.

SKY solves the equation (2.19) along the line-of-sight fackecell consecutively starting from the back. This
is repeated for each pixel and channel. Frequency-depeagaaity and source function are known from the level
populations, the temperature, and the dust opacity. Ordyliae can be computed at once, so line overlapping is
not taken into account.

Inputs are a molecular data file, a description of the physicd chemical structure of the model, and instruc-
tions for AMC and SKY. The molecular data file can be taken ftm LAMDA? database, containing energy of
the levels, their statistical weights, the Einstein Aftiegéents of the transitions and the collisional ratefGoents
for different temperatures. The model is usually spherically sytmcrend consists of shells. Two-dimensional
models are also possible in a special version of the codeh &zl has specified inner and outer radius, density
of H, and of the molecule, temperature of dust and gas, line widthradial velocity. In addition to numerical
parameters, dust opacity and distance are specified innemang input files.

2.6.3 RADMC-3D

The three-dimensional dust and line radiative transferecBRADMC-3D, developed by C. Dullemond, com-
putes the dust temperature and the resulting continuumiaedddiation. A detailed manual can be found at
httpy/www.ita.uni—heidelberg.daullemondsoftwaréradmc-3d.

The dust temperature is computed by tracing photon packeithvare randomly emitted by the stars. They
represent a certain spectrum and are absorbed by the dursh, iwthereby heated and emits its own photon packet,
which is traced through the model until it escapes througtbttundaries. With growing number of emitted photon
packets, the dust temperature becomes more accurate.

The ray-tracing uses recursive sub-pixeling to accuraebgount for structures smaller than a pixel. Maps at
any desired frequency can be made; for lines these freqeeeimple the line shape. The opacity of a cell is
the sum of the opacities of dust, ionized gas, and all linasdhe included. Line overlapping is thus taken into
account.

Level populations are determined assuming LTE. As additiomethods, the LVG method is already imple-
mented (Shetty et al. 2011), and full non-LTE line trans$gplanned.

Inputs include dust opacity, molecular data, and locatimh@operties of stars. A flexible module that the user
may edit (in FORTRAN90) allows adaptive mesh refinement aediefinition of parameters, e.g. for the density.

2.6.4 Defining Parameters

Setting up a model begins with a fundamental decision. Taerénfinite possibilities of structures that a source
could have, and a model is necessarily a simplification arsdtdidollow assumptions and fundamental limits.
For instance, a model is assumed to be homogeneous (maybdifiérent, independent components), to follow
geometrical symmetries, or to have statistical distrimgi described by certain parameters. The parameter set
implicitly pre-defines the structure of a model, and thisicture is the only one that can be tested by varying
parameters.

Model structures can be based on (magneto-)hydrodynamiglations, or follow some kind of analytical
shape. In either case, the structure is parameterizedow atljustment to the data. An example of a complicated
model, which is described by more parameters, is an indegperdensity in each cell, requiring one parameter
for each cell. Such more complicated models have highercgsato reproduce the data, but the large number of
parameters makes it veryfiicult to find this parameter combination and to interpret hefefore, the number of
parameters should be kept small (usually on the expensghtétilimitations, though).

Physical relations can help to reduce the number of paraméibe distribution of density, temperature, abun-
dances, and velocity depend on each other, although in alesmay which might not be possible to compute.

3http;//www.strw.Ieidenuniv. nfholdata



32 CHAPTER 2. RADIATIVE TRANSFER

An example is the temperature, which can be determined fieatirig and the density distribution. In this case, the
temperature shape is not described by parameters, butittypliy the luminosity of stars and the density shape.

2.6.5 Comparison of Model and Data

When the radiative transfer code has produced a map withramnpgpectral and spatial resolution (the specified
channel width and pixel size), this map has to be 'observgd belescope to compare it to the observational
data. For a single-dish telescope, this means convolviagriiip with the telescope beam, usually approximated
as a Gaussian with the width given by equation (2.28). Thetapm is then extracted from where the telescope
pointed. To account for thev coverage of an interferometer, the map has to be Fouriesftvtemed and the same
imaging procedure performed as for the data. The resultiag isnof course free from the noise which distorts the
data map. To avoid the additional uncertainties involvethaimaging procedure, model and data could also be
compared directly iv space.

A simple way of comparing model and data is to overlay the speandor display the maps next to each
other. One can then see by eye which aspects of the modeldfas#brily to the data and which need adjustment.
However, this judgment is subjective.

A guantitative estimate of how well a model reproduces tha dan be made by computing tigé, i.e. the
average of the squares of théfdrence between model and data points. While that can be cethpalatively easy,
each data point must be associated with a weighting factdrdbtermines its relative weight in the summation
over all data points. Weighting can be done by thermal ndistthis is often not the desired weighting scheme.
In particular, some lines are considered more importard, rast all spectral and spatial regions constrain the
model equally well; instead the line cores and the sourcéec@ould be given a larger weight. This weighting
substantially influences the evaluation of a model, anddas tthosen carefully.

Running a model and comparing its output to the data can bee matth flexible scripts that | wrote in
PYTHON. Such scripts convert the given set of parameteosti@ input needed by the radiative transfer code, run
the program, and process the outpiftcan be computed, and several parameter sets can be testegat 0

2.6.6 Searching the Parameter Space

A straightforward way to search for a suitable model is thennah adjustment of parameters. After evaluation
of a model by comparison to the data, the parameters aredvanié the new model is computed and evaluated.
Obviously, the art is to decide how to vary the parameters@eioto improve the fit. Due to the very complex
dependences of observational quantities on the paramttiaris a dificult task requiring a lot of trials and errors.

A brute-force method is to sample the parameter space adetatyms possible with the given computational
limits. Each parameter is divided into a number of valueangspg the region of interest. Each combination of the
values of the dferent parameters is computed, and the models are evaluatbdiby?. This allows to find the
best-fitting model, as well as an error estimate of its pataragin this grid. The major drawback of the complete
computation of the discretized parameter space is the hugeutational &ort - for N parameters wittM values
each,MN models have to be computed.

The third method is to employ algorithms which search theupater space. These algorithms choose the
new parameters on the basis of previous variationg efith changing parameters. Examples are the Levenberg-
Marquardt algorithm, which moves down tié gradient and thereby finds the local minimumydf Algorithms
based on swarm intelligence also test parameter combinsatiat are far away from local minima, but concentrate
on regions of lowy?. The parameters can be constrained and error estimateisiguovAlthough more intelli-
gent than the grid method, it too has to compute many moddighws a problem if a model run needs a large
computational #ort. A flexible fitting engine that makes use of various altjoris, MAGIX, is currently under
developmertt

Sometimes a close relationship between an observatioaatitjyand a parameter can be found. In the case of
a monotonous dependence (the larger the parameter, tlee thegquantity), the parameter may be automatically
adjusted by using the ratio of the model and data quantity.ifatance, the intensity of an optically thin line is
related to the molecular abundance in this way. The aburmdzart be adjusted by an automatic variation based on
the ratio of modeled and observed intensity.

Continuum and lines can often both be computed separatelyoarseparated in the observations. As the
computation for the lines is usually much more elaborata tbathe continuum, the relative independence of the
continuum from the linesféers the possibility to first compute the continuum, comptre the observations, and
compute the lines only if the fit is satisfactory. This metisotbstantially limits the parameter space that has to be
searched, as only the continuum-relevant parameters bawe $earched completely, while the search of the full
parameter set is operated on a subset of these parameters.

4httpy/www.astro.uni-koeln.derojectgschilkg MAGIX



Chapter 3

APEX paper: Structure of evolved
cluster-forming regions

Sections 3.2 to 3.10 appearedAstronomyé& Astrophysics Rolfs, R., Schilke, P., Wyrowski, F., Menten, K. M.,
Gusten, R.& Bisschop, S. E. 2011,&8, 527, A68 (Rolffs et al. 2011b, received 9 July 201@&ccepted 3
December 2010)

3.1 Overview

Telescope: APEX (Atacama Pathfinder EXperiment) is a 12-m telescopledritacama desert in Northern Chile
at an altitude of 5100 m. The instruments include heterodymetrometers covering 211-370 GHz, a bolometer
array for continuum maps at 345 GHz (LABOCA, the Large Apexi@feter CAmera), and CHAMP, a 7-
pixel spectral line receiver covering 602-720 and 790-95{x GAPEX is operated by the Max-Planck-Institit f
Radioastronomie (MPIfR), the European Southern Obseny&E50) and the Onsala Space Observatory.

Observations: HCN lines (4—3 and 9-8) toward eight hot core sources wererabd in 2006 by Peter Schilke
and Claudia Comito, which formed the basic data set of myodial thesis (Rdéfs 2007). In 2008, | wrote a

successful observing proposal for far more lines (from HERO", and CO) in 12 sources, using the APEX-1,
APEX-2, and CHAMR- receivers.

Modeling: To compute the temperature in a centrally heated sphered ais approximate method: fiiision
inside the photosphere and heatowpling balance outside. It was necessary to develop thisoddecause avail-
able dust radiative transfer codes (such as DUSTY, Ivezal.et999) could not compute models of very high
optical depths. From a large grid of parameters, models selexted that fit the radial profile of the 345 GHz
continuum (extracted from LABOCA data). In an additionaldgiabundance structures were tested by automat-
ically adapting the abundance values to fit optically thiresi, computed by RATRAN. Finally, the abundances
were manually fine-tuned to produce one model for each source

Results: Many lines, being very optically thick, display complicdténe shapes with self-absorption, asymme-
tries, and outflow wings. The most striking observationalitis the high detection rate of strong vibrationally
excited HCN and, in half of the sources, evel?&N. This suggests that the amount of hot molecular gas is much
higher than previously thought. The lines from the vibnasibstate could be well modeled; in those sources with
detected HCN the HCN abundance has to increase with temperature. Tieeabymmetric self-absorbed profiles
could also be modeled, resulting from temperature grasli@md an infalling velocity field, often requiring a lower
HCN and HCO abundance in the outer region. However, the situation ishaitsimple in many sources, where
also red asymmetries and irregular shapes occur. Moreewgssion from high3 lines in the outer pixels of the
CHAMP+ receiver could not be reproduced by the models. This musubkeda clumpiness and multiplicity of
heating. Also, the lack of self-absorption in two sourcesaigsed by such geometrifects.

3.2 Abstract

Context: An approach towards understanding the formation of masg®aes and star clusters is to study the
structure of their hot core phase, an evolutionary stageevliest has been heated, but molecules have not yet

33
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Table 3.1: Sources observed with the APEX telescope. Pealafid full width at half-maximum are extracted

from ATLASGAL (850 um).
Source Abbreviation Distance Luminosity Peak Flux FWHM RA Dec LSR Velocity
[kpc] [Lol [Jy/Beam] [l (J2000) (J2000) [kifs]
IRAS 12326-6245 12 4.4 2.7(5)? 22 26.5 12:35:35.06 -63:02:31.0 -39.3
G327.3-0.6 g327 2.9 1(5)* 48 27.5 15:53:07.8 -54:37.06.4 -44.0
IRAS 16065-5158 i16 4 2.9(5)2 17 27.8 16:10:20.0 -52:06:08.8 -62.2
NGC6334(l) ngc 1.7 2.6(5)° 56 28.6 17:20:53.44 -35:46:57.9 -8.0
IRAS 17233-3606 il17 1 2.7(4)? 49 27.0 17:26:42.5 -36:09:18.1 -34
SgrB2(N) b2n 7.8 8.4(5)° 147 27.8  17:47:19.88 -28:22:18.4 +64.0
SgrB2(M) b2m 7.8 6.3(6)° 126 32.6 17:47:20.17 -8:23:04.6 +60.0
G10.440.03 g10 10.6° 7(5)1* 26 25.3 18:08:38.24 —-19:51:50.2 +68.0
G31.41+0.31 g31 7.92 2.6(5)18 22 26.7 18:47:34.31 -01:12:45.9 +97.0
G34.26+0.15 g34 3.7 4.7(5)%? 51 29.1 18:53:18.57 +01:14:58.3 +58.0
w51d w51d 5.45 2.4(6) 39 30.0 19:23:39.9 +14:31:10.1 +60.0
W51le wsle 5.4° 1.2(6) 74 29.1 19:23:43.91 +14:30:28.4 +56.0

References(1) Osterloh et al. (1997); (2) Badez et al. (2004); (3) Simpson & Rubin (1990); (4) Wyrowskile{2006); (5)
Neckel (1978); (6) Sandell (2000); (7) MacLeod et al. (1998);Reid et al. (2009); (9) Goldsmith et al. (1992); (10) Pandian
et al. (2008); (11) Cesaroni et al. (2010); (12) Churchwell €t12190); (13) Cesaroni et al. (1994); (14) Watt & Mundy (1999);
(15) Sato et al. (2010); (16) Rudolph et al. (1990).

Notes.® The numbers in parentheses are powers of 10.

been destroyed by ultraviolet radiation. These hot modgatdres are very line-rich, but the interpretation of line
surveys is also hampered by poor knowledge of the physichthemical structure.

Aims: To constrain the radial structure of high-mass star-fogmiegions containing hot cores, we attempt to
reproduce by radiative transfer modeling both the intgresid shape of a variety of molecular lines.

Methods: We observed 12 hot cores with the Atacama Pathfinder Expeti®®EX) in lines of HCN, HCO,
CO, and their isotopologues, including high-J lines andatibnally excited HCN. We investigate how well the
sources can be modeled as centrally heated spheres withea-fswdensity gradient, making use of the radiative
transfer code RATRAN and the radial profile of the submm ¢antm emission, taken from the APEX Telescope
Large Area Survey of the GALaxy (ATLASGAL).

Results: Most of the observed lines have complicated shapes thatgocate self-absorption, asymmetries, and
line wings. Vibrationally excited HCN is detected in all soes, and vibrationally excited CN in half of

the sources. We are able to successfully model most feaserss in the APEX data, such as the ratio of the
isotopologue lines (very high optical depths), self-aption (temperature gradient), blue asymmetries (moderate
infall), vibrationally excited HCN (high inner temperags), and HCN (high HCN abundance under dense and
hot conditions). Other features could not be reproducesh as an occasional lack of self-absorption, the emission
from high-J lines in the outer pixels of the CHAMReceiver (15-20” from the center), the outflow wings, and
the red asymmetric profiles.

Conclusions: The amount of molecular gas, in particular of HCN, at venyhiigmperatures is larger than previ-
ously thought. A complex interplay between infall and owtfimotions is present. Our basic model assumptions
of pure central heating and a power-law radial density ihistion can serve as approximations for most sources,
but are too simple to explain all observed lines. In pardgubking into account clumpiness, multiplicity of heat-
ing sources and a more complex velocity field seems to be s&ge® more closely match model calculations to
observations. This would require three-dimensional tadidgransfer modeling of high-resolution interferometri
data.

3.3 Introduction
Hot molecular cores are early stages of massive star foomatvhere stellar feedback is starting teat the

remnant core. The dense molecular gas out of which massive fetrm is heated by their high luminosity, and
shocks impinge on it, but it is not yet destroyed by ionizati®hile radiation from hypercompactuHegions



3.3. INTRODUCTION

Table 3.2: Frequency Settings.

35

Receiver Frequency Coverage [GHz] Lines Sources

APEX-2A  341.5-343.1 & 353.5-355.1 HCN 4-3 0327, ngc, b2mpg10, g31, ws1d, ws1e

APEX-2A  343.9-345.6 & 355.9-357.6 CN & HC'N 4-3 g327, ngc, i17, b2n, b2m, g10, g31, w51d, w51e

FLASH 460.2-461.9 & 466.2-467.9 CO 4-3 9327, ngc, g10, g31

FLASH 796.9-798.6 & 808.9-810.6 HCN 9-8 9327, ngc, b2n, bghd, g31, ws1d, wS1le

APEX-1 224.2-225.2 & 226.6-227.6 @O 2-1 i12,i16

APEX-1 257.7-259.5 FPCN & HCISN 3-2 i12, 16, ngc, b2n, b2m, g10, g34, w51d, w51e

APEX-1 259.8-261.6 tfCOr & HCY'O* 3-2 i12,i16, b2n, b2m, g10, g34, w51d, w51e

APEX-1 265.4-266.4 & 267-268 HCN & HCCB-2 i12, 16, ngc, b2n, g10, g31, g34, w51d, w51e

APEX-2 340.4-341.4 & 343.4-344.4  H&D* & HC'®N 4-3 i12, g327,i16, ngc, b2n, b2m, g10, g31, w51d, w51e
APEX-2 345-346 & 346.6-347.6 HCN & H®CO" 4-3& CO 3-2 12, 9327,i16, ngc, b2n, b2m, g10, g31, g34, w51d.en5
APEX-2 354-355 & 356-357 HCN & HCO4-3 i12, g327,i16, ngc, b2m, g10, g34, w51d, w51e
CHAMP*  657.9-660.5 &o6-5 i12, g327,i16, ngc, i17, b2n, b2m, g10, g34, w51d, w51¢
CHAMP*  689.6-692.3 HPCN 8-7 & CO 6-5 i12, g327,i16, ngc, i17, b2n, b2m, g10, g34, w5l ev
CHAMP*  693.5-696 H3CO* 8-7 g327, ngc, i17, b2n, b2m, g10, g34, w51d, w51e
CHAMP*  708.1-710.7 HCN 8-7 i12, g327,i16, ngc, i17, b2n, b2m, g10, g&4d, w51e
CHAMP*  800-802.7 HCN,y=19-8 0327, ngc, 910, wh1e

CHAMP*  876-878.6 ¢os8-7 i12, g327,i16, ngc, i17, b2n, b2m, g10, g34, w51d, w51e
CHAMP*  879.4-882 Bcos-7 i12, 9327, i16, ngc, i17, b2n, b2m, g10, g34, w51d, w51¢
CHAMP*  889.4-892 HCO 10-9 i12, g327,i16, ngc, i17, b2n, b2m, g10, g34, w51d, w51e

Notes.APEX-2A and FLASH are double-sideband receivers (observatio2906). APEX-1, APEX-2, and CHAMPare
single-sideband receivers (observations in 2008). In addition to thellsied here, every HCN line has a vibrational satellite
at around 40 krfs lower in frequency. The other vibrational satellite line is a few GHz high&enuency.

is observable in some cases, ionization is still kept toopaeh by the high densities caused, e.g., by ongoing
accretion, to fiect significant volumes (Walmsley 1995). Ice mantles aralusl grains evaporate or are removed
by shocks. Their complex chemistry and high temperaturdserhat cores very line-rich and prominent targets
for line surveys (e.g. Schilke et al. 2006; Belloche et aD2®Bergin et al. 2010). Owing to the large mass of
warm dust, they are the brightest interstellar sources eénstibmm sky. Since high-mass stars quickly ionize
their surroundings and drive out the gas, hot cores must dw-kbed objects. They are indeed destroyed by the
expanding ultracompactitregions ionized by their central star.

Despite their importance to both astrochemistry and massar formation, little is known about the internal
structure of hot cores and their envelopes (the distributibdensity, temperature, molecular abundances, and
velocity field). Reasons for this arefiiiculties in observations and in data analysis. These obggetsompact
(0.1 pc), rare (a few dozens are currently known in the Galaagyl hence typically at large distances. The
high dust column densities make them invisible in the nefaaiad and at shorter wavelengths. Single-dish radio
and submm telescopes do not have high enough angular iesdlatresolve the sources, and the still limited
interferometer data available today are confusing and tmairtterpret. Hot cores are found at the formation sites
of clusters, so their structure is not simple and the intggiion of observations is not straightforward, but has to
rely on radiative transfer modeling, i.e. a comparison leetwvmodel and data.

Several attempts have been made to model the structure abhed in spherical symmetry, often based on
their spectral energy distribution (SED) (van der Tak 2062y instance, Hatchell & van der Tak (2003) modeled
the continuum and CS integrated line intensity, Osorio.€P&8l09) reproduced the NH4,4) line in G31.430.31
(VLA, Cesaroni et al. 1998), or Nomura & Millar (2004) couglphysical and chemical models to predict abun-
dances in Orion. However, no multi-line study trying to reguce line shapes has yet been attempted. In this
paper, we present APEX observations of many HCN, HCid CO lines in 12 hot cores, as well as a comparison
with models.

The models are spherically symmetric and have power-lawitjegradients. The temperature is determined
self-consistently from central heating (Sect. 3.6.1). @@wum and line emission and absorption are computed
using the code RATRAN (Hogerheijde & van der Tak 2000, Se@t13. To avoid searching blindly in the large,
multi-dimensional parameter space, we develop a methddaffyroaches a possible good fit. From a grid of
parameters, we select the models that fit the radial profilleeo85Q:m continuum (Sect. 3.6), and identify suitable
abundances (Sect. 3.7).
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Table 3.3: Line ratios.
Line ratio i12 9327 16 ngc i17 b2n b2m gl0 g31 g34 w5ld wble
HCN,v,=1/HC®N,v=0 (4-3) 0.25 0.7 0.6 0.5 0.8 1 15 1 0.3 *#25 0.9 0.3
HSCNV,=1/HC®N,v=0(4-3) <0.1 0.3 01 <015 0.08 05 07 0.7 <015 <0.1* <0.2 <0.15
HSCNyv=0/ HC®N,v=0 (4-3) 4 1.5 2.5 2.5 2 0.8 4.5 35 3 25 35 2.8
HCO* / HC¥®O" (4-3) 10 4 8 5 2 4 >2 35 >5 3
8Cco/ Cc0o (8-7) 2.5 2 2.3 3.3 1.8 2 1.3 1.3 2.5 4.4 2

Notes.® 3-2 transition

3.4 Observations and data reduction

APEX (Atacama Pathfinder Experimeht$ a 12-m telescope located at 5100 m altitude in the nortAtacama
desert in Chile (@sten et al. 2006). This paper is based entirely on obsensperformed with this telescope.
The sources observed are listed in Table 3.1. All data wé&enten position switching mode, with théfgositions
100" (wobbler for CHAMPY) or 400" (other settings) in azimuth from the source center. Beapssiary between
24" at 260 GHz, 18 at 345 GHz, 9 at 690 GHz, and’7 at 890 GHz. Pointing corrections were on the order of
5.

The first part of the data were taken in 2006 for eight sour¢es.the HCN 9-8 line, the FLASH receiver
(Heyminck et al. 2006) and for the 4-3 lines, the APEX-2A rese(Risacher et al. 2006) was used. Since these
are double-sideband receivers, three settings with $lighfferent band center frequencies (spaced by 80 MHz)
were taken to identify blending from the other sideband.Q8& we observed lines fromftirent isotopologues of
HCN, HCO', and CO with the APEX-1, APEX-2 (Vassilev et al. 2008), andABHP* receivers (Kasemann et al.
2006; Qisten et al. 2008), all of which are single-sideband receivéHAMP" allows simultaneous observations
in the 690 GHz and the 850 GHz bands. Although it is a sevealpixay receiver, we did not compile maps
because the sources are very compact; we thus chose a higterte-noise ratio () in the central pixel, and
used the average of the outer pixels as fiactive dfset position (2.15 beam sizes,”180", from the center).
The fast Fourier transform spectrometer (Klein et al. 200&3 used as the backend for all observations. Table 3.2
summarizes the frequency settings. In addition, CO 4-3 afidobservations of nine sources performed by
Friedrich Wyrowski, as well as observation of HCN lines frdwe line survey of G327.3-0.6 by Suzanne Bisschop
were used to supplement our data set.

The data reduction involved the following steps. Using CISABom the GILDAS software packajethe
individual scans were summed, rejecting obviously bad .orks convert from corrected antenna temperature
T, to main-beam brightness temperatukg, Tthe intensity was multiplied by the forwardfieiency of 0.95 and
divided by the main beamfigciency, which is 0.73 below 400 GHz. For the FLASH receiveis D.6 below 600
GHz and 0.43 above ([@ten et al. 2006). For CHAMBRN July 2008, we adopted 0.28 below 750 GHz and 0.3
above. For the September 2008 data, we used 0.38 below 75@@&H2.35 above

A polynomial of order between 0 and 5 was fitted to the chanlesks dfected by lines and used as a baseline
that was subtracted from the spectra. The lines from HCN, HGM@d CO were extracted, and, if necessary,
another baseline subtraction was done. In some spectrajrimsepples of period not much longer than the line
width hampered this procedure. Finally, if lines were obedrin ditferent frequency settings, they were averaged
to improve the 3N.

The intensity error can be estimated from varying inteesith these dierent settings. While it was usually
within 30 %, sometimes a factor of 2 or even 3 could be seemtidgiwas usually done on the source itself, but
the drifting of the pointing and focus is a major problem fog high-frequency observations. The intensities of the
HCN isotopologue lines are typically 30-50% larger in theEdP2A data than in the APEX-2 data, sometimes
twice as large. We chose to trust the newer APEX-2 obsengtisince for G327.3-0.6 they are consistent with
Suzanne Bisschop’s data, taken with the same receiver. diti@d the APEX-2A receiver is known to have
problems with varying sideband gain ratidgeating the calibration.

Radial 85Qum intensity profiles for all sources were extracted from ARBAL (APEX Telescope Large Area
Survey of the Galaxy, Schuller et al. 2009), which uses LABQCarge APEX Bolometer Camera) on APEX
(Siringo et al. 2009). The peak of the dust emission was takdhe center of the radial profiles. Regriddingto 1
pixel size and radial averaging was done with MIRIA{Sault et al. 1995).

1This publication is based on data acquired with the AtacantiafiRder Experiment (APEX). APEX is a collaboration betwelea Max-
Planck-Institut fur Radioastronomie, the European Souttdyservatory, and the Onsala Space Observatory.

httpy/www.iram.ffIRAMFR/GILDAS

Shttpy/www.mpifr.dgdiv/submmtech

4httpy/bima.astro.umd.edoniriad
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Table 3.4: Integrated line intensities (in K ke

Line i12 g327 i16 ngc i17 b2n b2m 910 g31 ¢34 w5ld wble
HC™N 4-3 6.2 14.4 8.9 9.2 452 578 316 3.1 63 215 6.1 15.6
HC!®0* 4-3 1.7 6.9 2.2 11 929 392 35 22 low 9.1
C®0 6-5 171.2 122.8 1554 1147 2559 4146 8446 87.1 .. 1789.1 2375
Cc'®0 8-7 60.1 504 505 478 856 192.1 5021 57.7 .. 81.7 65.89.912
HCN,v,=1 3-2 1.9 9.2 5.7 31 41°%6 632 438 48 13 2.9 2.6 8.0
H8CNv,=18-7 low 15.6 3.4 low 11.0 428 424 150 .. low low low
SiO 8-7 25.8 9.1 3.8 3.7 60.0 636 82 127 286 213 144
HC;3N 38-37 4 121 11.8 5.3 498 571 555 6.1 80 104 8.3 12.9

Notes.The line flux is integrated over the central 20/&n(40 knjs for SiO, 60 knfs for b2n and b2m)low means that the/Sl
is too low (non-detection). The baseline subtraction introduces substanti@ftainties. The lower energy level of SiO 8-7 at
347.3 GHz is at 58 K, of HEN 38—37 at 345.6 GHz is at 307 K 3-2 transitiorf® 4—3 transition

Table 3.5: Velocities of line peaks (in kg).

Line i12 g327 i16 ngc il17 b2n b2m gl0 g31 g34 w51ld w5le
CB®06-5 -39.1 -443 -623 -77 -29 66.3 620 66.7 58.1 61.3 56.9
c®08-7 -39.8 -43.7 -623 -7.6 -27 66.0 60.8 67.2 983 582 620 57.6
HCN4-3 -40.8 -48.0 -57.4 -10.0 43.6 49.4 63.0 946 554 60.7 525

HCN8-7 -40.6 -40.2 -587 -99 05 888 723 631 983 578 615 523
HCO*4-3 -40.2 -475 -640 -71 0.1 46.7 499 637 953 56.7 612 528
CO6-5 -33.6 -39.7 -57.7 -99 14 920 846 632 958 555 593 510

Notes. The C20 lines represent the source velocity, the other lines the kinematics (doatachby the foreground, though).
@ 18CO 8-7® HCN 9-8© CO 7-6

Table 3.6: Line widths (full width at half-maximum in k) derived from Gaussian fits to the lines.

Line i12 g327 16 ngc 17 b2n b2m gl0 ¢g31 g34 wbld wble
HC™N 3-2 6.0 9.3 8.7 8.0 14.3 not 10.7 7.2 9.4 11.6
HC!®N 4-3 6.2 7.6 8.6 6.1 108 not 179 10.2 9.0 6.9 10.0
H13CN 3-2 64 not not 7.4 .. not not not .. 60 7.7 114
HI3CN 4-3 74 not not 72 not not not not 7.8 6.1 85 not
HI3CN 8-7 7.3 103 103 45 120 not not 145 .. 9.0 127 not
HCYO* 3—-2 low low 7.1 23.6 low 8.5 low 8.4
HC8O* 4-3 low low low 38 .. not 250 low 9.8 .. low  low
H13cot 3-2 4.6 47 .. not not 88 .. 57 6.7 8.0
H13Cco* 4-3 5.1 5.4 4.7 4.9 90 192 58 54 55 6.2 7.3
H3Cco* 8-7 w. low ... low low not 155 low .. low 6.4 low
Ccl’02-1 4.8 4.5
C®0 6-5 6.9 6.3 78 53 85 159 192 85 6.5 5.6 8.1
C!80 8-7 5.3 5.0 6.6 5.1 55 129 199 7.3 6.5 5.4 7.5
1Bco 8-7 not 7.4 10.3 6.9 115 not not 9.9 6.1 59 7.9 11.8
HCN =1 3-2 6.9 6.8 115 5.3 not 19.2 75 low 45 8.2 not
H¥CNw,=18-7 low 6.1 6.2 Jlow Ilow 16.6 209 117 .. low low low

Notes.If the line shape dfers too significantly from a Gaussian, this is indicatedhby low means that the/8l is too low to
allow an accurate derivation of the line width.
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3.5 Observational results

We present the results that we were able to directly deriven fthe observations. The spectra of those lines that
were modeled (HCN, HCQ and CO) are shown at the end of the paper. Additional inftionacan best be
obtained from the original data, which the interested reade downloagl

The most striking result is that we detect vibrationally ieed HCN, whose level energies lie over 1000 K
above the ground, in all sources, and even vibrationalljtestd'CN in half of the sources (g327, 16, i17, b2n,
b2m, g10). It is less clear whether we detect vibrationa¥gited HC°N, which is probably present in some
sources. In contrast, there is not a single detection (wiheu limits of around 0.1 K) of vibrationally excited
HCO*, which has very similar level structure and line strengths.

Most lines have complicated shapes, with self-absorptitendoeing present in the main isotopologues of
HCN, HCO', and CO. The notable two exceptions are i12 and w51d, whose &@l HCO lines are singly
peaked. The optical depth of all these lines must be very, lagtseen from the other isotopologues. In the self-
absorbed lines, the blue peak is always stronger in ngc, @30, g34, w51e, and w51d, the red peak is always
stronger in i17 and i12, and both asymmetries occur in g3%/,62n, and b2m. Line wings are also a prominent
feature of these most optically thick lines. The lower leseérgies lie at 25 and 150 K for HCN and HC@-3
and 9-8, respectively, and at 33 and 117 K for CO 4-3 and 7sfentively.

To derive more quantitative information, we list the linggaeters of selected lines: Table 3.3 compares the
intensity ratios, Table 3.4 gives integrated line intdasit Table 3.5 presents the peak velocities, and Table 3.6
contains the line widths. However, we highlight that theicgitdepths are generally very high, so the lines are
severely &ected by gradients in excitation temperature, geometyvafocity field, and can only be understood
by means of radiative transfer modeling of the line shapesefample, even the HEN 4-3 line is optically thick
towards the center of all models presented in Sect. 3.8.

3.6 Modeling procedure: Continuum

We first attempt to reproduce the radial intensity profilarfropABOCA. The temperature in our spherical model
with density power law gradient is determined in an appr@atamnway from central heating (Sect. 3.6.1). We set
up a grid to cover the relevant ranges of parameters (Séc)3and select the models that are consistent with the
continuum data (Sect. 3.6.3).

3.6.1 Temperature computation

We use an approximate method to determine the temperatuespherical, centrally heated cloud with high
column density. This method goes back to Larson (1969b) aasladso used in a similar way by Osorio et al.
(1999).

In its inner parts, the dust is optically thick to its own ratitbn, which leads to diusion of radiation. Both
the dust temperature and density decrease outwards, lvaghihg the opacity because the decreasing temperature
shifts the radiation field to longer wavelengths where th&t duless opaque. When the radiation is able to escape,
a dust photosphere develops. This concept is similar toffeetve radius of a star, where the whole luminosity
would be emitted at onelective temperature. The photospheric radius separaté@stéeregion, where diusion
determines the temperature gradient, from the outer regibare balance between heating and cooling determines
the dust temperature.

The computation is done as follows. First, the Planck ands&asd mean opacities are computed from tabu-
lated dust opacities by weighting with the Planck functibiis converting frequency-dependent into temperature-

dependent opacities. The photospheric radius is giveR,Ry= L At larger radii, the balance between

47ro’T§h '
heating and cooling is
Tap(Ton)2 = T4p(T), (3.1)

whereQ = 0.5(1— A1- (r/Rph)-Z) is the solid angle of the photosphere at radiug his allows us to find the
radius for any temperature. At smaller radii, it is found btegrating the dfusion equation that
dr —-16T3r?

a7t - 3T kr(TIN()’ (.2)

The densityn is determined by the density power-law indeand the assumption that the Rosseland optical depth
at T,n from the photospheric to the outer radius /3.2

Shttpsy/www.astro.uni-koeln.devd-schilkgDatgRolffs
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Table 3.7: Average of theyoq Selected models, with standard deviations of the parasiatet derived properties
(central column density of Hin a pencil beam, total mass, mass above 100 K, inner, photoispand outer radii,
density at the photospheric radius).

Source opac  Nmod p Ap L AL Tph  ATph N, M M 100K Rin Rph Rout Nph
Lol Lol [K] [K] cm?  [Mg] Mol [AU] [AU] [AU] [cm 9

i12  baree6 42 185 012 1.8(5) 6.2(4) 90 10 5.8(24) 2.0(3) 21 20Q2) 79(3) 24(5) 9.3(5
i12  bareno 48 1.80 0.5 1.7(5) 6.04) 67 6 1.925) 1.1(4) 114  3.1(2) 1.4(4) 2.2() 1.7(6)
i12 thine6 46 1.80 0.4 1.7(5) 6.04) 68 6| 7.9(24) 3.7(3) 40 26(2) 14(4) 2.2(5) 6.5(5)
i12  baree5 43 181 014 17(5) 6.3(4) 78 g 1.0(25) 4.2(3) 42 23(2) 1.0(4) 22(5) 1.2(6)
9327 bare,e6 79 168 024 6.1(4) 22(4) 63 8 8.7(24) 1.8(3) 15 13(2) 953) 1.1(6) 1.2(6)
g327 bareno 56 161 026 6.6(4) 2.3(4) 50 6 2.7(25) 9.5(3) 94 21(2) 1.6(4) 1.0(5) 2.5(6)
g327 thine6 57 1.62 0.24 6.7(4) 23(4) 51 6 1.1(25) 3.4(3) 33 1.7(2) 15(4) 1.1(5) 9.0(5)
g327 baree5 73 166 0.24 6.5(4) 22(4) 57 T 15025 3.8(3) 35 16(2) 12(4) 1.1(5) 1.6(6)
i16  baree6 43 1.83 012 19(5) 654) 106 1p4.024) 1.6(3) 13 17(2) 6.1(3) 2.9() 9.3(5)
i16  bareno 38 174 0.16 1.7(55) 7.04) 75 g 1.3(25) 8.7(3) 61 252) 1.1(4) 24(5) 1.7(6)
i16 thine6 36 174 015 1.7(5) 6.84) 75 8| 5.5(24) 3.0(3) 22 21(2) 11(4) 23() 6.3(5)
i16  baree5 37 179 014 19(5) 6.9(4) 91  106.7(24) 3.6(3) 27 20(2) 81(3) 2.8(5) 1.2(6)
ngc  bare,e6 39 1.83 012 1.7(5) b5.7(4) 100 9 4.4(24) 1.6(3) 14 17(2) 6.4(3) 26(5) 9.7(5
ngc  bareno 38 166 014 15(5) 54(4) 69 1 1.3(25) 9.8(3) 56 22(2) 1.2(4) 21() 1.6(6)
ngc  thine6 37 1.71 0.15 1505) 574) 71 8 5.7(24) 3.2(3) 22 202) 12(4) 21() 6.4(5)
ngc  barees5 28 179 0.1 1.8(5) 6.0(4) 87 9 7.4(24) 3.7(3) 28 20(2) 86(3) 26(5) 1.2(6)
il7 _ baree6 42 183 012 1.7(4) 6.2(3) 79 g 7.7(24) 270 3 71(1) 3.2(3) 6.8(4) 2.8()
i17  bareno 42 179 0.15 1.8(4) 6.43) 61 6 2.4(25) 1.4(3) 17 11(2) 55(3) 6.5(4) 5.3(6)
i17 thine6 43 1.79 014 1.84) 653) 62 6| 9.8(24) 4.9(2) 6 9.3(1) 5.3(3) 6.54) 2.0(6)
i17  baree5 46 181 013 17(4) 6.03) 70 7 1.3(25) 5.6(2) 6 8.4(1) 4.1(3) 65(4) 3.7(6)
b2n  bare,e6 39 158 025 6.2(5) 1.7(5) 45 5 16(25) 4.1(4) 542 55(2) 5.9(4) 2.7() 3505)
b2n  bare,no 18 149 018 6.2(5) 1.4(5) 37 3 49(25) 2.1(5) 3303 7.92) 8.7(4) 255) 9.9(5)
b2n  thine6 17 151 0.18 6.2(5) 1.4(5) 38 3 2.0(25) 7.4(4) 1196 6.8(2) 85(4) 26(5) 3.505)
b2n  baree5 28 156 023 6.2(5) 16(5) 41 4 27(25) 84(4) 1262 6.6(2) 7.04) 26(5) 5.4(5)
b2m  bare,e6 57 158 0.13 4.0(06) 1.4(6) 69 7 55(24) 1.1(5) 508 82(2) 65(4) 9.4(5) 1.305)
b2m  bare,no 47 147 018 4.2(6) 1.4(6) 51 g 1.8(25) 6.1(5) 3080 1.2(3) 1.2(5) 85(5) 2.8(5)
b2m  thine6 42 151 0.18 4.0(6) 15(6) 52 6 7.5(24) 2.0(5) 1150 1.0(33) 1.1(5) 85(5) 1.1(5)
b2m  baree5 49 157 0.15 4.0(6) 156) 61 7 9.7(24) 22(5) 1147 10(3) 834 92(5) 1.9(5
gl0  baree6 35 1.77 015 50(5) 1.3(5) 71 6 85(24) 1.1(4) 112 4022 22(d) 3.4(5) 460)
gl0  bareno 25 1.71 021 55(55) 1.2(5) 56 3 25(25) 56(4) 635 6.1(2) 3.6(4) 3.305) 9.0(5)
glo  thine6 25 176 018 55(5) 1.3(5) 57 5 1.1(25) 2.0(4) 258 55(2) 3.5(4) 3.4(5) 3.5(5)
gl0  baree5 36 176 0.17 53(5) 1.3(5) 64 6 1.4(25) 2.3(4) 247  48(2) 2.7(4) 3.4(5) 6.1(5)
931  baree6 58 153 027 19(5) 454) 68 5 4.9(24) 5.6(3) 20 16(2) 1.4(4) 2.0(5) 5.8(5)
g3l  bareno 33 147 0.24 21(5) 3.6(4) 52 4 17(25) 3.0(4) 142 272 26(4) 195) 1.2(6)
g3l  thine6 36 148 026 2.1(5) 4.1(4) 52 4 6.8(24) 1.1(4) 51 22(2) 26(4) 1.9(5) 4.6(5)
g3l  barees 51 149 025 20(5) 4.4(4) 60 5 8.1(24) 1.2(4) 43 1.92) 19(4) 20(5) 7.8(5)
934  bareeb 44 165 014 26(5) 1.056) 75 8 5.4(24) 5.6(3) 30 21(2) 14(4) 26(5) 5.805)
g34  bareno 44 160 0.12 32(5) 1.0(5) 59 5 1.7(25) 3.1(4) 189  3.5(2) 254) 26(5) 1.1(6)
g34  thine6 49 160 012 3.2(5) 1.1(5) 59 5 6.6(24) 1.1(4) 66 3.0(2) 24(4) 27(5) 3.9(5)
g34  barees 57 160 012 3.0(5) 1.0(5) 68 6 8.3(24) 1.3(4) 61 26(2) 1.8(4) 2.7(5) 7.2(5)
w51ld  baree6 37 1.73 0.16 1506) 54(5) 105 103.2(24) 15@) 256  4.1(2) 1.74) 8.0(5) 3.005)
wsld  bareno 48 158 0.12 15(6) 55(5) 74 192(24) 954) 1179 57(2) 3.4(4) 7.0(5) 4.8(5)
wsld  thine6é 47 158 0.12 156) 55(5) 75 7| 3.6(24) 3.3(4) 415  47(2) 3.4(4) 6.8(5) 1.8(5)
w5ld baree5 38 163 014 1506) 5505) 89  104.8(24) 3.8(4) 481  45(2) 2.4(4) 7.6(5) 3.505)
w5le bare,e6 64 166 017 7.1() 2505) 69 766(24) 1.8(4) 352  39(2) 2.7(4) 40(5) 3.4(5)
wble bareno 39 158 013 8.3(5) 2.6(5) 54 5 2.0(25) 9.7(4) 1675 6.2(2) 4.7(4) 4.0(5) 6.7(5
wble thine6 43 161 0.14 81(5) 27(5) 55 4 82(24) 3.4(4) 613  53(2) 45(4) 4.0(5) 2.5(5)
wble bare,e5 65 1.65 0.17 82(5) 27(5) 64 6 1.1(25) 3.84) 732  49(2) 3.4(4) 43(5) 45(5)

This method leads to a discontinuity Bt,, where the temperature rises very slowly inwards and drypes b
factor of V0.5 = 0.84 outwards. To overcome this artifact, we interpolate émeterature betweeﬂTSTph and
V2T, as a power law.

In general, the temperature gradient is steeper in the jpargs of the cloud (where the radii are smaller than
Ron). One can see this by assuming the behavior of the opacitg fwrdiportional to#, which renders the mean
opacity proportional td#, and evaluating the equations of heatawpling balance and flilsion. The temperature

Cout
in the outer parts approachﬁﬁq(ﬁ) with the temperature power law-exponegi: = rzﬁ. In the inner part,

the temperature also follows a power law, but with exporgnt i%g. With 8 = 1 andp = 1.5, one hagjo,: = 0.4
andgi, = 0.83. Using tabulated opacities, the temperature gradieatsimilar to the these ones.
The following parameters can be set:

e dust opacity(opac): A table with opacities atfiierent wavelengths.



40 CHAPTER 3. APEX

e density power-law inde§p): The density varies with radiusasr—P.

e photospheric temperatur@ph): The dfective temperature of the dust photosphere. It is a meaduhe o
column density (the lower gk, the higher the column density).

e inner temperaturé€T;,): The temperature at the inner boundary.
e outer temperaturéT,oy): The temperature at the outer boundary.

¢ luminosity(L): The total energy output is not necessary for the comprtatiut the model size (radius)
scales withVL.

¢ distance(dist): To compute the dust continuum flux received on Edhth distance to the source is needed.

3.6.2 A grid of models

We hold the following parameters fixed: the distance at ttheevgiven in Table 3.1, the inner temperature at 1500
K (approximately the dust sublimation temperature), aediliter temperature at 20 K (temperature of the ambient
cloud). An additional four parameters are instead varied:

e Luminosity(L): We consider values a factor of 0.3—1 those in Table 3.1tépssof 0.1). The luminosity
in the table is mostly derived from IRAS fluxes, but this makelly reflects the sum of all heating sources
within the IRAS beam (there are often other Hgions close to the hot core). Therefore, the true lumiposi
can be substantially lower than given in Table 3.1.

e Photospheric temperatu@pn): To cover a wide range, we try values between 25 and 175 Kepsof 2.5
K below 75 K and in steps of 5 K above.

¢ Density gradien{p): The power-law exponent is varied between 1 and 2.25 irsstéf.25.

e Dust opacity(opac): We test four dlierent opacities from Ossenkopf & Henning (1994), one with ibe
mantles and coagulation at a density of tén3 (thin,e6), the other three without grain mantles and either
no coagulation (bare,no) or coagulation at a density oeeitii® cm~3 (bare,e5) or 10cm3 (bare,e6)

3.6.3 Selection

The SED is contaminated by free-free radiation in the radio @ther sources in the far-IR, where the angular
resolution is very low and the peak of the emission lies. &fee, we do not attempt to reproduce the SED,
but take its integral as an upper limit to the source lumityoand reproduce only the submm flux, where dust
emission from the hot core certainly dominates. For each®7680 models, a 345 GHz continuum map is then
computed by applying RATRAN. The map is convolved with theEdFbeam and radial profiles are extracted using
MIRIAD. A model is assumed to successfully reproduce the IOXBA radial profile if the following selection
criteria are fulfilled: the peak intensity of the model isween 0.75 and 1.25 times the observational value, its
half-power width is smaller than the observational valuiaog both other sources and observational problems
such as an incorrect focus or anomalous refraction tendoadan the profile), angl . is below 1, withy?2 ., =

2?31#8;)2), whereo; andm are the observed and modeled intensitié$ &om the center, respectively, and
Ag; is the rms deviation of the pixels that were averaged to give

The selected modelsi{oq out of 7680) span a cloud in parameter space. For fixed op#otyparameters are
the density gradier, the luminosityL, and the photospheric temperatiig. We take the average (i.e., the center

of the parameter cloud) as a good representative of thetedlewdels. Table 3.7 gives the averaged parameters,
their standard deviationsp = w/z[‘jf“% etc., and the most important properties of the models.

3.7 Modeling procedure: Lines

We attempt to reproduce the lines from HCN, HC@nd CO by developing detailed radiative-transfer models
(Sect. 3.7.1). We explain which continuum-selected modeltake as a physical structure to test several chemical
structures (Sect. 3.7.2). We then attempt to improve theefriido the emission lines by varying the abundances
of the best-fit model (Sect. 3.7.3).
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3.7.1 Line radiative transfer

To compute molecular lines, we use the Monte Carlo radidatiaesfer code RATRAN developed by Hogerheijde
& van der Tak (2000). We provide as input the physical stmecftom the continuum determination, with the gas
temperature being equal to the dust temperature. This welgswell for the inner part with its high densities,
and lies within the uncertainties for the outer part. Thet dusss density is converted tg ldensity by assuming a
gas-to-dust mass ratio of 100 and that 74% of the gas masghis form of H, 25% is helium, and 1% remaining
elements). Additionally, the following information is rokss:

e Molecular data Energy levels, transition strengths, and collisionat retdficients must be provided. For
CO and HCO isotopologues, we use the entries from the LAMDA databashi8r et al. 2005), cut above
J=20 (HCO) and ¥17 (CO). For the vibrational bending mode) of HCN, each J has two vibrational
levels (-type doubling) about 1000 K above the ground state (Thoivét al. 2003a; Fuchs et al. 2004).
Collisional rates for them are unknown, and the computatiorso many levels takes a very long time.
Furthermore, the accuracy of the Monte Carlo calculatisriasuficient for the tiny population dlierence
of the twol-type levels, which are very close in energy. Therefore, g anly the first 15 ground-state
levels for the Monte Carlo computation and extrapolate tinerolevel populations in LTE relative to the
corresponding ground-state J. This method gives very né¢iagl same results as the complete molecular
data file (provided by F. van der Tak), since IR pumping of treugd-state levels operates mainly in regions
where the levels are also collisionally excited. Colligibrates for J up to 8 and temperatures up to 99 K
were provided by Faure and Wernli (2007, priv. comm.); teaider, with a smooth transition, is from the
LAMDA database (extrapolations from Green & Thaddeus (Jp#requencies and Einstein A deients
are from the Cologne Database for Molecular SpectroscopM§E, Miller et al. 2001, 2005).

e \elocity The velocity field influences the line shapes. For a cepttadlated source, the line profiles are
found to be skewed towards the red by an outward motion andrtsithe blue by an inward motion, since
the red side is more absorbed in the latter case. The asymimstronger when the motion is faster (Evans
2003). We ignore the outflow wings, which come from non-sjglaémotions, by concentrating our attention
on the line core. In spherical symmetry, outflows can not leiately modeled. The velocity field that we
use for ngc, b2m, g10, and g31 is 10% of free fall, i.es ¥0.1 x v2GM,/r, whereM, is the mass inside
the radiug (starting with 50 M, in the center, buM;, is quickly dominated by the surrounding molecular
gas). For g34 and w51e, it is 20% of free fall, while it is stgho velocity field) for the remaining sources
(i12, 116, g327,i17, b2n, w51d). Since the modeled linesnatevery sensitive to the exact radial behavior
of the velocity, we restricted ourselves to fractions offitee-fall velocity; the adopted values are those that
reproduce the data best.

e Line width Internal motions broaden the lines. Interstellar line tvidare generally dominated by turbu-
lence or other macroscopic motions such as the relativeomotf clumps rather than thermal motions. To
reproduce the observed line widths,/a half-width (0.6 of FWHM) of 3 kifs (5 knys FWHM) is adopted
for all sources except g327 (2.5 ksn4 km's FWHM) and b2n and b2m (7 kis1 12 kmis FWHM). This
reflects the dferent degrees of internal motions.

e Abundance The molecular abundances depend on the chemical evolufimte modeling this is beyond
the scope of the present analysis, we approximate vargtiith temperature as abundance jumps at certain
temperatures. The HCN abundance rises with temperatuidg@®e & Charnley 2001; Garrod et al. 2008;
Boonman et al. 2001), while the HC@bundance can be reduced at both low and high temperatuaee s
et al. 2008). For CO, we assume a constant abundance 6f Wbile we derive the HCN and HCO
abundances as described in section 3.7.2.

¢ Isotope ratios The isotope ratios determine the relative abundancesdéthiopologues, if isotope-sensitive
chemistry can be neglected. Based on Wilson & Rood (1994)yseethe following isotope ratios: for the
Galactic center sources b2n and b%@/*3C=20, “N/*°N=600,'80/160=250,1'0/*0=800, for the nearby
sources i17 and ng@C/*3C=70, 1*N/*>N=450, 180/*0=550, 1’0/*®0=1800, and for the resfC/**C=50,
14N/Y5N=400,80/160=300,170/1*0=1000. The variation with Galactocentric distance is thysaximate.

The output map is convolved with the beam and spectra arac&tt using MIRIAD.

3.7.2 Fitting strategy

The line computation can only be performed for a limited nendif models, as it is highly demanding of comput-
ing power. On the basis of previous experience in the mogelie devised the following general procedure.
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We consider the opacity bare,e5, since that is a comproneiseelen bare,no and bare,e6 and has a similar
85Qum opacity as thin,e6. In addition, the dust opacity beingsidume for every source facilitates a comparison.
For this opacity, we consider three models, one close towbmge, one with lower density gradigmtand one
with higherp.

For each of the three models, we test freeze-out tempesgatifiré0 or 50 K (Garrod et al. 2008), depletion
factors of 10, 100, or 1000, and chemical jump temperatufd9®, 150, or 230 K. Above the latter, HCOs
reduced by a factor of 1000, while the HCN abundance is deirik@m its vibrational excitation. With seven
freeze-out possibilities (either no depletion or two terapgres each with three depletion factors) and four high-
temperature jump possibilities (no jump or three jump terapges), there are 28 abundance structures of HCN
and HCO'. The CO abundance is constant.

For an automatic adjustment of the abundance, an iterato@egure is employed to fit a line of low optical
depth: The abundance is multiplied by the ratio of obsereechddeled peak intensities; the computation stops
when this ratio is close to 1 (within 25%) or when five cycles srached. The line with the lowest optical depth,
which is reliably detected, is used. For HE@ve use the HE'O* 3-2 line for b2n, b2m, g34, and w51e, HO*
4-3foril2, i16, ngc, and g31, and¥CO* 4-3 for 9327, i17, g10, and w51d. For HCN, we use the"#4-3
line (3—2 in g34) to adjust the abundance below the chemicapjtemperature. The abundance at high temperature
is traced by HCNp=1 3-2 fori12, ngc, g31, and w51d, 4-3 for g34 and w51e, ali€N,v,=1 87 for g327, i16,
i17, b2n, b2m, and g10. The starting values aré"dfdor HCO* and 10° for HCN between the jump temperatures.

3.7.3 The 'final’ model

As a figure of merit, we compute for each model and}jﬁ% = Zi"j‘lmh%fT?m);)z, whereo; andm are the observed
and modeled continuum-subtracted intensities, respdgtimndn., the number of channels betweeb and+5
kmy/s from the source velocity. The observational error is datdd by calibration uncertainties (assumed to be
30% of the maximum intensity) rather than by thermal noise.

On the basis of a combination of the molecule-averagieand the normalizeg? (the latter being thg? for
the same peak intensities of model and data), we select idibmodel from the dierent physical and chemical
structures. By modifying the abundances of HCN and HC®e attempt to improve the fit. A constant CO
abundance of 1¢ is assumed, since modifying this does not lead to signifitaptovements. This 'final’ model
is an example of the best-fit solution that can be reachedibyrbthod, and is final in the sense that it probably

cannot be improved significantly under our assumptions.

3.8 Modeling results

We present the results of the fitting strategy. For each souhe ‘final’ model (parameters in Table 3.8) is
compared to the line data, starting with the tighter fit5i( Table 3.9). Figures 3.2 to 3.13 show the observed
lines, superimposed on this model. The rotational lineshef HCN ground vibrational state are shown in the
upper left, those of the vibrationally excited statg=1) in the lower left, HCO lines in the upper right, CO lines
below that, and the lines from the outer pixels of CHAMIR the lower right. The vertical scale is the main beam
brightness temperature in Kelvin. We note that some liness@ected by blending by neighboring lines, and in
some sources broad CO and HCN lines blend vibrationallytestddCN and H&N (at 265.8, 354.4, 345.8 and
691.5 GHz). Thisis indicated by a 'B’ in the spectrum. Somedi are so strongly blended that they cannot be used
and are displayed for illustration purpose only. The striings from the main isotoplogues often have outflow
wings, which are indicated by an 'O’ and not modeled. We nb# this model is far from being unique, other
selected physical structures with adapted abundancessaralde to reproduce the data.

This model is compared to the continuum data in Fig. 3.1. Hsalts of the continuum-only modeling are
summarized in Table 3.7. Photospheric radii (for radiabbs 40-90 K) are around 0.1 pc, and the average gas
density within it is usually several $&m= (a few times 18 Mypc3). The central optical depth at 85 can
be calculated from the column density,Noy multiplying it with 10-2° and either 1.57 (bare,e6), 0.29 (bare,no),
0.83 (thin,e6), or 0.74 (bare,e5). It is usually betweerad 1. In addition, we find th&i,, must increase with
and p to fit the observations. In general, mass and bolometric ftaxpeoportional td_, the radii to VL, and the
densities at these radii tg /L.

3.8.1 G10.440.03

This massive hot core has optically thick jH,4) satellites, and expansion motions can be traced leydifted
absorption against two hypercompacit Fegions (Cesaroni et al. 1994, 1998, 2010). The exceptiohajh
excitations and column densities of the core were also ledday the HGN study of Wyrowski et al. (1999).
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Figure 3.1: Radial intensity profiles at §a6 (LABOCA). The models from Table 3.8 are overlaid in red. The
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Figure 3.2: Lines towards G10.48.03. The model from Table 3.8 is overlaid in red. The lines@dered on
the same grid in all subsequent figures, apparent gaps tadioas which were not observed. A green 'B’ stands
for blending by a dferent line, an 'O’ means that the spectrum is likely to fieced by an outflow, which is not
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Table 3.8: Parameters of the models that are shown in Figi$03.13.
Source  p L F db bf AZL, T1 AL? T2 AZ AJL T1 AZTZ T2 AT Ay
i12 1.75 16() 8.0 3 0 2(-10) 50 2(-7) .. 4(-12) 40 4(-9) .. 1(-4)
g327 150 7.0(4) 550 25 0 5(-10) 40 5(-8) 100 5(-5) 2(-10) 4®(-9) 1(-4)
i16 175 20(5) 90 3 0 8(-10) 40 8(-8) 100 1(-6) 7(-11) 40  Y(-9 .. 1(-4)
ngc 150 7.8(4) 650 3 0.1 4(-10) 50 4(-8) .. .. 2(-11) 50 9p(- 100 2(-12) 1(-4)
i17 175 16(4) 700 3 0 15(-9) 50 1.5(-7) 100 1(-6) 3(-10) 40 (-98 1(-4)
b2n 150 59(5) 425 7 0 5(-9) 40 5(-8) 100 8(-6) 2(-9) 40 2(-8).. 1(-4)
b2m 1.25 1.9(6) 475 7 01 15(-8) .. 150 5(-6) 5(-10) 40 (-9% 1(-4)
g10 175 56() 650 3 0.1 5-9) 40 5(-8) 100 3(-5) 8(-10) 40 -98( 1(-4)
g31 150 2.1() 600 3 01 4(-9) 50 4(-7) 2(-9) .. e 1(-4)
g34 150 1.4(5) 550 3 02 1(-90 50 1(-7) 3(-9) .. 501 3(-12) 1(-4)
wsld 150 9.6() 8.0 3 0 1(-10) 50 1(-7) 6(-12) 40  B(-9 .. 1(-4)
wsle 150 7.2(5 600 3 0.2 5(-11) 40 5(-8) 1(-11) 50 -8)( 1(-4)

Notes. The opacity is always bare,e5. p is the density power-law index, L the asityn T,, the photospheric temperature,

db is the turbulent /& half-width, bf the fraction of free-fall, and A the molecular fractionaliladance. The abundances may
jump at temperatures T1 and T2.

Table 3.9:y? of the models that are shown in Figs. 3.2 to 3.13.

Source Fig. xZ,., Xacm,v:o XﬁCN,VFl Xﬁc@ X éo X ﬁnes
i12 3.7 0.20 2.3 2.0 2.2 26 224
g327 3.4 0.09 2.1 1.6 1.9 1.6 1.77
i16 3.3 0.06 1.7 1.7 1.1 24 175
ngc 39 095 2.2 2.9 15 28 248
i17 3.8 0.13 1.9 2.6 2.4 22 226
b2n 3.13 0.74 135 2.5 196 10.2 10.38
b2m 3.12 0.05 2.7 25 7.8 85 4.95
gl0 32 011 2.0 1.6 1.4 19 171
g31 3.6 0.10 11 1.9 2.4 3.4 207
g34 35 0.05 1.9 1.9 2.0 20 1.98
wbld 3.11 0.04 2.4 3.4 1.8 34 282
w5le  3.10 0.03 3.3 2.2 25 22 250

Notes.For the linesy? is evaluated over the inner 10 ksnassuming an error of 30% of the peak intensity of the data.

Olmi et al. (1996) detected flierent velocity gradients in G3CN and*3CO, which are possibly indicative of
rotation and outflow, respectively.
Figure 3.2 shows the observed lines and the best-fit modblga8). The line asymmetries are reproduced
by a 10% free-fall contribution. Vibrationally excited#CN is clearly detected, requiring a high abundance in
the inner part (3« 107 of H,). Owing to the large distance, the outer pixels are weakismgburce. While the
model fits quite well to the APEX data, our own SMA data revéal this kind of model does not reproduce the
innermost structure, since it is too strongly peaked {Rdt al., in prep.).

3.8.2

IRAS 16065-5158

Walsh et al. (1998) report the detection of an ultracompaatdgion associated with this source. The hot core was
detected with the APEX telescope from a large sample of esdtercted IRAS sources (Dedes et al. 2011)

Figure 3.3 shows the observed lines and the best-fit modeldBa8). The source is probably less concentrated
than the model, since the 8-7 transitions of HCN arfé# do not show self-absorption and the emission in the

outer pixels is much stronger than modeled. We note thagtidrally excited H3CN and even HEN (8-7 at
691.5 GHz) is detected here.

3.8.3 (G327.3-0.6

G327.3-0.6 has a spectacular richness of lines with relgtivarrow widths (Gibb et al. 2000; Schilke et al. 2006).

The hot core is embedded in a larger structure, wheterdnt stages of star formation take place (Wyrowski et al.
2006; Minier et al. 2009).
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Figure 3.3: Lines towards IRAS 16065-5158. The model frotld8.8 is overlaid in red.
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Figure 3.5: Lines towards G34.26.15. The model from Table 3.8 is overlaid in red.

Figure 3.4 shows the observed lines and the best-fit modelgTa8). The presence of both red and blue
asymmetries indicates a complex velocity field. Vibratibnexcited HCN, including its isotopologues, is very
prominent in this source.

3.8.4 G34.260.15

This hot core lies fi the bow of a cometary-shaped U@legion (Watt & Mundy 1999). Therefore, it has been

proposed to be externally heated by thisrdgion (Mookerjea et al. 2007, and references thereinhisrsttenario,

the emission from warm molecules arises in a relatively ldyer (PDR), while the inner cloud regions are cold.
However, we see no evidence for this in our data. Self-alisorpnd strong red asymmetries instead point to

an infalling source with internal heating. We are perhage &bprobe larger scales, so external heating could be

internal for our beam size. Figure 3.5 shows the observed md the best-fit model (Table 3.8).



3.8. MODELING RESULTS 49

T T T T T T T T T
HCO* 3-2 HCO" 4-3

8
HON 3-2 HCN 4-3 s
265.8 GHz 6 3545 GHz 267.5 GHz Cd 356.7 GHz |
sk 1 4F 3 4
2 - 2
o 0 0
1 1 ) . ) .
T bt 15 Bt -t
HCN 4-3 HTCO™ 4-3
3F 345.3 CHz 1 1F 346.9 CHz e
2F | o5 E
F 3 o
]
-
HCEN 4-3
1F 344.2 GHz
05 =
0
80 30 100 110 a0 90 . 100 110
Velocity (km/s) Velocity (km/s)
weansrernazneras nes SN s Lo na s b 1
F HCN,v,=1 3-2- L HCNvp=1 4-3 ] HCN,vp=1 9-8-]
T 265.8 GHz | + 354.4 GHz | 797.3 GHz
F i L ] 2 1 20 e RRARILARAY saARs LA 6o [T
Josp T o — F cQ 4-31 F o 7-6
4t b E 23 5 F 461 GHz ] [ 806.6 GHz |
1 [ ] 1 15 3 30 3
1 d E 1 ] 40 -
IS o = 420 E [ ]
R oF EN E 20 .
i HCN,vz=1 4-37] F | F ] r q
[ 356.2 GHz | o 1 ] N
05 - op 1 OF . 0
F . T T TP IE. R TP P I Y NI
[ [T
30 "3co 84
E 881.2 GHz

T

0.6 — CN,vp=1 4-3]
r 345.2 GHz |
04 3
02| H
° A T P Y

80 90 100 110
Velocity (km/s)

3
e o
*

N vg=1 4-3]
04 |- 346.9 GHz ]
02 .

0

ri I T T A

HHHHHH HH
04 1= HC®Ny,=1 4-3]

L 344.1 GHz ]
02 —

[

Figure 3.6: Lines towards G31.40.31. The model from Table 3.8 is overlaid in red.

3.8.5 G31.4%0.31

This hot core has a bipolar outflow (Olmi et al. 1996) and twotitmum peaks (Cesaroni et al. 2010). A velocity
gradient is interpreted as a massive toroidal disk by Belat al. (2005) and an outflow by Araya et al. (2008).

Figure 3.6 shows the observed lines and the best-fit modblgBa8). No CHAMP- observations were made
for this source. With our data, we cannot distinguish betwteée proposed small-scale velocity fields.

3.8.6 IRAS 12326-6245

This hot core is associated with a massive molecular outflfmwarious infrared and radio sources (Henning et al.
2000).

Figure 3.7 shows the observed lines and the best-fit modblgTa8). The lack of self-absorption towards
this source cannot be explained in the framework of our spilemodels. To weaken self-absorption, the best-fit
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Figure 3.7: Lines towards IRAS 12326-6245. The model frotld8.8 is overlaid in red.
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Figure 3.8: Lines towards IRAS 17233-3606. The model frotl§8.8 is overlaid in red.

models have high freeze-out; but abundance variationggathitemperatures are not necessary. In addition, the

outer pixels of CHAMR- have much stronger line emission than modeled.

3.8.7 IRAS 17233-3606

IRAS 17233-3606 is a recently detected hot core (Leurinil.e2@08) with a close distance. It drives at least
three outflows (Leurini et al. 2009), contains multiple mdources (Zapata et al. 2008a), and displays a velocity
gradient, which is interpreted by Beuther et al. (2009) aatian, but could also be due to the superposition of

outflows.

Figure 3.8 shows the observed lines and the best-fit modelgBa8). Broad line wings and blue asymmetries
are probably caused by the outflows. In addition, the modetda much self-absorption and too little high-J line

emission in the outer pixels. We see strong vibrationallitex H3CN.

~
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Figure 3.9: Lines towards NGC6334-I. The model from Tab&i8.overlaid in red.

3.8.8 NGC6334-I

NGC6334-I was extensively studied in line surveys (Thottwat al. 2007; Schilke et al. 2006). The SMA resolves

the core into several mm peaks (Hunter et al. 2006), whicwsheoy different emission-line characteristics (Bro-

gan et al. 2009). The large-scale environment was mappedabghVit al. (2010), and an outflow is also present

(Beuther et al. 2008). This source was observed with Helddtd (Emprechtinger et al. 2010; Ceccarelli et al.

2010).

Figure 3.9 shows the observed lines and the best-fit modelgBa8). Owing, possibly, to the clumpiness, the

high-J HCN lines are weaker and less self-absorbed tharimtdel.
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Figure 3.10: Lines towards W51e. The model from Table 3.8 &slaid in red.
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Figure 3.11: Lines towards W51d. The model from Table 3.8 &rlend in red.

3.8.9 Woh5le

Wh51e contains two hot cores, separated bwpid associated with the UGHegions e2 and e8 (Zhang et al. 1998).
Both regions exhibit asymmetric line profiles, which werteipreted by Rudolph et al. (1990) as signatures of
overall gravitational collapse. However, Ho & Young (1998¢sented higher angular resolution observations and
concluded that the collapse is localized to the two corese&l. (2010) shows that W51e2 has fragmented into
additional pieces.

Figure 3.10 shows the observed lines and the best-fit modbl€3.8). Both cores associated with e2 and e8
fall within our beam, which we had to ignore in the modelingir@ointing was centered on the southern hot core
(el/e8). Infall is clearly seen by the strong blue asymmetries.
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Figure 3.12: Lines towards SgrB2-M. The model from Tablei8 @verlaid in red.

3.8.10 wh5i1d

This hot core is located between the UCidgions d1 and d2 (Zhang et al. 1998), and could host a rgtafincture
with outflow (Zapata et al. 2009a). Infall motion is tracedRYIA observations of CN absorption (Zapata et al.
2008b).

Figure 3.11 shows the observed lines and the best-fit modbl€¢B.8). The lack of self-absorption cannot be
explained by spherical symmetry. Line emission in the opibezls of CHAMP+ is much stronger than modeled.

3.8.11 SgrB2(M)

SgrB2 Main contains a large number of U€lregions (Gaume & Claussen 1990), and molecular gas of very
high temperature is present (e.g. Wilson et al. 2006; Costital. 2003). The envelope was modeled by Lis &
Goldsmith (1990).
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Figure 3.13: Lines towards SgrB2-N. The model from Tablei8@verlaid in red.

Figure 3.12 shows the observed lines and the best-fit modblé B.8). Warm and dense clumps can be seen by
the HCN and HCO emission in the outer pixels, which is not included in our @lo®ibrationally excited FPCN
is detected. Although the model incorporates infall, thgnawetry in the high-J lines points to an expanding
velocity field in the inner part. We note that Hers¢ghi#F| data and a model that takes this into account are
published in a separate paper (Rokt al. 2010).

3.8.12 SgrB2(N)

SgrB2 North is another very massive hot coré 50rth of SgrB2(M), with a rich organic chemistry (e.g. Bele
et al. 2008). The hot and dense molecular gas is concentaatethd the hypercompactiHegion K2 (Liu &
Snyder 1999). de Vicente et al. (2000) showed with obsematof vibrationally excited HEN that hot cores are
also present between M and N.
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Figure 3.13 shows the observed lines and the best-fit modél€13.8). The strong and broad lines are not
clearly reproduced by the model. Very broad absorptionérdtv-J lines are accompanied by redshifted absorption
in the high-J lines, pointing to non-spherical infall. \aionally excited HCN is present, and the outer pixels
again show line emission (e.g.'#CN 8-7) that require high densities and temperatures aé theations, and
hence clumpiness.

3.9 Discussion

The limitations of the data (too coarse angular resolutem) the radiative transfer modeling do not allow a
reliable determination of the structure of the sources. &observational features cannot be reproduced by any
of the models, and the fits can be successfully performed bgriaty of models. However, by systematically
comparing models to the data, we can place some constrainbesource structure.

3.9.1 Heating engine

The high luminosities and submm fluxes imply that a massivetgpstar(s) is the heating engine. The lines from
vibrationally excited HCN clearly show the high temperatiand the large heated mass. The self-absorption
features prove the existence of a temperature gradientiovithr temperatures closer to us. The observations are
consistent with there being internal heating of the cores.

Although we model the sources with only one central star, argot exclude multiple heating sources. Multi-
plicity could indeed partly explain the deviations betweswdel and data in many sources, and it is often observed
by interferometers. This is unsurprising, because thecgsuare clusters in the making.

3.9.2 Density

Hot cores are basically heated density concentrations.afmwer-law density distribution, an exponent of 1.5
seems consistent with the data, with a general tendencydaslightly larger values. The actual density depends
on the dust opacity. For the opacity bare,e5 (Ossenkopf &gl 994) and a typical model, densities at the dust
sublimation radius (a few hundred AU from the star) reachieslas high as 2@&m3 and fall of to 1¢° or 10*
cm3 at a radius of a pc, where the dust has cooled to the ambiepetatare. Typical central column densities
are 16° cm=2.

Interferometer observations often reveal the presencéuofs, or in general a fferent small-scale density
distribution than the strongly peaked one of our models.d@ydr scales, the rather strong lines in the outer pixels
of CHAMP+ and the relatively little or no self-absorption in many sms are also indicative of clumpiness. The
line emission in the CHAMR outer pixels clearly implies that there are higher dersitiethese locations. If
that were the case for spherical (or cylindrical) symmetrg, continuum would be much higher than observed. A
solution is the presence of high-density clumps, which jgthe line emission but a moderate continuum due to
beam dilution. The sources are likely to be embedded in @tayucture (see e.g. Myers 2009).

3.9.3 \Velocity field

Infall motions are imprinted in the line shapes, as seen bg Bsymmetries (lower velocities stronger). Freely
contracting spheres (i.e., an inward velocity set by thesnrasde) can be excluded, as in this case the lines would
be far more asymmetric than observed. A tighter fit is obthimg reducing this free-fall speed to 10% in four
sources (ngc, b2m, g10, g31) or 20% in two sources (w51e, §343 corresponds to infall velocities of around
1 kmys. We note that such a velocity field cannot be in a steady, stisee the accretion rate decreases inwards.
At the outer radius, these infall velocities corresponditster mass accretion rates of $@o 10! solar masses
per year. Dividing these rates by the source mass, eachrsalss (representing a potential future star) would
receive roughly 1 solar masses per year, and the timescale is thtigdys. Since in the remaining six sources
there are also symmetric or red asymmetric line profiles,ra pfall does not reproduce the lines well and we
model them for now with zero velocity. The red asymmetrieippoint to the presence of expansion motions, and
we investigate this more complicated velocity field in a sefgmpaper, based on HersghFI| data (Rofts et al.
2010).

In addition, we see high-velocity wings in many lines of CA;{, and HCO, resulting from outflows (which
would also destroy any spherical symmetry). The line widfbresents internal motions, which are severaiskm
The lowest amount of turbulence is found in g327, and thedsgim the Galactic center sources b2n and b2m.
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Figure 3.14: Mass fraction of hot gas vs. mass fraction oH®N in the best-fit models. Two groups of sources
can be distinguished, one with detections of vibrationeXgited H3CN, having an HCN abundance enhancement
at high temperatures of around 100 and on average a higletiofraof hot gas, and one with an HCN abundance
enhancement of around 25, coming from freeze-out of HCNvattémnperatures.

3.9.4 Molecular abundances

For the densities corresponding to the dust opacity bareyeSind typical abundances relative te df 1077
(HCN), 108 (HCO"), and 10* (CO). While we allow the CO abundance to be exactly*1éverywhere, the
mentioned abundances of HCN and HC&re only an order of magnitude between 50 and 100 K. On the basi
of Garrod et al. (2008), we allow a reduced abundance of thedecules below 40 or 50 K (due to molecular
depletion), and this is actually needed to reproduce thergbd self-absorptions. An evaporation temperature of
100 K, together with water, would not match most of the obseéfines.

In sources where vibrationally excited¥CN is detected, HCN must be very abundant at high tempesature
(10°° to several 10°), which is consistent with predictions from chemical med@odgers & Charnley 2001) and
also needed by Boonman et al. (2001). However, the astrachereason for this very high abundance remains
unclear. Figure 3.14 shows the abundance enhancementrimotihels, allowing us to identify the two groups with
and without vibrationally excited HCN. The former group has on average not only a larger fracifdrot gas,
but also a higher HCN abundance in this gas.

In contrast, no vibrationally excited HCQs detected. Since it has a very similar level structure amel |
strengths as HCN, this non-detection means that it must ki hess abundant than HCN at high temperatures.
Relative to the HCN (and HCN) abundances and intensities of the vibrational linesHEO" abundance cannot
be higher than about 1®above 100 K. We allow a reduced abundance of H@®high temperatures (van der
Tak & van Dishoeck 2000), but our data are of ifigtient quality to constrain this.

3.9.5 Limitations of our modeling approach

We first note that we are limited to spherical symmetry. Havetwo- or three-dimensional modeling would not
be reliably constrained by our data; the lines need to bealyatvell resolved to achieve this. Consequently, we
chose to consider only centrally heated models. The dewsisyassumed to follow a power law. While this strong
central condensation is consistent with the framework ofre¢ heating, a more realistic picture of a forming star
cluster would include multiple heating sources and likelgeatral flattening of the density. These possibilities
are not covered by our modeling, nor is a clumpy, geomelyidkttened or filamentary structure. In addition,

outflows cannot be considered in spherically symmetric risode
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The grid that we use for the continuum-relevant parameteceiplete enough, but the selection of models
relies on the LABOCA data, which do not haveffitient angular resolution. Owing to limited computational
power, we could not test all selected models, and only a femital structures, thus we were unable to find the
optimal global combination of the parameters. In addittbe,chemical structures are crude approximations of the
abundance variations, and are not computed from chemicdélsi0 The dust opacity is assumed to be constant
throughout the source, although it is likely to vary (e.ge doi evaporation of ice mantles).

3.10 Conclusions

We have observed a sample of 12 hot cores in lines of HCN, H@@d CO with the APEX telescope. With
the aim of reproducing the line shapes, we tested spheriodehn with density power-law gradients and central
heating. Our results can be summarized as follows:

1. Vibrational excitation:Vibrationally excited HCN (1000 K above ground) is very piiaent in our sources,
and even vibrationally excitedfCN is clearly detected in half of them (g327, i16, i17, b2nmh2y10).
This result is surprising because it means that vibratigreadcited HCN is optically thick and that there is
much more hot gas than previously thought. The lines atdevigtible at 800 GHz, meaning that dust does
not obscure the hot gas at these frequencies. They can benagdlled; to reproduce vibrationally excited
H3CN, an enhanced HCN abundance at high temperatures is agceds the other hand, no vibrationally
excited HCO is detected. Given its very similar molecular structurés theans it is much less abundant
than HCN under hot, dense conditions.

2. Self-absorptionin most sources, the main transitions are heavily self+esb This finding, together with
the corresponding lines from more rare isotopologues,aditatively reproduced by our models. Itis caused
by very high optical depths and the temperature gradiedtdapends also on the abundance structure (e.g.
freeze-out). However, well-peaked, but highly opticalick lines, similar to those found in w51d and i12,
cannot be modeled in our framework, and must be produced gy dfects.

3. Outer pixels:The high-frequency CHAMP receiver on APEX has seven pixels. We were mainly interested
in the central pixel, but also modeled the average of thergtixels, which are about two beam sizes’(15
20”) from the center. The modeling always leads to much lowenisities in the outer pixels than observed.
We conclude that the warm, dense gas is not as highly cortedtas predicted by our models, which
have steep radial gradients in temperature and densityn@hess and multiple heating sources are present
instead, as expected for a cluster environment.

4. Velocity fieldinformation about the velocity field is encoded in the linapbs, in particular their asymme-
tries. The blue side (lower velocities) is in most casesngteo than the red side, which we model as an
inward velocity. The free-fall speed, which would be unhanegl contraction, must be reduced to 10 or
20 % to reproduce the line shapes. This means that thereai$; ipit also mechanisms to slow it down.
However, we have modeled half of our sources as static, ireceelocity field is often more complicated,
shown by outflow wings in CO, symmetric lines, and red asymie®t This means that expansion motions
are also present in some sources, e.g. b2m and g327, causied tiyset of feedback from massive stars
(see the paper on Herschi¢lFI data of b2m, Rdfs et al. 2010).

5. Basic assumptionBor the radiative transfer modeling, we are limited to a \@mgplified source structure.
In particular, we assume spherical symmetry with a radialggdaw gradient in density and pure central
heating, which provides a rough approximation of the termijpee. Molecular abundances are not computed
from chemical models, but variations are approximated lepgiat certain temperatures. While these crude
simplifications are able to explain many observationaldiest, the assumptions are too simple to reproduce
everything. Three-dimensional radiative transfer, cedpb physical and chemical models and based on
high-resolution interferometric data, is needed to rdyiaetermine the structure of hot cores.
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Figure 3.15;? for the variation of each parameter in the model for G186t@3. The abundances were varied by
20 and 40%, the other parameters by 10 and 20%.

3.11 Additional Information

To get a handle on the uncertainties of the parameters, esiampter is varied while holding the other parameters
fixed. As an example, the best-fit model for G10:8703 is taken. The parameters are those shown in Table 3.8,
plus Ti, (1500 K) andT,y (20 K). The variation is by+10 and 20% (for the abundances &%20 and 40%).
Figure 3.15 shows the? of these parameter variations. However, a model with lgyéés not necessarily one that
would be judged as better by eye. For instance, one wouldrgore weight to specific lines, or to the similarity

of the line shapes.

Part of the problem is that the models do not attempt to repredll facets of the source, e.qg. itis impossible
to properly treat outflows in a spherical model. The obseppttra do show these features though, which is why
unweightedy? values are not a good figure of merit.

The density power-law indeg could also be a bit lower than 1.75, while the luminosity tetahigher values
than 56 x 10° L. Especially lower values of the photospheric temperattifisd< make the fit worse. Variations
of the inner temperature does not have a hugiece and the outer temperature could also be a bit higher than
20 K. The linewidth has a broad minimum at the adopted valug lafys FWHM. The velocity slightly tends to
a stronger infall, supporting the infall interpretationbundances and jump temperatures are generally not well
constrained; only the temperature at which the HCN aburelamaps to its high value of 8 10 could be even
lower than 100 K.



Chapter 4

Herschel paper: Reversal of infall in
SgrB2(M) revealed by HerscheHHIFI
observations of HCN lines at THz
frequencies

Sections 4.2 to 4.7 appeared as a letter inAkFonomyé Astrophysicsspecial issue for first results from Her-
schelHIFI: Rolfs, R., Schilke, P., Comito, C., Bergin, E. A., van der Tak, B.FLis, D. C., Qin, S.-L., Menten,
K. M., Gusten, R. et al. 20106, 521, L46& (Rolffs et al. 2010, received 31 May 2018ccepted 7 July 2010)

4.1 Overview

Telescope: The Herschel Space Observatory is a space telescope of 3dmeter, launched in May 2009. Be-
sides two imaging instruments, it hosts the spectral liceiver HIFI (Heterodyne Instrument for the Far Infrared),
which covers the 490-1250 GHz and 1410-1910 GHz regionsratgal in 7 bands. Herschel is a mission of the
European Space Agency (ESA).

Observations: The Herschel key project HEXOS (Hersct#FI Observations of EXtraOrdinary Sources) con-
sists of full line surveys of five sources (Bergin et al. 201%ijice Peter Schilke and Claudia Comito are members
of the HEXOS team, | have obtained access to the SgrB2-M datalysis of the HCN lines from the first part of
these data (bands 1a, 1b, 2a, 4b) was published ififRetl al. (2010, next sections). Additional frequencies and
lines from HNC and HCO are presented in Sect. 4.8.

Modeling: On the basis of previous modeling with RATRAN that | have parfed for the APEX data (Chap-
ter 3), | was able to first construct a physical structure fitmthe HIFI baseline levels. Second, HCN abundance
and velocity field were adapted to fit the HCN lines. The modetsspherically symmetric, with power-law density
gradient and central heating.

Results: The asymmetries of the self-absorbed HCN lines changemagsigally with J: From a blue profile at
low J to a red profile at highd. This could be reproduced by a model whose velocity field gearfrom infall in

the outer parts to expansion in the inner parts. This findiggssts that the gravitational infall is reversed close to
the center of the forming cluster, owing to feedback fromrtfessive stars.

4.2 Abstract

Aims: To investigate the accretion and feedback processes invaastar formation, we analyze the shapes of
emission lines from hot molecular cores, whose asymmaetaes infall and expansion motions.
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Methods: The high-mass star forming region SgrB2(M) was observel Mérschel/HIFI (HEXOS key project)

in various lines of HCN and its isotopologues, complemelge&PEX data. The observations are compared to
spherically symmetric, centrally heated models with dgrmiwer-law gradient and fierent velocity fields (infall

or infall+expansion), using the radiative transfer code RATRAN.

Results: The HCN line profiles are asymmetric, with the emission péuitisg from blue to red with increasing
J and decreasing line opacity (HCN td3&N). This is most evident in the HCN 12—11 line at 1062 GHz. Skhe
line shapes are reproduced by a model whose velocity fieldgdsafrom infall in the outer part to expansion in
the inner part.

Conclusions: The qualitative reproduction of the HCN lines suggests itfi@all dominates in the colder, outer
regions, but expansion dominates in the warmer, inner nsgidVe are thus witnessing the onset of feedback in
massive star formation, starting to reverse the infall andllff disrupting the whole molecular cloud. To obtain
our result, the THz lines uniquely covered by HIFI were catly important.

4.3 Introduction

Massive stars form deep inside molecular clouds. While thiscores the process at infrared or shorter wave-
lengths, it dfers the possibility of investigating high-mass star folioratising dust emission and molecular lines
from the radio to the far-infrared. The shapes of molecultad are a particularly powerful tool, since they trace
the density and temperature gradients as well as the welioeld. Even when the cores are not spatially resolved,
radiative transfer modeling of a variety of lines can caaisttheir structure. The unique spectral coverage of HIFI
opens up the full potential of this technique, since bothetkatation of rotational transitions and the dust opacity
increase with frequency. While the former allows us to stuigyhér temperatures and densities, the latter leads to
stronger continuum radiation, thereby facilitating thedarction of absorption features.

A particularly important stage of high-mass star formati®ithe hot core phase. When massive stars begin
burning hydrogen, they are still accreting and surroundedemse molecular gas, which is heated and emits a rich
spectrum of molecular lines. Various feedback mechanisaasation pressure, pressure increase due to ionization,
stellar winds, bipolar outflows) push the gas outwards. IFirthais dominates over gravitational accretion, and the
molecular cloud is disrupted.

The giant molecular cloud Sagittarius B2 is the most massidkactive star-forming region in our Galaxy. It
is located close to the Galactic center at a distance of T&Rpid et al. 2009). SgrB2(Main) is a tight cluster of
ultracompact h regions (Gaume & Claussen 1990), associated with a massivadiecular core. Its luminosity
is estimated to be.8 x 10° L, (Goldsmith et al. 1992), the most luminous hot core of thea®al Both infall and
a decelerating outflow were seen by Qin et al. (2008).

In this paper, we present new results for the velocity fiel&gfB2(M), based orlerschelHIFI observations
of HCN and complemented by APEX data.

4.4 QObservations

Herschelis a new space observatory with a 3.5 m antenna operatindpairsuo far-infrared wavelengths (Pilbratt
et al. 2010). Its spectral line receiver is HIFI (Heterodymgtrument for the Far Infrared, de Graauw et al. 2010).
The guaranteed time key project HEXOSefschelHIFI Observations of EXtraOrdinary Sources, Bergin et al.
2010) includes a full line survey of SgrB2(M {000 = 17'47M20.35° and 30000 = —28°2303.0”). In March
2010, this was started with HIFI bands 1a, 1b, 2a, and 4b,igiray coverage of the frequency ranges 479
726 GHz and 105% 1121 GHz. Each band contains one rotational transition fit®N, H'3CN, and HG®N
(Fig. 4.1), and two rotational transitions within their fiksgbrational state, which lies around 1000 K higher in
energy (Fig. 4.2). Transition frequencies of HCN (Thortviet al. 2003a; Fuchs et al. 2004) are taken from CDMS
(Muller et al. 2001, 2005). HIFI spectral scans are carriedrodtual beam switch (DBS) mode, where the DBS
reference beams lie approximatelyapart. The wide band spectrometer (WBS) is used as a baclpendgling

a spectral resolution of 1.1 MHz over a 4-GHz-wide intermagglfrequency (IF) band. To allow separation of the
two sidebands, bands 1a, 1b, 2a, and 4b were scanned witlhiredaetty of 4, 8, 8, and 4, respectively (Comito
& Schilke 2002). The data were calibrated using the stanggreline released with version 2.9 of HIPE (Ott
2010), and subsequently exported to CLAS8ing the HiClass task within HIPE. Deconvolution of the DSB

IHerschelis an ESA space observatory with science instruments prowigd€uropean-led Principal Investigator consortia and iitpor-
tant participation from NASA.
2Continuum and Line Analysis Single-dish Softwaistributed with the GILDAS software, see hffpmww.iram.f/IRAMFR/GILDAS.
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Figure 4.1:HerschelHIFI observations of HCN in SgrB2(M). The green model hasrastant infall, the red model
has infall in the outer part and expansion in the inner regiote the diferent asymmetries in the lines, which are
reproduced by the red model. Upper state energies are stat@d the plot.

data into single-sideband (SSB) format was performed uSIngSS. All the HIFI data presented here, spectral
featuresand continuum emission, are deconvolved SSB spectra. Thedragkand vertical polarizationsféiér by
around 10%, and were averaged. The intensity scale is ne@miemperature, and results from applying a beam
efficiency correction of about 0.68.

APEX (Atacama Pathfinder Experiment) is a 12-m telescopatéatat 5100 m altitude in the Atacama Desert,
Chile, one of the optimal sites for submm observations orthE@Usten et al. 2006). The lines presented here
(Fig. 4.3) are from a study of the structure of 12 hot coredffRet al. 2010, in prep.). Since the baseline levels in
the ground-based data are not determined reliably enougktitact the continuum, the 8bfh continuum is taken
from ATLASGAL (Schuller et al. 2009).

4.5 Modeling

The spherical Monte Carlo radiative transfer code RATRANdEIrheijde & van der Tak 2000) was employed to
compute the molecular lines and the dust continuum. Usirtpeative by-eye comparison, the fit to the data was
obtained in two steps. First, the physical structure (dgmsid temperature) was adapted to match the continuum.
Second, the HCN abundance and the velocity were optimizetthédines.

The model we present here is centrally heated, its denditywimg a radial power law with index 1.5. The
dust opacity was taken from Ossenkopf & Henning (1994), evitreither ice mantles or coagulation. At the inner
radius, 1340 AU, the density is x&0° cm™ and the temperature is 1500 K. The temperature was computed i
approximate way from central heating, using thuwliion equation in the inner part and balance between heating
and cooling in the outer part, assuming dieetive temperature for the dust photosphere of 58 K. The ¢eatpre
has a steeper gradient in the inner part, and failto20 K at the outer radius of 5.6 pc, where the densitydst?
cm 3. The model reproduces the continuum very well (Table 4t$)céntral dust optical depth is 0.4 at 345 GHz,
0.8 at 500 GHz, 1.5 at 700 GHz, and 3.7 at 1.1 THz.

To compute the lines, we used a turbulefat Aalf width of 7 knis (12 kmis FWHM). The lines were addition-
ally broadened by their high optical depth. We found no avideof significant variations in the turbulent width
with radius. The HCN abundance increases with temperatane 10 at temperatures below 100 K, tox3078
between 100 and 300 K, to<30~' at temperatures above 300 K. The first jump is mainly neededpmduce
the intensities of the isotopologues and of vibrationakgieed HCN, the second jump serves to fit vibrationally
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Figure 4.2:HerschelHIFI observations of vibrationally excited HCN in SgrB2(Mjverlaid with the pure-infall
(green) and the expansieimfall model (red). The kinematics are not well constrainedhis hot, innermost
region.
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Figure 4.3: APEX observations of HCN in SgrB2(M), overlaidttwthe pure-infall (green) and the expan-
sion+infall model (red). Although less clear than in the HIFI datee same asymmetry change can be seen.
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Figure 4.4: Sketch of the scenario described in the texthénouter parts of the cloud, infall dominates. In the
inner part, feedback has set in, in this example envisiosadudtiple outflows, and gas is expelled from it. At the
same time, infall continues along certain paths.

Table 4.1: Continuum fluxes of SgrB2(M) and the model.

Frequency Beamsize SgrB2(M) model
[GHZ] ['] (K] (K]

345 18.2 3.8 3.5
500 43.1 2.4 2.4
600 35.9 3.8 3.8
700 30.8 5.7 5.7
1100 19.6 14.6 14.2

Notes.The first row is the 85@m flux from LABOCA on APEX, which contains also lines. The next rows tire baseline
levels at the given frequencies in HIFI bands 1a, 1b, 2a and 4b. 83wibe level of HIFI is a reliable continuum measurement,
since it is as strong as saturated absorption lines and compares well aitidgbased continuum data.

excited H3CN. These jumps could be due to evaporation of ice mantle®aintreased chemical production.
We used &?C/*3C ratio of 20 and“N/*>N of 600 (Wilson & Rood 1994). The green model has a constdali in

velocity of 2 knmy's, and the red model has the same velocity in its outer partgrbexpansion in its inner parts.
Figure 4.5 shows the velocity field. We note that the exacpstwd this, particularly the transition from infall to

outflow, is not constrained by the observations, hence ngléhe true velocity field by adopting this spherical
approximation is an oversimplification (see Fig. 4.4).

A comparison with the observations (Figs. 4.1, 4.2, andgh8jvs that the red model reproduces more closely
the observed features. In particular, to reproduce thegd®min the asymmetry that occur both from lower to
higher J and from higher to lower optical depth (from HCN 6e53+-3CN 6-5), a change in the velocity field is
required, from infall in the colder, outer parts to expansiothe warmer, inner parts.

4.6 Discussion

We now discuss the velocity field and how it is physically deti@ed.
In a gravitationally contracting sphere with density polav indexp, a first guess and upper limit to the infall

speed would correspond to free fall, i.es(R) = ZG—"F:'(R), where the mass inside the radR& M(R) «« R®~P (for

p < 3), such that y « RZ". In our model, this free-fall speed is roughly (at a radiug gfit) 10 times higher than
the 2 knis of the model. Such high infall velocities can be excludethibse they would produce lines that are far
more asymmetric than observed.

The mass accretion ratd = vacdR)%, S0 e « RP-2 for a constant mass accretion rate. Hence, infall
accelerates in a spherical steady-state model with 1.5. However, an accelerating infall, at least in the inner
part, is inconsistent with the data. For simplicity, we ahasconstant infall velocity, corresponding to accretion
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Figure 4.5: Physical structure of the model. Density istplibtas dashed green, temperature as dotted blue. The
velocity field of the infalkexpansion model is shown as the solid red curve (the infatlehlbas a constant velocity
of -2 knys). At the transition between infall and expansion, the terature is 65 K and the density isB0° cm 2.

rates onto the cluster o5A0°1 My/yr at the outer boundary and TOM/yr at a radius of 19AU. The excretion
rate reaches»81072 My/yr at 2x10* AU.

The real velocity field must be non-spherical, and infallldosell continue in the inner part (see Fig. 4.4 and
also Qin et al. (2008)). The peak on top of the HCN 12-11 absorgFig. 4.1) could be a hint of that infall.
Since the HECN transitions are less asymmetric than modeled pointsahditection, one may suspect that a
linear combination of the pure infall and expanding modedsila produce the line spectra very well. For the HCN
lines, because of their high optical depths, such a linearbigation of intensities does not naturally reproduce
the observed spectra; more sophisticated modeling, inhwlie abandon the spherical approximation, would be
required. For overlying model and data (Figs. 4.1, 4.2, aB}jl e assumed a source velocity of 64/kpalthough
60 knys would reproduce more closely the high-J lines. This blifé shabsorption towards higher J is consistent
with our picture of a velocity field changing from infall tojgansion, and is indicative of a deviation from spherical
symmetry.

While gravity is clearly responsible for the infall, there shalso be feedback mechanisms from newly formed
stars working against gravity, thus regulating star foraratThe velocity of the infalling envelope must be lower
than that of pure gravitational collapse by around 90%. Afram magnetic braking, turbulence induced by
bipolar outflows may be such a long-range feedback mechapiemiding the necessary pressure (Wang et al.
2010). The massive stars in the center dominate the luntynasid drive the expansion by means of stellar winds,
radiation pressure (including reprocessed light), antitgand ionization of the gas, in particular thermal pressu
of their Hu regions (Krumholz & Matzner 2009). Since in our model only d%4he total mass of ¥10° M, is
expanding, the outward momentum remains much lower thamti&rd momentum, indicating that feedback is
not yet able to disrupt the cloud.

4.7 Conclusions

The changing asymmetry of the HCN lines clearly indicatesvansal of infall. Expansion motions dominate in the

inner, warmer parts, and infall dominates in the outer, @ofthrts of the core. This can be naturally explained by
the onset of feedback from massive stars. Our radiativafieamodeling demonstrates the power of constraining
the source structure by fitting line shapes. A model that essfally reproduces all the features cannot have
spherical symmetry, and the exact geometry probably hag toohstrained by interferometric observations, to
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determine the free parameters. Although herschelHIFI data do not have the desired spatial resolution, they
place strong constraints on any such model, since they bawe teproduced.

We propose a scenario in which the cloud gravitationallyti@mts at significantly below the free-fall speed.
A star cluster forms by fragmentation and accretion. Thesstspecially the massive stars that dominate the
luminosity, provide various feedback mechanisms to caactethe contraction. The additional pressure, be it
thermal, radiative, or turbulent, decelerates the cotimacthen dominates first in the inner part, before finally
disrupting the whole cloud. SgrB2(M) is just beginning tivdrout the gas, while large-scale global infall and
probably also infall among very localized pathways in therfiior remains ongoing.

This study illustrates the importance of high-frequenagdi in constraining the source structure, and demon-
strates the great potential of HIFI, which delivers velpcisolved spectra at these frequencies. Ground-based
telescopes may not be able to reach high enough frequeniciesur case, detecting the HCN 12-11 line was
necessary in order to unambiguously trace the reversafaf,igo this result is unique to HIFI. We expect that a
systematic study of high-J HCN transitions, even highen tha 12—11 line seen here, with a high signal-to-noise
ratio, and toward a sample of hot core sources, would beyigitarding in finding more sources in this particular
stage of evolution.
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4.8 Additional Information

4.8.1 HCN: More Frequencies

After appearance of the paper, more bands were observegimog additional HCN lines. Figures 4.6 and 4.7
show these lines as well, overlaid with the indakpansion model. In the high-frequency bands (6 and 7), a bad
baseline due to standing waves prevents a reliable coroparis

The new collisional rates of Dumouchel et al. (2010) do nokera big diference, since | was already using
rates provided by Faure & Wernli (2007, priv.comm.) inste&the old ones from Green & Thaddeus (1974).

4.8.2 HNC

HNC as an isomer of HCN is routinely observed in cold molecgkss, including in galaxies. It is however an
energetically unfavorable isomer: In chemical equilibriuone would expect 10% of HCN to be in the form of
HNC at 2500 K, and a negligible fraction at much lower tempees (Barber et al. 2002). However, interstellar
molecules are not in chemical equilibrium, and the HBNC ratio is significant even at very low temperatures.
In hot (>100 K) molecular gas the HNC abundance is still poorly caiséd, although it is generally believed that
the HCNHNC ratio is high in hot gas (Schilke et al. 1992). The HEINC ratio is not yet understood, and poses
a prominent challenge for astrochemical models.

In this context, the detection of vibrationally excited Hi{&hich was first detected by Schilke et al. (2003) in a
proto-planetary nebula) and even M8 in the HIFI SgrB2-M data is very interesting. Although #si’only’ 670
K above the ground vibrational state (instead of 1000 K incth&e of HCN), this means that there is a significant
amount of HNC in the warm gas.

Using the same model structure as for HCN (see Fig. 4.5),thefaee parameter left is the HNC abundance.
With the HNC collsional rates of Dumouchel et al. (2010), asanable fit could be obtained with an HEMWMC
ratio of 3, a somewhat better fit with an HNC abundance »f1®° below 300 K and % 1078 above 300 K. This
jump is especially required for the vibrationally excite8lHC, whose vibrational level energies and Einstein A
values were assumed to be the same as for HNC and whose fosegierere predicted by S. Thorwirt, based on
infrared data.
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Figure 4.10: HCO lines in SgrB2-M, observed with HersclidIFl. The model output is overlaid in red. A source
velocity of 60 kmis was assumed.

Figs. 4.8 and 4.9 show the spectra overlaid with the lattedlehoThe*N/*°N ratio of 600 (Wilson & Rood
1994) might be too high, as the Bl and H®NC spectra suggest a high€N abundance (or a larger extension
of very high column densities).

4.8.3 HCO'

HCO" has a similar level structure and line strengths as HCN, $andon (protonated CO) it has a veryfdrent
chemistry. As for HNC, it is believed that this molecule hdsva abundance in hot, dense gas, but it has not been
well constrained observationally. With the HIFI data seSgfB2-M, it is possible to constrain the abundance at
the high temperatures.

The HCO vibrational state lies at around 1200 K above ground, 170 d&dr in energy than HCN. It is
guestionable whether the transitions are detected in tti@se Figures 4.10 and 4.11 show the spectra overlaid
with a model that has the same physical structure and an*H®0ndance of 16 below 50 K and 5 107° above.

4.8.4 Variation of the abundances

Figure 4.12 shows thg? resulting from variations of the HCN, HNC, and HC@bundance values. Jump tem-
peratures of 50, 100, and 300 K were fixed, and the abundaribe four temperature regimes was independently
varied by+20, 40, and 60%.

The rather flag? demonstrates that the abundance values are not well coestralthough in some cases the
line shapes favor the central (original) value. This is dtsocase for HNC between 100 and 300 K, whereythe
would suggest a lower abundance (meaning less absorptiba lighd transitions). The HCOabundance above
100 K was, for simplicity, assumed to stay the same as bel@Kl®owever, a lower abundance fits better to the
lines from vibrationally excited HCQ whose detection is questionable.

4.8.5 Summary

The model fits reasonably well to the HCN an&*&N lines from the other bands, which supports the results and
conclusions drawn in the paper.

The model also fits to the HNC and HC@nes when the molecular abundances are adapted. It iegiieg
to compare those abundances with HCN (Table 4.2). The HIGIE ratio is at least 3, with some higher value at
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Table 4.2: Abundances derived in SgrB2-M, relative to H

Molecule | <50 K 50-100 K 100-300 K >300 K
HCN 1(8)  1(-8) 3(8) 3(-7)
HNC 3(:9)  3(-9) 3(-9) 7(-8)
HCO" 1(-9)  5(-9) 5(-9) 5(-9)

Notes.The numbers in parentheses are powers of 10.

the high temperatures-{00 K). The detection of vibrationally excited H?C requires higher HNC abundances
in the hot gas, as was also derived for HCN. This suggestsraichkconnection between the two species.

HCO", on the other hand, seems chemically unrelated to HCN and.HNEself-absorption is not very deep,
which suggests a lower abundance at low temperatures. €ha/ior is also predicted by Garrod et al. (2008). At
high temperatures, the constant abundance adopted in el im@ather an upper limit, and would be much lower
if the spectral features (Fig. 4.11) do not originate frotorationally excited HCO.

The abundances were derived using a manual method, i.egiclgethe parameters by hand and comparing to
the data by eye. This method cannot search the parameter, specan error estimates be given. As a hint on the
errors, they? was computed for dlierent variations of the abundances. The exact abundanoesvate not well
constrained, and it is entirely possible that fiatient combination of abundances would fit better to the data.
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VLA paper: Hot HCN around young
massive stars at 0.1 resolution

Sections 5.2 to 5.8 appearedAstronomyé Astrophysics Rolffs, R., Schilke, P., Wyrowski, F., Dullemond, C.,
Menten, K. M., Thorwirth, S& Belloche, A. 2011, &A, 529, A76 (Rolffs et al. 20114, received 19 January 2011
/ accepted 3 March 2011)

5.1 Overview

Telescope: The VLA (Very Large Array) is a radio interferometer that s@sts of 27 antennas with 25 m diam-
eter each. It is located in New Mexico and operated by NRACtildal Radio Astronomy Observatory). The
interferomter cycles through fourféérent configurations, with transitions every four monthke Teceiver with
the shortest wavelength works at around 7 mm. The limitataiithe backend (small bandwidth and few channels)
are currently overcome by new receivers in the expanded \ofept (eVLA), covering 1.2 to 50 GHz. Additional
data come from the fielsberg 100-m radio telescope in the Eifel mountains neanBmd the IRAM (Institut de
RadioAstronomie Millingtrique) 30-m millimeter-wave telescope on the Pico Vetetar Granada, Spain.

Observations: The direct(-type line of vibrationally excited HCN was observed towértee sources in 2009
during the transition from the most extended (A) to the nBjtdonfiguration. This BnA configuration, where the
northern arm is still more extended, provides a more cirdudsm for southern sources.

Modeling: The three-dimensional dust and line radiative transfeed®dDMC-3D was used to manually adjust
models to fit the data. First, thenHlegions, visible in the continuum, were reproduced. Sectheddensity in the
model was adapted in order to reproduce the line data (fod fdbeindance of HCN).

Results: Both absorption against hypercompact t¢gions and emission from their surroundings was detected,
implying large column densities of hot HCN and large mas$ésigas. The models reproduce the data reasonably
well, with heating only by stars in theitregions and a Gaussian distribution of gas around them.

5.2 Abstract

Massive stars form deeply embedded in dense molecular dish whey stir and heat up and ionize. During an
early phase, the ionization is confined to hypercompactégions, and the stellar radiation is entirely absorbed
by dust, giving rise to a hot molecular core. To investighteihnermost structure of such high-mass star-forming
regions, we observed vibrationally excited HCN (via thesdi¢-type transition ofr,=1, AJ=0, J=13, which lies
1400 K above ground) toward the massive hot molecular cofés43+0.03, SgrB2-N, and SgrB2-M with the
Very Large Array (VLA) at 7 mm, reaching a resolution of abd®00 AU (Q1”). We detect the line both in
emission and in absorption against Fegions. The latter allows to derive lower limits on the eoludensities

of hot HCN, which are several times ¥0cm™2. We see indication of expansion motions in G16-¢03 and
detect velocity components in SgrB2-M at 50, 60, and 70 kKhrslative to the Local Standard of Rest. The
emission originates in regions of less than 0.1 pc diametemal the hypercompactiHegions G10.4¥0.03 B1
and SgrB2-N K2, and reaches brightness temperatures oftmame200 K. Using the three-dimensional radiative
transfer code RADMC-3D, we model the sources as dense diest heated by stars in thaildegions, and derive

73
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Table 5.1: Observational summary

Source Pointing center Continuum béam Line bean rms 1kms™®  rmscont  rmsint. liné
RA(J2000)  Dec(J2000) (%) () (mJyBeam) (K) (K km s?)
G10.47#40.03 180838.236 -195150.3 .12x 0.06;82 014x0.1; 69 2.3 45 900
SgrB2-N 17 4719.902 -282217.8 .12x0.08;60 015x 0.11;51 3.0 75 1300
SgrB2-M 1747 20.202 -282305.3 .12x0.08;63 015x 0.11;51 3.3 95 1400

Notes. @ Different weighting schemes were used for continuum and line images. dajoninor axis and position angle are
given. ® rms noise in 1 km ¥ channel, continuum and integrated line maps (Figs. 5.2, 5.4, andThé)noise is evaluated
over a box from-2 to—1” in both RA and Dec relative to the phase center.

masses of hot{300 K) molecular gas of more than 100 solar masses (for an H&iidnal abundance of 1¥),
challenging current simulations of massive star formattdeating only by the stars in thenHtegions is sfficient
to produce such large quantities of hot molecular gas, gea/that dust is optically thick to its own radiation,
leading to high temperatures througfffdsion of radiation.

5.3 Introduction

The formation of massive stars occurs deep inside denseculatecloud cores. The high luminosity of massive
(proto)stars stirs and heats up the surrounding gas, lg#alihe evaporation of ice mantles around dust grains and
to high degrees of excitation of the molecules. This stagst,grior to ionization and destruction of the molecular
gas, is characterized by strong line and dust emission fraomgact region, and is called a hot molecular core
(e.g. Cesaroni 2005). Since these sources are short-tivegl,are rare and hence far away, which hampers the
determination of their physical structure (density, terapgre, velocity, molecular abundances). Nonetheless,
such knowledge is a key information for understanding tloe@ss of massive star formation (Zinnecker & Yorke
2007) and for the interpretation of molecular line surveyg (Schilke et al. 2006; Belloche et al. 2007; Bergin
et al. 2010), and has been constrained by radiative trangfdeling of both single-dish (e.g. Hatchell & van der
Tak 2003; Radffs et al. 2011b) and interferometry observations (e.g. ©Osdral. 2009).

Especially interesting is the hottest molecular gas, wictiosest to the heating sources. A good tracer is
vibrationally excited HCN\,=1), whose rotationally excited levels ke1000 K higher in energy than the ground
vibrational state, and which has transitions in the cm-wagéme, whose radiation is not obscured by dust. These
so-called direct-type transitions are intrinsically weak, but have beerckeid in Galactic high-mass star-forming
regions (Thorwirth 2001) as well as toward the proto-planehebula CRL618 (Thorwirth et al. 2003b) and the
starburst galaxy Arp220 (Salter et al. 2008).

Obviously, this hot gas is very compact, and high spatialltgi®n is needed to investigate it. In this paper, we
present VLA observations (with among the highest resahuieer obtained for thermal molecular line emission)
of three massive hot cores which have strong HCN difetyipe lines (as measured with théf&sberg 100-m
telescope, Sect. 5.5.4). The sources are GXDAB (e.g. Wyrowski et al. 1999), which lies at a distance®b1
kpc (Pandian et al. 2008) and has a luminosity of aboxatl?® L, (Cesaroni et al. 2010), and SgrB2-N and -M
near the Galactic center at 7.8 kpc distance (Reid et al.)2008ch have total luminosities of abou#8< 10° and
6.3 x 1P L, respectively (Goldsmith et al. 1992). All sources aressievery active high-mass star formation
and contain severalitegions.

After describing observations and data reduction (Sed}, %ie present the results (Sect. 5.5) and the radiative
transfer modeling (Sect. 5.6), discuss the implicatiores({35.7) and draw conclusions (Sect. 5.8).

5.4 Observations and data reduction

5.4.1 VLA

With the National Radio Astronomy Observatory’s (NRAGSery Large Array (VLA) in its BnA configuration
we observed three massive star forming regions in the dirggte line of vibrationally excited HCN at 40.7669
GHz (project AR687). This transition connects the two levafithev,=1, J=13 doublet, whose energies lie 1411
and 1413 K above the ground state, respectively.

Each of the sources was observed during LST 15-21; G30.48 on 2009 January 30, SgrB2-M on January
31, and SgrB2-N on February 1. Bandpass calibration was dor8C279 and 3C454.3, and primary flux cali-

1The National Radio Astronomy Observatory is a facility of thational Science Foundation operated under cooperatirgeament by
Associated Universities, Inc.
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bration on 3C286. The observations were performed in fagtising mode with 150s on the source and 30s on
a phase calibrator (1755-225 for G10:00703 and SgrA* for SgrB2), yielding an on-source integnatione of
about 4.5 hours per source. For amplitude calibration, 4/&B(G10.440.03) or SgrA* (SgrB2) was observed
every 20 minutes, and reference pointing was done everydrotitese sources.

For G10.440.03, we centered one IF with 6.25 MHz bandwidth at 40.762 (BHifted from the rest frequency
due to the apparent source motion) and one with 25 MHz banbveiti40.78 GHz to increase the continuum
sensitivity. For the SgrB2 sources, the line is broader, saused two overlapping IFs with 6.25 MHz bandwidth
centered at 40.761 GHz and 40.765 GHz. The channel widti7&skin s*.

Calibration and editing was done in AIPS: Bad data pointsewirgged; phase, amplitude, and flux were
calibrated using the continuum data of the calibrator sesjrand bandpass calibration was applied. In MIRIAD
(Sault et al. 1995), Doppler correction was done and theraklarwere averaged to a width of 1 kit scovering
LSR velocities of 48—87 km$ in G10.47%-0.03 and 27-93 knt$ in SgrB2. The continuum was fitted using line-
free channels (excluding 58—77, 44-80, and 42—82 ¥nmnsG10.47%-0.03, SgrB2-N, and SgrB2-M, respectively)
and subtracted from the line data. Imaging was done with sfionaiform weighting for continuum maps (MIRIAD
robust parameter -2, resulting in beams df20 x 0.06” for G10.47 and 12" x0.08” for SgrB2) and more natural
weighting for line maps (robust 0.5, resulting in beams.@#0 x 0.1” for G10.47 and (5" x 0.11” for SgrB2).
For total fluxes and lower noise levels, the continuum was iateged in natural weighting.

A pixel size of 0.02 and a cutff for cleaning of twice the rms noise in the image was used. eTakl
summarizes beam sizes and noise levels.

For G10.440.03, the continuum clean components were used to sebiratdi the phases and apply the so-
lutions to the line data. The absorption lines in this sowese almost invisible before self-calibration. The
procedure did not improve the SgrB2 data, presumably dueetgaod calibration with SgrA* only 07away. All
figures shown in this paper were created with the GILDAS saxfelv

5.4.2 Hfelsberg

With the Hfelsberg 100-m telescope of the Max-Planck-InstifutRadioastronomie, we observed several sources
in HCN direct(-type lines in 2000 (Thorwirth 2001), 2002, and 2007. Thedimvere thel=9 transition at 20.18
GHz, J=10 at 24.66 GHzJ=11 at 29.58 GHz, and=12 at 34.95 GHz. Beam sizes are 37, 31, 26, ar] 22
respectively. Pointing was done on nearby quasars, anctisate to about YQ The diferent polarizations and
scans were averaged, and a baseline was subtracted by ditfialynomial of order 0 to 5 to line-free channels.
The noise tube units measured by the telescope were coterfiixes by comparison with a source of known
flux, mostly NGC7027 (Ott et al. 1994), which was observedeoper day. To correct the deformation of the
telescope at low elevations, the resulting flux was mutipby an additional factor qfl — 0.01x (30° — elv))*
(Gallimore et al. 2001), which is 1.25 at an elevation of, 2@pical for SgrB2.

The observations were complemented by data from the miimgave line survey of SgrB2 with the IRAM
30-m telescope (Belloche et al. 2008).

5.5 Results

For each source we show spectra (Fig. 5.1), continuum aegdratied line maps, as well as position-velocity
diagrams. Absorption lines are summarized in Table 5.2 amdsgon lines in Table 5.3.

From Gaussian fits to the absorption lines, lower limits om ¢iptical depthr and on the column density
of hot HCN can be derived: The line-to-continuum ratioei$ if line emission can be neglected, i.e. if the
beam-averaged (excitation) temperature of the absortasgsgmuch lower than the beam-averaged background
brightness temperature - else the line-to-continuum iatiarger thare™*. The background radiation is provided
by free-free emission from ionized gas of around KQ which is at least an order of magnitude larger than the
temperature of the absorbing gas. However, the observeahaam is lower than 10K due to optically thin free-
free radiation in parts of the beam (see e.g. Cesaroni e2@l0] for spectral energy distributions ofillegions
with density gradient). Additionally, the hot molecularsgasould emit over the whole beam. Therefore, the real
optical depths can be much higher than derived from thetbresntinuum ratio, and the values given in Table 5.2
are only lower limits.

Fromt and the observed line widthv (FWHM), the HCN column density can be derived, assuming Local
Thermodynamic Equilibrium (LTE, see also Sect. 5.6.1) amageraturd : Using

C2

hy
7= 25 NAD (e - 1) (5.1)

2httpy/bima.astro.umd.edoniriad
3http;//www.iram.fr/lRAMFR/GILDAS
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Figure 5.1: Thev,=1, J=13 direct{-type line of HCN observed toward several positions in GI83103 (left
column), SgrB2-N (central column), and SgrB2-M (right o). The emission lines are averaged over the areas
shown in Figs. 5.2, 5.4, and 5.6, while the absorption lime®aserved with the beams given in Table 5.1. Overlaid
in green are Gaussian fits, whose parameters are given iaslall and 5.3. The vertical dashed lines mark the
assumed systemic velocities.
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Figure 5.2: VLA maps of G10.4#0.03. The 7mm continuum emission is shown on the top, thgiated line map

on the bottom (beams are depicted in the lower left). Costdenote 3 and 6 levels of the naturally weighted
continuum (white, top) and of the integrated line emissionvolved to 0.28 resolution (black, bottom). The
white crosses give the positions toward which the absarsjmectra were obtained and the white boxes the area
over which the emission spectra are integrated, shown irbiFlg The arrow denotes the direction along which the
position-velocity plot of Fig. 5.3 was obtained. The mapesg?2.%’, about 0.13 pc.
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Table 5.2: Parameters of absorption lines shown in Fig. 5.1

CHAPTER 5. VLA

Hu region RA Dec. cont. line widtt?  velocity  ling/cont. T HCN column density
(J2000) (J2000) (K) (km3) (kms?) (cm?)
G10.47#40.03B1 180838.243 -195150.22 2600 18.9 65.8 0.72 0.33 %.5(1
G10.47#40.03B2 180838.22 -195150.62 1800 18.5 66.4 0.776 0.25 NDi(1
G10.47#40.03A 180838.188 -195149.74 750 10.3 68 0.67 0.4 3.6(19)
SgrB2-N K2 174719.882 -28221845 1150 10.0 63.6 0.16 1.83 6(2@)
SgrB2-N K3 1747 19.902 -282217.18 1200 7.3 64.3 0.652 0.43 8(19)
SgrB2-M Flc 1747 20.126  -282303.9 2650 11.5 60.4 0.664 0.41 .1(19)
SgrB2-M Fle 1747 20.131 -282304.02 2300 9.2 60.9 0.474 0.75 1(19)
SgrB2-M F1f 17 47 20.147 -282303.88 3500 15.3 55.2 0.714 0.34 4.4(19)
SgrB2-M F3 17 47 20.172 -282304.58 5350 6.7 71.2 0.696 0.36 1(19)

Notes.The beam size is.04” x 0.1” for G10.47%0.03 and Q15" x 0.11” for SgrB2. The rms on 1 knT§ channels is 120-150
K. Results of Gaussian fits and lower limits on the optical dep#imd on the column density of hot HCN are givé®.The
continuum flux density is the brightness temperature at the given locatitins lime maps (which have a larger beam than the
pure continuum maps). To convert from K to rfBgam, one has to divide by 53 for G10+4¥.03 and by 45 for SgrB2? Full
Width at Half Maximum (FWHM) of the Gaussidfi The numbers in parentheses are powers of 10.

Table 5.3: Results of Gaussian fits to the emission lines shiowig. 5.1

field line widtt*  velocity intensity
(kms?t)y (kms?) (K)
G10.470.03 south-B1 9.7 69.4 200
G10.470.03 west-B1 10.8 67.1 170
SgrB2-N east-K2 14.9 65.9 100
SgrB2-N west-K2 22.9 67.3 100
SgrB2-N south-K2 11.9 62.9 100
SgrB2-M north-F3 6.8 62.4 100

Notes. @ Full Width at Half Maximum (FWHM) of the Gaussian

with frequency = 40.7669 GHz, Einstein A cdicientA, = 3.75x 108 st and profile function at Gaussian line

centerd = @ A—ZV ~ %‘, the total column densitil can be obtained from the column density in the upper
state g ]
Ny = N——_e (5.2)
QM)

inserting the statistical weiglf, = 2J + 1 = 27, the energy of the upper levE|, = 1413 K, and the partition
function Q(T) (Barber et al. 2002). The temperature has two competiferts on these equations: While a
higher temperature raised,, it lowers the population tierence between upper and lower level (last factor of
Equation 5.1). For givem andAv, a minimum ofN is reached around 500 K, while twice as many molecules are
required at around 300 and 1000 K, and 10 times as many at 200820 K (100 times at 140 K). In Table 5.2,
we give this minimum, which can be regarded as a lower limithencolumn density of hot HCN. Only if the level
population dfference is higher than expected from LTE, the true HCN coluemsity would be lower.

5.5.1 G10.440.03

The 7mm continuum (Fig. 5.2 top) shows the two hypercompactdgions B1 and B2 as well as the cometary-
shaped ultracompactittegion A (see also Cesaroni et al. 2010). The total fluxes @ma3/ for B1, 48 mJy for
B2, and 79 mJy for A.

The integrated line map (Fig. 5.2 bottom) shows the absmr@nd the distribution of line emission, which is
concentrated around B1 and especially strong between BBand he absorption lines toward B1 and B2 have
a component at lower velocities than the systemic veloditground 68 km st (derived from emission lines),
indicating expansion motions (Figs. 5.1 and 5.3).

5.5.2 SgrB2-N

The continuum map (Fig. 5.4 top) shows K2 and K3 (Gaume et%85) with fluxes of 70 and 140 mJy, respec-
tively. Outside of the range shown in Fig. 5.4, we also deetK1 (as a north-south elongated, 0.ong Hu
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Figure 5.3: Position-velocity diagram of G10:47.03, along the arrow shown in Fig. 5.2. The velocity of 68
km st is marked as a dashed line, and the color scale is centergd.at 0

region of around 100 mJy), and a 10 mJy point source at R.A71¥9.905, Dec. -28:22:13.46'(4orth of K3).
This latter source is associated withHCN emission at 75 km$ and 3mm continuum detected by Liu & Snyder
(1999). We note that emission from complex molecules (ssciinaino acetonitrile, Belloche et al. 2008) peaks
at K2.

The integrated line map (Fig. 5.4 bottom) shows wide-spigademission around K2. Toward K2 itself,
the line absorbs over 80% of the continuum, implying an emarsroptical depth (Fig. 5.1 and Table 5.2). The
southern part seems to have a bit lower velocities than thtbemm part (Figs. 5.1 and 5.5).

5.5.3 SgrB2-M

The continuum map (Fig. 5.6 top) resembles the one obtaipet:lPree et al. (1998). This source consists of a
whole cluster of hypercompactiHegions, including F3 with 1.3 Jy and F&f with about 0.5 Jy.

Line absorption is concentrated toward the strongest ssuUféd and F3 (Fig. 5.6 bottom). Toward F1, the line
is at 60 km st with a component at 50 kntin F1f (Fig. 5.7 top). A northeast-southwest velocity geadifrom
69 to 73 km s* over 0.3 (2300 AU) is detected in F3 (Fig. 5.7 bottom). In addition he tines from Fig. 5.1,
there is a possible absorption line toward F2 at 57 khwsth a width of 7 km s* and a line-to-continuum ratio of
0.8. Although not visible in the integrated line map, theralso line emission present, as seen by averaging over
a field outside the Hregions.

5.5.4 Single-dish data

We investigated several sources with th&esberg 100-m telescope for HCN dirgetype transitions, with no
detections in G31.440.31, G34.260.15, W3(HO), and W51d. Toward W51e, thle-12 line was detected (with
half the intensity of G10.4#0.03), but the loweg transitions are questionablé<9 at least 10 times lower than
in G10.47%0.03). Clear detections in Galactic star-forming regiomrseronly made in Orion-KL, G10.40.03,
SgrB2-N, and -M. These latter three sources are shown in5R8g.with additional IRAM 30-m data for SgrB2.
J=19 is contaminated by amHecombination line whose frequency corresponds+@@km s higher velocity.
J=20 is blended with a transition of ethanol in SgrB2-N and gagsvith Hey in -M.
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Figure 5.4: VLA maps of SgrB2-N. The 7mm continuum emiss®sghown on the top, the integrated line map
on the bottom (beams are depicted in the lower left). Costdenote 3 and 6 levels of the naturally weighted
continuum (white, top) and of the integrated line emissionvolved to 0.28 resolution (black, bottom). The
white crosses give the positions toward which the absarsjmectra were obtained and the white boxes the area
over which the emission spectra are integrated, shown irbiFlg The arrow denotes the direction along which the
position-velocity plot of Fig. 5.5 was obtained. The mapesz3.%’, about 0.13 pc.
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Figure 5.5: Position-velocity diagram of SgrB2-N, along trrow shown in Fig. 5.4. The velocity of 64 km'ss
marked as a dashed line, and the color scale is centered at 0 K.

To compare our VLA data to the single-dish data, Fig. 5.9 shtiwe line integrated over the whole map of
Figs. 5.2, 5.4, and 5.6. The VLA flux in G10.43.03 and SgrB2-N agrees well with the expectations from the
Effelsberg data. In SgrB2-M, absorption dominates at low feegies, but in the IRAM 30-m data weak emission
can be seen. Emission also contributes to the VLA flux.

A bit puzzling is the dferent widths ofJ=9 and 10 in the Helsberg data of SgrB2-M: It is 20 kn'sin J=9
and only 6.6 km st in J=10 (Fig. 5.8). As we found no blending at tde9 frequency, this is probably due to
different ratios of the 50, 60, and 70 kit gomponents: Fod=10, the 60 km ' component dominates.

In SgrB2-N, also the highel-transitions with level energies up to 2100 K were clearlyedtd. This allows
to construct a rotation diagram (Fig. 5.10), yielding a temapure of 485 50 K and an HCN column density in
a 1” source of (3B + 2) x 10'° cm™2. Note that taking absorption and optical depth into accewmild lead to a
higher column density and a lower temperature, since hitélcts weaken especially the lowgiines.

5.6 Modeling

In an attempt to constrain the spatial structure of the hdeoutar gas, we constructed radiative-transfer models
that reproduce the observations. We employed a trial-aroa-technique and compared the model to the data
by eye. This method yields (at best) a model that is condistéh the data, but it cannot provide errors of the
parameters, and fierent models could fit as well. The three-dimensional ragigtansfer code RADMC-3H
was used to compute the radiation that a model emits. It alldaptive mesh refinement, following user-defined
criteria. Dust properties and the dust density distributis well as location, surface temperature and radius of
stars are given as input. The program then computes the elagetature by tracing photon packets which are
randomly emitted by the stars. Additional inputs are dgraitd temperature of ionized gas, the velocity field,
fundamental molecular data, and the molecular abundance.

4http1/www.ita.uni-heidelberg.d"edullemondsoftware!radmc-3d
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Figure 5.6: VLA maps of SgrB2-M. The 7mm continuum emissi®shown on the top, the integrated line map
on the bottom (beams are depicted in the lower left). Costdenote 3 and 6 levels of the naturally weighted
continuum (white, top) and of the integrated line emissionvolved to 0.28 resolution (black, bottom). The
white crosses give the positions toward which the absarectra were obtained and the white boxes the area
over which the emission spectra are integrated, shown irbiFlg The arrow denotes the direction along which the
position-velocity plot of Fig. 5.7 was obtained. The mapedg4’, about 0.15 pc.
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Figure 5.8: Single-dish spectra of G10+0703 (left), SgrB2-N (central), and SgrB2-M (right)=9 (20 GHz) to
12 (35 GHz) were observed with théf&lsberg 100-m telescop&=19 (85 GHz) to 22 (113 GHz) with the IRAM
30-m telescope. Beam sizes vary between 20 aridR¥the whole flux is received by the telescope.
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Figure 5.10: Rotation diagram for SgrB2-N, based on thelsidgh fluxes. The integrated line flux is source-
averaged for a source size df.IThe first four data points are frontlglsberg, the last four from IRAM 30-m; the
VLA flux fits very well to the expectation.

5.6.1 Assumptions

We use the dust opacity from Ossenkopf & Henning (1994) witlgsain mantles or coagulation. This is reason-
able assuming that ice mantles around dust grains haveataga@ompletely and recently, so that the grains have
had no time to coagulate again. Since the VLA continuum isidated by free-free emission, the data are not
sensitive to the dust emission and so we cannot constraidusteoptical depth, which is a combination of dust
opacity and density, through the dust emission. Howeverh#ating is stronglyfiected by the dust optical depth.

The temperature of the ionized gas is assumed to BeK1@vhich is the order of magnitude expected from
cooling by trace species. Aftierent temperature would require dfdrent electron density to account for the
observed fluxes.

The HCN molecular data are from Thorwirth et al. (2003a) akeén from the Cologne Database for Molecular
Spectroscopy (Mller et al. 2001, 2005). We use an HCN abundance of i€lative to B for our models. Since
we mainly constrain the density of HCN, afféirent abundance would requirefdrent dust densities (with the
gagdust mass ratio of 100). Dust continuum data (from the SMAjdate that the resulting dust densities are on
the right order of magnitude, which justifies this abundaagsumption.

The line radiative transfer assumes LTE (full non-LTE rédetransfer is also planned for RADMC-3D).
LTE is a reasonable assumption for the observed line as HEMNNtlizes to the ambient dust temperature: It is
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vibrationally excited by 14m radiation emitted by warm dust, which is very opticallycthat this wavelength due
to the high densities (an optical depth of 1 is reached afieun25 AU in a density of cm™2). In this warm
and dense environment, also the levels in the ground vilmalistate are thermalized by infrared pumping as well
as by collisions and radiative excitation. Deviations friifE occur at low temperatures, where the vibrational
levels are not populated anyway.

The models have no macroscopic velocity field. We assume staanintrinsic line width (microturbulence)
throughout the source, which reflects internal motions. rElselting spectra are shifted by the source velocity (68
km s for G10.47%0.03, 64 km st for SgrB2-N, 61 km s! for SgrB2-M Fle, and 71 knT$ for SgrB2-M F3).

5.6.2 Modeling results

To compare the model to the observational data, the synthetp produced by RADMC-3D, supplemented by
distance and coordinate information, is Fourier-tramsfed, folded with the uv coverage of the observations, and
imaged again. The first step of our fitting procedure is toodpce the observed continuum by creatingrelgions
whose sizes and densities are based on Cesaroni et al. 208)0.470.03 and de Pree et al. (1998) for SgrB2-
M. For SgrB2-N, we use similar models as for G16:8703 since the 1.3cm data of Gaume et al. (1995) are not
suficient in terms of angular resolution and wavelength. Siresdensities of the kregions are slightly modified

to fit the observed continuum. The hypercompaetréfjions B1 and B2 in G10.40.03 and K2 in SgrB2-N have
thus density gradients (withr1°> and outer radii of 1590 AU in B1, 950 AU in B2 and 1000 AU in K2)hite all
other Hi regions have constant densities.

Cesaroni et al. (2010) and de Pree et al. (1998) also givérapgpes of the exciting stars, which are converted
to luminosity following Panagia (1973). These stars heatst and are, for simplicity, placed in the plane of the
sky, except for two H regions in SgrB2-M. The dust density distribution is addptefit the line observations.
Figure 5.11 shows the column densities in X, y, and z dirastiof the three models that are described in the
following.

G10.470.03 The model consists of a clump centered at B1 whose denslow®la Gaussian with 2 10 H,
cm2 at the half-power radius of 7000 AU. This dust is heated by B &P L., B2 with 83x10* L, and A with

4.6 x 10* L. The intrinsic line width (FWHM) is 8.3 kms. The model output is compared to the observations
in Fig. 5.12.

SgrB2-N In the model for SgrB2-N, the dust is heated by K2 witi? 1Q and K3 with 83 x 10* L. The dust
density follows a Gaussian centered at K2 witk 70’ H, cm3 at the half-power radius of #A\U. An additional
core (Gaussian with & 10° H, cm™2 at the half-power radius of 1000 AU) 3000 AU in front of K2 prdes the
strong absorption. The intrinsic line width is 10 kit sFigure 5.13 shows the comparison to the observations.

SgrB2-M In this model, the dust density follows two radial power lamith index 1.5, centered at F1f and F3.
The first one starts with.5 x 108 H, cm3 at a radius of 660 AU, the latter one withx5108 H, cm™2 at 750 AU.
Inside this latter radius, there is amfegion that contains a star ob810* L. Additionally, a larger ht region
is located 5000 AU closer to us with a star 06 10° L, - F3 is thus split into these two fiigrent Hi regions.
Fle with 25 x 10* L, is located 2000 AU farther away from us than the otherregions to facilitate absorption
(Fig. 5.11). Further heating is provided by Flc, F1f, F2, Bdch %4 x 10* L), Fla (38 x 10* L), and F3a
(2.5 x 10* Ly). The intrinsic line width is 6.7 kms. A comparison to the observations is shown in Fig. 5.14.
These models are as simple as possible to approach a goodHé tbservations, but are not unique. The
model maps shown in Figs. 5.12 to 5.14 would appear moreaittalthe data if corresponding noise was added.
This noise also makes it filicult to constrain more complicated models, since it is neachow much of the
clumpy substructure is real (which is on the order of only 3 times the rms noise)

5.7 Discussion

In this section, we discuss implications from the obseoveti results and the modelinferts.

5.7.1 Optical depth

As explained in Sect. 5.5, lower limits on optical depth ar@NHcolumn density can be derived from the absorption
lines (Table 5.2). Outstanding is K2 in SgrB2-N, where time lis optically thick. The column densities of hot
HCN toward the ht regions where it is detected are at least a few timé$ &2, which translates into
column densities of 9 to 10*®> cm2 even for a high HCN fractional abundance of 10This represents only
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Figure 5.11: Column density maps of the models for the thoeieces. The lower panels show the column density
(in H2 cm™2) in z-direction, the central panels in y-direction, and tipper panels in x-direction (the arrow points
to the observer, who is at positive z). Twa Fegions are marked for each source. The model radiatiomipaced

to the observations in Figs. 5.12 to 5.14.

the molecular gas at temperatures above roughly 300 K. Imtbéels, the mass above 300 K is 35Q, \h
G10.4#0.03, 500 M, in SgrB2-N, and 200 M in SgrB2-M.

Such large quantities of hot molecular gas are necessamptaie the observations, and challenge theories
of massive star formation. Current hydrodynamical simaifet produce far too little hot molecular gas (e.g.
Peters et al. 2010, with a total mass of 100@)Mboth absolute and relative to the total mass, since thielyhig
inhomogeneous structure (filamentary disks) does not lediffusion of the heating radiation. This is probably
due to the lower initial mass and hence lower column demssitiel dust optical depths of these models, and it is to
be hoped that in the future simulations of cores as massitreeames presented in the current paper will reproduce
our results. Also a high abundance of HCN (on the order of)lid the dense, warm gas is needed, since the dust
densities of our models are consistent with dust continuata ftom the SMA and a lower abundance would mean
an even higher mass of the hot gas. We expect future chemamdelsito compute such a high HCN abundance,
probably through high-temperature gas-phase reactions.

Although HCN thermalizes to the ambient dust temperatitie ppbpulation dierence between the twetype
levels is very small, making them sensitive to the exacttaiion conditions. The line optical depth is proportional
to the population dference,

_14a11K _1413K

TN -Nyoxce T —e T, (5.3)

whereT, andT, are the excitation temperatures for the lower and uppee,stespectively. A dference of 0.1%
betweenT, andT, causes to change by more than 70%; inversion occurgifis 0.14% larger thai,. The two
levels are independently coupled to the ground vibratiatete through the }14n transitions, which determine
the excitation temperatures. If these arfatent, the analysis would be far morefdiult, as one would have to
know the exact 1dm radiation field, where lines could slightlyfact the optical depths. However, there is no such
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VLA: HCN,vp=1 J=13 model for G10.47+0.03
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Figure 5.12: Model for G10.4i0.03 (right) compared to the data (left). The model speataatso overlaid in
red. The white contours denote the continuum in steps of X000

VLA: HCN,v,=1 J=13 model for SgrB2—-N
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Figure 5.13: Model for SgrB2-N (right) compared to the dédgdt). The model spectra are also overlaid in red.
The white contours denote the continuum in steps of 1000 K.
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VLA: HCN,v,=1 J=13 model for SgrB2-M
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Figure 5.14: Model for SgrB2-M (right) compared to the ddé&dt). The model spectra are also overlaid in red.
The white contours denote the continuum in steps of 1000 K.

mechanism known, and an extreme sub-thermal populati®ereince, which would greatly reduce the required
absorption column densities, is highly unlikely becaus¢hefagreement between absorption and emission, be-
tweenJ=13 and other direct-type lines (Fig. 5.10), and between the derived columnitieasand dust emission
data. Therefore, we consider LTE a good assumption for thisition.
If we assume a similar optical depth for the emission linag,&3, and a temperature of 400 K, then the line
intensity should be 100 K, which is just the noise level in 1&kichannels and 0.73eams. Owing to the strength
of the free-free radiation, we are thus more sensitive to@gi®n than emission lines. Averaging over a larger
region (Fig. 5.1 and Table 5.3) lowers both noise and pea&kgities. The latter reach up to 300 K in G106:0703,
suggesting that optical depth and temperature are higharttie above mentioned assumptions. Surprising is the
detection of the line toward G10.40.03 A, since no Nk(4,4) satellites were detected by Cesaroni et al. (2010).
In the model for SgrB2-M, we have placed the Hgions F3 and Fle in front of and behind the bulk of the
molecular gas, respectively. This prevents absorptiomtdwnost of F3 and leads to stronger absorption toward
Fle. The exactftsets in z are not well constrained, however. To obtain thg si#ong absorption toward K2
in SgrB2-N, we put a very dense core just in front of therddgion. This is of course not very satisfying as it is
unlikely that such a core is exactly along the line-of-sightvas however not possible to reproduce both emission
and absorption with a more symmetric distribution.

5.7.2 Heating

Heating up large masses of molecular gas requires deeplgdded massive (proto)stars with high luminosities.
Their radiation is either originally in the infrared (Hosoka & Omukai 2009), not producingmHegions, or is
quickly processed to the infrared by dust absorption of therbdiation. Due to high column densities in all
directions, the dust is optically thick even in the infragettl this radiation cannot escape, bufidies outwards by
multiple absorptiofemission events until the dust is optically thin to its owdiation. This dffusion (or radiative
trapping) leads to much higher temperatures in the innegy @a. at 2000 AU from the HCidregion B1, difusion
raises the temperature from 150 K in a low-density model,re/ldéfusion is not &ective, to 450 K in the high-
density model for G10.4#0.03. This mechanism therefore seems indispensable tamtco large masses of hot
gas. Additionally, by absorbing stellar UV radiation thestiprotects the molecules from dissociation. In general,
heating is more ficient if the heating source is inside a density condensgKanfman et al. 1998) than if it is
external, as could be the case for G34-.28.5 (Watt & Mundy 1999; Mookerjea et al. 2007).

In our models, the diiusion mechanism is accomplished by dense spherical cluropséheating sources. It
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is however not clear how many heating sources there are: tahein the Hi regions are sflicient to reproduce
the observed line strength, as the presented models deatendtut a good fit can also be achieved when lower-
luminosity stars are added to the models according to thiallhuminosity Function, without changing the stars
in the Hi regions. So on the basis of these data it seems not possibistiloguish between the scenarios of
heating only by the stars ionizing thaitiegions and heating byiHegions plus embedded sources which do not
emit in the radio regime. We may speculate that there are mach stars present than detected from the free-free
radiation, since the observed sources are clusters in fanmaAlso, there could be more extended (faint) line
emission (and the absorption coming from a larger columai ih the models, which would point to additional
heating sources. Furthermore, the simple models predmgtself-absorption in the (optically thick) submm
rotational transitions within the,=1 state of HCN and FCN, which is however not observed with the SMA,
presumably due to clumpiness (Relet al. 2011, in prep.).

While not excluding the possibility of additional heatingistes, we could show that heating by the stars in the
hypercompact H regions is sfficient to reproduce the observations. Hence, our modelisigjteesuggest that it
is unlikely that the main heating is due to embedded objeitteowt ionized gas. Given that the sources are dense
condensations deeply embedded in giant molecular cloutifare high column densities filision of radiation,
which is necessary to increase the heating, is reasonatefewvmore inhomogeneous and asymmetric structures
than modeled.

5.7.3 \Velocity field

Many systematic motions are hidden in the line width of acb@® km s?, which contains both turbulent and
macroscopic motions. These components (e.g. the preseratation, infall, or outflows) can not be disentangled.
For all emission lines, the signal-to-noise ratio is tooroagain accurate information on the velocity structure.

G10.410.03 The most striking feature in this source is an additionatkshifted absorption component in both
B1 and B2 at a velocity of around 60 kmtscompared to the source velocity of 68 km §Fig 5.1). The NH(4,4)
absorption (Cesaroni et al. 1998, 2010) is at 53 kinteward B1 and at 61 km$ toward B2, with much lower
optical depth than the emission component. An explanatimitdche that the colder gas, probed by N#4) with
its level energy of 200 K, is mainly in an outflow cone, while thot gas probed by HC¥=1,J=13 is mainly at
the systemic velocity close to the HGHegions and only partly expanding. With the SMA, we see biidae-
shifted absorption in several lines toward the dust contimyeak between B1 and B2 (Rl et al., in prep.).
This indicates expansion motions involving manffelient molecular excitation conditions, while at the sammesti
large-scale infall is present (Rt et al. 2011b). Given the high excitation and th@edlent velocities, an unrelated
foreground velocity component is unlikely. The region wekB1 appears to move at a velocity of 67 kmts
while south of B1 the velocity is 69 knTs

SgrB2-N  While the strong absorption line toward K2 has a line width 8fkin s at the source velocity of
64 km s?, the emission lines north of K2 have a higher line width anghkr velocity, possibly indicating an
additional component at70 km s™*.

SgrB2-M  Three velocity components can be seen from the absorpties (Fig. 5.7), one at around 50 kit s

in F1f, one at 60 km in Flc, Fle, and F1f, and one at around 70 ki F3. Relative to the ambient velocity
of 60 or 64 knis, which itself is not well determined due tdf@irent components, the F1f line shows blue-shifted
absorption, indicating an expansion component, and théE3d red-shifted. This could mean infall or a motion
of the whole F3 core. The F3 line shows a northeast-southvedstity gradient from 69 to 73 knt$ over 0.3’
(2300 AU). If that is interpreted as Keplerian rotation, ahd is assumed that the whole orbit is seen and is
edge-on, the lower limit on the central mass would be Whe large-scale velocity field shows expansion in the
inner parts and infall in the outer parts (Rslet al. 2010).

5.8 Conclusions

With the VLA, we have obtained maps of a high-excitation (@49 HCN line at high angular resolution (@' )Lto-
ward three massive star-forming regions. We see both atisotpward small and denseiHiegions and emission.
The infered optical depths require on the order ot*18, cm™2 and 100 solar masses of het300 K) molecular
gas within a region of less than 0.1 pc. We note that the coldemsities of hot HCN derived from the absorption
lines are only lower limits, and can be substantially higbgpecially due to beam dilution. Heating is provided
by the stars powering hypercompaat kegions, possibly complemented by heating sources ingigitthe radio
domain. Difusion of radiation in an optically thick dusty environmestikely to increase the temperatures. The
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line velocities reveal expansion motions in G10:8703 and components at 50, 60, and 70 Kiiis SgrB2-M, the
latter with a velocity gradient. Our three-dimensionaliasigle transfer modeling with RADMC-3D demonstrate
the great power and potential of our approach to constraisdlirce structure of high-mass star-forming regions.
HCN direct¢-type lines are a unique tool, whose future observation &b be possible with ALMA and the
SKA.
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Chapter 6

SMA paper: Structure of the Hot
Molecular Core G10.440.03

Sections 6.2 to 6.9 are submittedA&-A: Rolfs, R., Schilke, P., Zhang, @, Zapata, L. 2011, &A, submitted
(Rolffs et al. 2011c, received 20 April 2011)

6.1 Overview

Telescope: The SMA (Submillimeter Array) is a submillimeter interfeneter atop Mauna Kea, Hawaii (4200m
altitude). It consists of eight 6-m dishes. A spectrallyotesd bandwidth of 2 times 2 GHz (new: 4 GHz),
separated by 10 GHz, can be provided for most of the freqasrimétween 180 and 700 GHz. The SMA is
operated by the Harvard-Smithsonian Center for Astropisy&CfA) in Cambridge, MA, and the Academia Sinica
Institute of Astronomy and Astrophysics in Taiwan.

Observations: Observations of the massive hot molecular core GHIAT3 started in 2007 in the extended
configuration at 34855 GHz, followed by 690 GHz observations in 2008, aided byar hocation of Jupiter,
whose moons can serve as calibrator sources. The angubduties of the 345355 GHz data was improved by
the very extended configuration in 2009.

Modeling: The modeling was done in a similar way to the VLA data, usingd®R#C-3D. The continuum is dust
emission, which constrains the density distribution. Tihe Hata are much more complicated than in the case of
the VLA data, however. As the lines from the ground vibratibstate would require non-LTE radiative transfer,
only vibrationally excited HCN was modeled.

Results: Absorption features show the presence of an outflow. Theitgdmss a central flattening, reminiscent
of a Plummer profile. Lines from vibrationally excited HCNearery optically thick, but not self-absorbed. The
modeling suggests that this is due to clumpiness and thespberical velocity field.

6.2 Abstract

Context: The physical structure of Hot Molecular Cores, where foigmmassive stars have heated up dense dust
and gas, but have not yet ionized the molecules, poses apeaimihallenge in the research of high-mass star
formation and astrochemistry.

Aims: We aim at constraining the spatial distribution of dens#ynperature, velocity field, and chemical abun-
dances in the Hot Molecular Core G10+4X.03.

Methods: With the Submillimeter Array (SMA), we obtained high spatiad spectral resolution of a multitude
of molecular lines at dierent frequencies, including at 690 GHz. At 345 GHz, our bsiamis 03", corresponding
to 3000 AU. We analyze the data using the three-dimensiamgtl @hd line radiative transfer code RADMC-3D,
and myXCLASS for line identification.
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Table 6.1: Observational summary

Date frequency array configuration  baseline no. antennas  integration time gain calibrator
(GHz) (m) (min)

12 Aug 2007 34855 extended 205 7 281 1733-130

10 May 2008 68691+ 201211 compact north 125 5 270 Callisto

6 Sep 2008 68691 + 345355 subcompact 70 6 82 Callisto

7 Sep 2008 68691+ 345355 subcompact 70 7 93 Callisto, Ganymede

4 July 2009 34855 very extended 516 8 330 1733-130

Notes. ® Maximum projected baseline

Results: We find hundreds of molecular lines from complex moleculebfzigh excitations. Even vibrationally
excited HG®N at 690 GHz is detected. Absorption against the dust comtinaccurs in twelve transitions, whose
shape implies an outflow along the line-of-sight. Outside ¢bntinuum peak, the line shapes are indicative of
infall. Dust continuum and molecular line emission are he=w at 343355 GHz, revealing central flattening and
rapid radial falldf of the density outwards of $0AU, best reproduced by a Plummer radial profile of the density
No fragmentation is detected, but modeling of the line shaje@ibrationally excited HCN suggests the density to
be clumpy.

Conclusions: We conclude that G10.40.03 is characterized by beginning of feedback from masstaes,
while infall is ongoing. Large gas masses (hundreds gj &fe heated to high temperatures, aided if§udion
of radiation in a high-column-density environment. Thergased thermal, radiative, turbulent, and wind-driven
pressure drives expansion in the central region and is/lilkesdponsible for the central flattening of the density.

6.3 Introduction

Massive stars and star clusters are born deeply embeddemécutar clouds (for a review, see Zinnecker & Yorke
2007). When cores have figiently contracted to form massive stars, the dense dusgasds heated by these
stars. The ice mantles around dust grains evaporate, anl plethora of molecular lines can be observed, along
with strong dust emission (Kurtz et al. 2000; Cesaroni 2008den, these Hot Molecular Cores are associated with
ultracompact or hypercompactitiegions, which are ionized by newly formed massive stara(elet al. 2007).
The physical and chemical structure of Hot Molecular Cogesfigreat importance for the study of high-mass
star formation and of astrochemistry. Investigations efgtructure are hampered, though, by the compactness of
the sources, by their scarcity and large distance, and biatge foreground column density, which only long-
wavelength radiation can pass.

What is needed, hence, is high angular resolution at (subjreter wavelenghts, combined with high spectral
resolution of many molecular lines, which contain all thieimation about chemistry, velocity field, and tempera-
ture. With the Submillimeter Array (SMA) in Hawaii, we obsed the massive Hot Molecular Core G10+40703
at around 200, 345, and 690 GHz, yielding a best resolutidh3yf and 350 identified molecular lines. Due to
its large dust mass and high temperatures, this hot core am@itthe strongest sources at submm wavelengths,
although it is located at a distance of 10.6 kpc (Pandian @0&I8). It has an estimated luminosity ok7.0° L,
(Cesaroni et al. 2010) and displays exceptionally manlfrean highly excited molecules (e.g. HIE, Wyrowski
et al. 1999).

6.4 Observations and data reduction

The high-mass star-forming region G10:4703 was observed with the Submillimeter ArkgBMA) during five
nights in diferent array and receiver configurations, yielding six twéz&vide bands centered at around 201, 211,
345, 355, 681, and 691 GHz. Table 6.1 summarizes the obsersatVe note that Jupiter was close10°) to the
target source in 2008, so its moon Callisto could be usediascghbrator at 690 GHz, where it is otherwise very
difficult to find a suitable calibrator source. It was observeéaggly for 2 minutes after spending 10 minutes on
the target source. For the 345 GHz observations in 2007 ab@, 2fter each 15 minutes we switched to 1733-130
(NRAO 530), which lies 1®° away from the target source. In addition, strong sourcear{us, Ceres, 3c454.3,
3c273) were observed before and after these loops to allodpass and flux calibration.

1The Submillimeter Array is a joint project between the Smittisomstrophysical Observatory and the Academia Sinica tirtstiof
Astronomy and Astrophysics and is funded by the Smithsonistitition and the Academia Sinica (Ho et al. 2004).
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Figure 6.1: Continuum maps of G10:40.03 observed with the SMA at 2@111 GHz (top panel), 34855 GHz
(central), and 68691 GHz (bottom). The map size is either 5 of' 1€ontours mark 20 and 50% of the peak flux,
which is given in the lower right (in K). The beam is depictedhe lower left. The white crosses denote the H
regions B1, B2, and A (from left to right).
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Table 6.2: Beam sizes and noise levels

Frequency beafn rms?

(GHz) (;°) (mJyBeam)  (K)
199.9-201.8 £7x1.84; 57 38 0.15
209.9-211.8 44x195;55 37 0.13
201211 cont. 414x 1.48; 60 2.9 0.014
344.1-345.9 @#5x0.29; 18 55 4.3
354.1-355.9 @A2x0.29; 22 55 4.4
345355 cont. M42x 0.28; 20 12 1.0
680.3-682.2 A2x 0.65; 37 840 1.6
690.3-692.2 D8 x 0.60; 38 820 1.7
681/691 cont. 177 x 0.50; 42 227 0.67

Notes. @ Different weighting schemes were used for continuum and line images. Btajominor axis and position angle
(from north to east) are give?) rms noise is given for a frequency width of 1 jgiin the line maps. It is evaluated from -10
to -5” in both RA and Dec relative to the phase center.

Calibration and editing of the data were done in the IDL MIRk&gé, involving correction and application
of the system temperature, phase-only bandpass calibrabmtinuum regeneration, phase-and-amplitude band-
pass calibration, flagging, gain calibration (phase andi&ndge), and flux calibration. The data were converted to
MIRIAD 2 (Sault et al. 1995), where the edge channels of each churkfl@gged and the channels were rebinned
to a width of 1 km st at 201 GHz, 0.75 km at 345 GHz, and 1.42 kntat 681691 GHz. The dferent dates
were merged for each frequency setup. Since the 2007 oliseivaad the phase center at R.A. 18:08:38.28, Dec.
-19:51:50.0, while the later observations were centereld.én 18:08:38.232, Dec. -19:51:50.4, the b GHz
data set had to be merged in AIPS. The channels l&sstad by spectral lines were identified and used for sepa-
rating lines and continuum in MIRIAD. The continuum data pper and lower sideband were merged and imaged
using almost uniform weighting at 2211 GHz and 34855 GHz (robust —2) and more natural weighting at
681691 GHz (robust 0.5). A cutdT for cleaning of about 3 times the rms noise in the image wag.Based on
these clean components, the continuum visibility data weliecalibrated, which substantially reduced the fluctu-
ations outside the source, and the solutions were appligettine data as well. Imaging of the spectrally resolved
data was done with robust0.5 at 203211 GHz and 348355 GHz and robust2 at 681691 GHz. Table 6.2 gives
the resulting beam sizes and noise levels in the maps.

Line identification was made with the myXCLASS programhich accesses the CDM&nd JPE molecular
data bases. All figures in this paper were made with the GILBAfBvare.

6.5 Observational results

6.5.1 Continuum

Figure 6.1 shows the obtained continuum maps. The total iy at 202211 GHz, 27 Jy at 34855 GHz,
and 95 Jy at 68691 GHz, corresponding to a spectral index of 2.8 betweertother two and 1.8 between the
upper two frequencies. While the beam sizes are nidicgnt to resolve the continuum emission at 201 and
681/691 GHz, the extension can be clearly seen a3k GHz. At this frequency, the peak intensity is 158 K
(1.84 JyBeam), and the 3 contour extends over’3

6.5.2 Line identification

The data cubes were convolved to a common resolutiorf @il central spectra were extracted. This resolution
was chosen to decrease the noise andftieets of a strong continuum, as well as to facilitate a consparbetween
the different frequencies; it gives the total (source-integrafies)for most lines.

To identify the spectral features, a simple homogeneousiwveas computed in Local Thermodynamic Equlib-
rium (LTE), using the myXCLASS program. A source size of’].& temperature of 200 K and a line width of 5

2httpy/www.cfa.harvard.edagi/mircook.html
3http1/bima.astro.umd.edmiriad
4httpsy/www.astro.uni-koeln.derojectgschilkg X CLASS
Shttpy/www.cdms.de

Shttpy/spec.jpl.nasa.gov
"httpy/www.iram.fyIRAMFR/GILDAS
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Figure 6.2: 20211 GHz spectral range convolved t§ Besolution. The green overlay is the model for all
molecules except H{N, whose emission is overlaid in red.
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Table 6.3: List of identified molecules

Molecule no. line§  column density
(cmr?)
SO 5 4(17)
SO 5 3(17)
OCSs 2 3(18)
CN 1 L
HCN 8 1(18); 3(18)
HNC 1 3(17)
CH3NH, 2 4(17)
CH3NC 4 7(15)
NH,CN 7 2(16)
NH,CHO 15 2(17)
HC3N 76 5(16); 1(18)
CoH3CN 33 7(17)
C,HsCN 55 9(17)
H,O 1 1(20)
CcO 2 .8
H,CO 6 3(18)
CH30OH 23 9(18)
H,C,O 4 4(17)
C,HsOH 23 6(17)
CH30CH; 14 1.5(18)
CH3;0CHO 38 7(17)
CH3CH3CO 26 5(17)

Notes. The molecules are ordered by S-, N-, and O-bearing and by compléXitilumber of identified lines (labeled in
Figs. 6.2 and 6.3%) Column density used in the myXCLASS model, with a source size®f and a temperature of 200 K.
The parentheses are powers of 1§ The lines are in absorption, which is not modeled hé¥eFor HCN and HGN, an
additional component of 0"5and 500 K was used to more closely match the vibrational lines.

km st were fixed, while the molecular column density was varieddtaim a good fit to the data (see Table 6.3).
The continuum was neglected in the radiative transfer, arigreground absorbing column density ot 30?* H,
cm2 was taken into account. Continuum levels of 6, 8, and 7 K weltked to the spectra at 2@1.1, 343355,
and 681691 GHz, respectively. Figures 6.2 and 6.3 show the spenttdhe model, and Table 6.3 gives the de-
rived column densities. We note that the model is not sugptsgive an optimum fit to the data, but is just for
identification purposes.

6.5.3 Line maps

From many maps of interesting lines (see appendix, Fig8, ®19, and 6.20), we show here only a selection,
which are relevant for the expansion motion (Fig. 6.4) ardhigh excitation (Fig. 6.5). They are ordered as in
Table 6.3. The velocity was integrated over the ranges wateatable signal and no significant deviations in the
channel maps - i.e. the whole flux for simple line shapes awerakvelocity ranges for more complex line shapes.
For Fig. 6.4, we chose common velocity ranges for the fousljiwhich are 30-50 knt representing the high-
velocity part of the (front-side) outflow, 51-64 kmtsthe low-velocity part, 65—70 knT$, the systemic velocity,
and 71-84 kmg, the low-velocity part of the back-side outflow. Higher \ati@s are not detected, probably due
to dust absorption. In case of contamination by a neighlgdiire, the velocity range was chosen to avoid this line.
Still, blending is likely for SO at 344.3 GHz by methanol (teency corresponds to a 1.5 kit sower velocity),
H3CN at 345.3 GHz by S©(1 km s* higher velocity), H°NC at 355.4 GHz by CECH5;CO (3.3 km s? lower
velocity), and CHNH, at 354.8 GHz by CROCHO (3.8 km s? higher velocity).

6.5.4 Spectra

Figure 6.6 shows central spectra of the 12 transitions wiogtion features. Most of the absorption is blue-
shifted relative to the systemic velocity of 68 kit s
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Figure 6.4: Line maps (selected to trace expansion motiotexjrated over the velocity range indicated in each
panel (which can be considered, from left to right, as higleeity part of the outflow, low-velocity part, systemic
velocity, and low-velocity part of the outflow at the far sjd&he first velocity range of HEN is blended by other
lines, in the second velocity range of CO the emission is $enebed to cause imaging artifacts. The map size is
5” (tick spaces are’], centered on R.A. 18:08:38.236, Dec. -19:51:50.25). Beammshown in the lower left, and
the number in the lower right of each panel is the maximum fiukK km s (contours are-20 and 50% of that
value). The color scale is from -1000 to 1000 K km.sThe energy of the lower level is given in the upper left.

6.5.5 Comparison to APEX data

To estimate calibration and filtering of extended emissiwa,compare the SMA data to data from the APEX
(Atacama Pathfinder Experiment) 12-m telescop@stén et al. 2006; Schuller et al. 2009; Rolet al. 2011b).
The 345 GHz flux from the LABOCA bolometer array is 34Bgam, the 850 GHz flux from SABOCA is 450
Jy/Beam. At both frequencies, the source is unresolved with#aens of 18.2 and 7/4respectively. The spectral
index is 2.86, so the 690 GHz flux would be 250 Jy. The SMA fluxe3l® and 345 GHz fit very well to the
APEX data, but at 690 GHz the continuum is much lower. Thishhige partly explained by decorrelation due to
fast phase fluctuations, and partly by missing short basefittering out extended emission.

Figure 6.7 shows APEX spectra overlaid with SMA spectra Whiere convolved to the APEX beam (18.2
at 345 GHz, 17.7 at 355 GHz, and 9/1at 690 GHz). The lines match very well. The most notable etkaep
is CO 6-5, which is purely in absorption with the SMA, but htersg emission as seen with APEXX000 Jy).
Extended emission of CO 6-5 is filtered out due to missingtsparcings, leaving an appearant absorption towards
the continuum, which is more compact and hence fiected as much as CO by the filtering.
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Figure 6.5: Selected high-excitation line maps. As in Fig., ®ut with the color scale ranging from 0 to 1000
K km st in the 343355 GHz data and from 0 to 100 K km'sat 690 GHz, where the map size is’10
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Figure 6.7: Comparison of APEX data (green) to the SMA datwalved to the APEX beam (black). The dashed
lines mark the continuum level as expected from LABOCA anBS&A measurements. The HCN and CO lines
and the 690 GHz continuum aréected by filtering of extended emission due to missing stpatisgs; the rest
agrees very well.

6.6 Modeling

In this section, we compare a few models to continuum andatitmmally excited HCN in order to constrain
the structure of this complex region, mainly density dimsition and velocity field. The models are inevitably
simplified, and we used a trial-and-error technique wittapsater variations and comparison of model and data
by eye to approach a good fit if possible for a tested structureno global optimization of fit parameters was
performed.

The three-dimensional radiative-transfer code RADMC:3fieveloped by C. Dullemond, was employed to
compute the dust temperature from stellar heating and théncmm and line emission of a model. The basic
setup is the same as described infRoét al. (2011a), but here we also test clumpiness and wglsttiicture in
the models. The line transfer assumes LTE, which is a goodoajppation for vibrationally excited HCN, but
prevents the modeling of the ground-state lines.

6.6.1 The Models

While no perfect fit was found, we selected five of the testedetsofibr presentation and comparison to the data.
Models A and B have been previously used to fit APEX and VLA ddthis source, respectively. Model C has a
radial density profile that best matches the observed aamtin(if heated by the stars in theildegions). Models

8http;//www.ital.uni—heidelberg.(J”GduIIemon(;lsoftwar@‘radmc—3d
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Table 6.4: Summary of the models

Model density heating velocity field displayed in Figs.

A power-law 1 star infall 6.9, 6.11 (red)

B Gaussian 3 stars none 6.9, 6.11 (green)

C Plummer 3 stars none 6.9 (blue), 6.12 (red)

D clumpy 3 stars dispersion 6.9 (cyan), 6.12 (green)

E clumpy, outflow cone 3 stars  dispersion, outflow 6.9 (maajelt10, 6.13-6.16 (red)

D and E have density fluctuations on small scales, which greatgd from self-gravity and which improve the
line fitting. Model E is an attempt to include the outflow (whiis seen by the blue-shifted absorption features)
and is presented in more detail.

The models are described explicitly in the following. Tablé summarizes the main properties of the models.

Model A This is the model that was presented in fRoét al. (2011b) to fit the APEX data (continuum and many
lines from HCN, HCO, and CO, including vibrationally excited HCN). The denditjlows a radial power law,

n=7x X ( z205 e H, cm™2 for radii larger than 485 AU. Inside there is am Ifegion with an electron
7x10° 785AT 9 g

density of 15x 10° cm3 to reproduce the free-free radiation from B1, and a stat@%30° L. The dust opacity
is from Ossenkopf & Henning (1994) without grain mantles; With coagulation at a density of 1@m=3. The
HCN abundance is 8 107° at temperatures above 100 K anck3.0°8 below 100 K. The linewidth is 5 km$
FWHM, and the gas is infalling with 1 knTs The total mass (in a cube of 3 pc diameter) i$2 10* M, of
which 70 M, are at temperatures above 300 K.

Model B This is the model that was presented in fRoét al. (2011a) to fit the VLA data of vibrationally excited
HCN. The density follows a Gaussian, centered at B1, wighlD’ H, cm3 at the half-maximum radius of 7000
AU. As in all following models, heatings sources are thesstiathe Hi regions B1 with 18 L, B2 with 83x 10*
Lo, and A with 46 x 10* L,. The dust opacity is from Ossenkopf & Henning (1994) withgtin mantles or
coagulation, as in all following models. The HCN abundarg&G®. The intrinsic line width (FWHM) is 8.3
km s, and there is no macroscopic velocity field. The total massSs< 10° M, of which 350 M, are at
temperatures above 300 K.

-25
Model C The density in this model follows a Plummer profite= 1.4 x 10° x (1 + (m)z) H, cm3
(half-maximum radius 6500 AU). It is centered 2000 AU soutid 4000 AU west of B1. The Plummer model is
very similar to a Gaussian inside the half-maximum radius Has higher density outside (still fallingfsteeply
asr—°). The HCN abundance is 19at temperatures above 300 K and@Bbelow, as in the following models. The
intrinsic line width (FWHM) is 8.3 km st, and there is no macroscopic velocity field. The total magsis 10°
Mo, of which 350 M, are at temperatures above 300 K.

Model D This model consists of 100 clumps, which have a Plummer malimum radius of 1000 AU and
central densities ranging from>410° to 2 x 10° H, cm3 (the mass of the Gaussian clump would be five times
the stellar mass, according to the Initial Mass Functiorfjeyrare randomly placed in the model according to a
Plummer distribution with half-maximum radius 4000 AU. Tdhensity in each model cell is the maximum of all
contributions from the clumps. So with a lot of overlap, tisicture consists rather of density fluctuations than of
separate cores. The intrinsic line width (FWHM) is 5 knh.€<Each clump has a random line-of-sight velocity with
Gaussian half-maximum value a6 km s*. The line-of-sight velocity of each cell is an average ofcilimps,
weighted with their density contribution. The total mas9.6x 10° My, of which 470 M, are at temperatures
above 300 K.

Model E This model has the same structure as model D, but a half-meminadius of the distribution of the
clumps of only 3000 AU. In addition, a bipolar outflow is pragawvith an opening angle of 10@nd a length of

2 x 10* AU. Its center lies 1000 AU south and 500 AU west of B1. The asislted from the line of sight by
20, and the foreground part directed towards B2. Inside thBawutone, the density is reduced to 20% and the
velocity is 10 km s* outwards. This is only a toy model of the outflow. The total migs46 x 10° M, of which
400 M, are at temperatures above 300 K. The clumpy structure isiigd in Fig. 6.8.
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Figure 6.8: Clumpy structure of model E displayed as isamanst of 18 H, cm3 (green, transparent). TheaH
regions, whose stars heat up the gas, are shown in blue. Z¢nefdhe contoured region is around 0.2 pc.

6.6.2 Continuum

The continuum radiation that the models emit is comparedeodiata. Models D and E have randomly placed
core centers; therefore their radiation (continuum aneslirhave a random component, which cannot be exactly
reproduced in dferent runs with the same parameters.

The radial profile of the 34355 GHz continuum map is extracted with central position.R.808:38.237,
Dec.-19:51:50.421, which is the center of a two-dimensional Giansfit (14" x 1.17”, elongated along the B1-
B2 axis). The model maps were Fourier-transformed, foldithal tive uv-coverage of the observations, and imaged
in the same way as the data. The radial profile of the model wimacted from the same central coordinates.
Figure 6.9 shows a comparison of the radial profiles, Figd &.tomparison of the continuum map of model E to
the data.

The flux from APEXLABOCA (345 GHz) is 34 JyBeam (182" beam size) and from APEERABOCA (850
GHz) 450 JyBeam (7.4 beam size). The models emit 31 (A), 20 (B), 26 (C), 20 (D), a@dH) JyBeam for
LABOCA and 266 (A), 231 (B), 311 (C), 146 (D), and 162 (E)Bgam for SABOCA. In models B-E an extended
component similar to A could be added withotiiegting the results of the interferometer modeling.

6.6.3 Vibrationally excited HCN

The models are compared to lines from vibrationally exci#N, including theJ=13 direct(-type transition at
40.7669 GHz observed with the VLA (Rid et al. 2011a). Figures 6.11 and 6.12 show this line and tbtatonal
transitions of vibrationally excited HCN observed with B®A, overlaid with models A-D. Model E is shown
in more detail in comparison to thie=13 directf-type line of vibrationally excited HCN (Fig. 6.13), the 4li3e
of vibrationally excited HCN (Fig. 6.14) and*fCN (Fig. 6.15), and the 8-7 transition of vibrationally erci
H3CN (Fig. 6.16). The levels of all these transitions lie beswé@050 and 1400 K above ground.

6.7 Discussion

6.7.1 Chemistry

In addition to about 350 identified lines, there are around®dentified (U-) lines. 75 of these 90 U-lines are in
the 203211 GHz range, which covers a similar velocity range as thbérifrequency bands combined (almost
6000 km s1). This is probably due to the lower noise at these frequendibe line density is mainly determined
by the width of single lines (5-10 km'Y), i.e. a forest of overlapping lines covers most of the bafitie identified
molecules (3 S-bearing, 10 N-bearing, and 9 other, O-bgamwolecules) represent only the strongest lines, while
more complex molecules have many weak lines which probatiyug to the continuum and are undetectable due



6.7. DISCUSSION 105

10

850 micron intensity [K]

|

107" 1
Radius [arcsec]
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Figure 6.11: Models A (red) and B (green) compared to linemfribrationally excited HCN at the position of
B1 and 03” (VLA) or 0.8” (SMA) south of B1.

to line confusion. No spatial separation offdrent molecules could be seen. Thé&atences in the maps can
probably be explained by excitation and optical depth.

As the detailed models show, the abundance of HCN in the tsdsgeery high, on the order of 18 The abun-
dance of HGN seems to follow a similar increase at high temperaturesaide line detections are HEN,v,=1 at
691.6 GHz (lower level is 1139 K above ground), £#vs=v,=1 at 355.1 GHz (1908 K), and tHéC substituted
HCsN,v,=2 (970 K). The H®O line at 692.1 GHz (694 K) implies a high abundance of watéhéndense, warm
gas. These abundance enhancements could be connectedraigh a reduced abundance of OH, which at high
temperatures reacts to form water instead of destroying&tibg molecules (Rodgers & Charnley 2001).

6.7.2 Density Distribution

As the high-resolution continuum map at 33855 GHz shows, a power-law radial density is not consistéht tive
data. A Gaussian fits well in the inner part, but falfstoo steeply in the outer parts. What fits best to the data is a
Plummer model (Fig. 6.9, blue). This profile is very similarat Gaussian inside the half-maximum radius, but is
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Figure 6.12: Models C (red) and D (green) compared to lin@s fribrationally excited HCN at the position of
B1 and 03” (VLA) or 0.8” (SMA) south of B1.

denser outside, where it fallsf@sr . It is also used to describe the stellar density of star etsstAlthough that
might reveal a connection of this forming star cluster tedatages, it could also have completelffetient physical
reasons. The stellar density distribution is determinedtellar dynamics, while the gas density distribution is
determined by the interplay of fiiérent sources of pressure (gravitational versus turbutetetional, magnetic,
radiative, and thermal pressure). The observed centr&rilag of the density can be explained by centrally
increased pressure, which is expected from feedback byewd/iormed massive stars. This pressure stalls the
infall and piles up the mass.

The SMA continuum at 690 GHz is rather weak compared to theGH45 flux and the high-frequency single-
dish flux. As interferometer observations at these freqgasrare challenging and only very few have been con-
ducted yet (e.g. Beuther et al. 2006), this could be due tordelation caused by rapid phase noise. On the other
hand, the line strengths are similar to the APEX data (Fig), o if the low continuum is real, it can be due to
optical depth &ects in very dense, small condensations, while extendesgs@niis filtered out. The continuum
at 690 GHz must be more extended than at 345 GHz becausedkee dst opacity makes it stronger only in the
optically thin regions, while it can be weaker in the optigahick case due to the colder foreground. In addition,
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Figure 6.14: Model E (right) compared to tde4—3 line of vibrationally excited HCN at 354.5 GHz (SMA),
shown as integrated line map and spectra at two locatiofts iff@del spectra are overlaid in red). The white
contours denote the 355 GHz continuum in steps of 25 K.
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Figure 6.15: Model E (right) compared to tie4-3 line of vibrationally excited HCN at 345.2 GHz (SMA),
shown as integrated line map and spectra at two locatiofts iff@del spectra are overlaid in red). The white
contours denote the 345 GHz continuum in steps of 25 K.
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Figure 6.16: Model E (right) compared to tde8—7 line of vibrationally excited HCN at 690.4 GHz (SMA),
shown as integrated line map and spectra at two locatiofts iff@del spectra are overlaid in red). The white
contours denote the 690 GHz continuum in steps of 25 K.
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the minimum baselines at 690 GHz are much longer than at 345 GH

There is no fragmentation observed in neither the continnanthe lines. The reason may be that we do not
resolve structures smaller than the beam size of about 300@& note that the continuum source extends over
about 10 beams (3, so no large-scale fragmentation is present. Models dfrikeemission reveal that a spherical
density distribution leads to strong self-absorptiondezd, which are not observed. Clumpiness better reproduces
the line shapes, but without Sicient spatial resolution we cannot derive the propertidsagfmentation.

This missing fragmentation is similar to the contiuum daizently obtained by Qin et al. (2011) for SgrB2-N,
which follows a very similar radial profile and also displaysimilar spectral line content. Maybe the two sources
are at the same evolutionary stage, where the first hyper@cinkfx regions have developed and heated the gas,
but large-scale fragmentation has not set in.

The rotational transition of vibrationally excited HCN @lat 354.46 GHz) has a very high optical depth. The
Einstein A codficient is 50,000 times larger than for the dirédlype line J=13 at 40.7669 GHz, observed with
the VLA), which has an optical depth &f 1. It must be self-absorbed, as also the comparison to th@Mline
shows (Fig. 6.5), but this is not obvious in the line shapee Single-peaked profile can only be explained by an
inhomogeneous density and velocity field, since the tentipergradient otherwise leads to a strong double-peaked
profile.

The observed continuum depends on density, temperatuledust opacity. The density can vary by many
orders of magnitude, and therefore dominates the resudtngnuum. It is clear that the temperature is high in the
inner region and fallsfd outwards; this is included in the models as the stars in tipeftpmpact H regions heat
the dust. It is entirely possible, however, that more hgasiources are present. The extension of high-excitation
lines is generally a bit smaller in the models than in the degpecially highly excited H§N is somewhat extended
to the east (Fig. 6.5).

6.7.3 Velocity Field

While most lines do not show any velocity structure in theipsiahere seems to be a component of highly excited
CH3OH at lower velocity close to the UGHregion A (Fig. 6.5). Alternatively, this could arise fromelnlding by
a different line.

On large scales, the asymmetries of self-absorbed lineslglmdicate infall motions (Rdis et al. 2011b,
and Fig. 6.7), and also the absorption of theCi® line is a bit red-shifted (Fig. 6.6). On smaller scales,see
expansion motions, as very nicely traced by the absorpgatufes (Fig. 6.6). The blue-shifted absorption is
stronger in the western part of the continuum. In additibe,$0 line at 344.3 GHz, the HCN line at 354.5 GHz,
and the CO line at 345.8 GHz have red-shifted emission in dinénreastern part. A red-shifted clumf Borth of
the hot core, which is only seen in HCN and CO, seems to be tawfay to be related to the outflow (Fig. 6.4).

Olmi et al. (1996) detected a north-south velocity gradieAtCO, and Hofner & Churchwell (1996) see blue-
shifted water masers®’ north and 0" south of B1, and a red-shifted water maser (at 70 ki) £2” north of
B1. Absorption against the hypercompact tdgions B1 and B2 is found to be blue-shifted in )#4) (Cesaroni
et al. 2010, 53 km3 toward B1 and 61 kms toward B2), and also partly in vibrationally excited HCN (Rs
et al. 20114, and Fig. 6.13).

One can conclude that there is likely a bipolar outflow, whimseground part is tilted to the south-west, and
whose background part is tilted to the north-east. A skef¢heoutflow scenario is presented in Fig. 6.17. This
scenario explains qualitatively all observed velocitytfieas. The dierent NH(4,4) velocities, for instance, can
be understood as afffect of the projection of the outflow to the line-of-sight. Amleedded source, which has not
yet developed a detectablartdegion, is driving the outflow in this scenario. A nearly spbal infall with lower
velocity, but higher rate than the expansion surrounds titiosv and produces the blue asymmetric line profiles
seen on larger scales. This accretion probably continuétsntethe central region along certain paths, driven by
gravitational attraction and the momentum of the largdesaecretion flow.

An alternative scenario might arise if the hypercompactregions B1 and B2 are not spherical, but in the
form of bipolar expanding bubbles from a photoevaporatiisg (Hollenbach et al. 1994). In this case, the stars in
the HCHi regions would drive two outflows, which are both roughly aéd with the line-of-sight.

In addition, it is possibile that the source is a large psedidk accreting from a massive envelope, rotating
roughly in the plane of the sky, driving an outflow perpenticto it, and having formed B1 and B2 as binaries
(and maybe more stars). This would correspond to the tiandietween phase Il and Il of Zapata et al. (2010).

A quantitative radiative transfer model, which reproduaksbserved lines, is possible, but beyond the scope
of this paper. That the outflow is important for reproducing line shapes has been demonstrated in our modeling
(Sect. 6.6).
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Figure 6.17: Qualitative scenario for the outflow in G16:8203. The observer is above the plot. Infalling
molecular gas is shown in green, expanding molecular gaki# bnd ionized gas in white. The circles denote
half-maximum and Plummer radius in Model C (the gas must bmpl, though) and the boundaries of the H
regions, which have density gradients. If the igions are not spherical, the outflow could also originedenf
the ionizing stars.

6.8 Conclusions

With the SMA, we have obtained high-resolution, spectraflgolved maps of the massive hot molecular core
G10.470.03 at diferent frequencies, covering a bandwidth of 12 GHz in total emcluding observations at
690 GHz. Our main results are

e Hundreds of molecular lines reveal a rich chemistry, withenoles such as HCN and HR especially
abundant at high temperatures. Vibrationally excited H@hgse levels lie more than 1000 K above ground,
is very optically thick, and even vibrationally excited M@ shows up at 690 GHz.

¢ Blue-shifted absorption in a dozen lines indicates an owutéidented roughly along the line-of-sight. It is
embedded as there is also absorption at the systemic wetdabld foreground gas in CO and HCN.

e The averaged radial profile of the submm continuum displagerdral flattening and rapid faliy and is
best fitted by a Plummer profile of the density. The mass of tluece is on the order of several thousand
Mo, of which a few hundred are at highh300 K) temperatures.

¢ No fragmentation is observed over thd0 beam sizes (30,000 AU) of the continuum emission. High-
excitation lines which are very optically thick do not shosifsabsorption. The line modeling suggests that
this must be due to density fluctuations in combination whith telocity field. If the rather low continuum
at 690 GHz is real, it points to small, very dense condenssatio

From these findings, a picture emerges of a very young forrsiagcluster, characterized by beginning of
feedback from massive stars, while infall is ongoing. Tkedback includes heating of the dust and gas, ionization
that is still confined to small regions, and increased presisuthe inner part that leads to expansion motions and
central flattening of the density.
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6.9 Appendix: Line maps

In Figs. 6.18, 6.19, and 6.20, we show more integrated linpsmardered by molecule as in Table 6.3 and by
frequency of the transition (see also Sect. 6.5.3).
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Figure 6.19: As Fig. 6.18, contd.
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Chapter 7

Additional SMA paper: Submillimeter
Continuum Observations of Sagittarius B2
at Subarcsecond Spatial Resolution

A similar data set as for G10.40.03 has been obtained with the SMA for SgrB2-M and -N in 201 line data
are not yet analyzed, but a&&&-A letter on the continuum is submitte@in, S. L., Schilke, P., Rf#, R., Comito,
C., Lis, D.C..& Zhang, Q. 2011, &A, submittedQin et al. 2011, received 20 March 2011).

While SgrB2-M can be decomposed into twelve cores, SgrB2-dwstonly two components, one northern
core and one around K2, which does not fragment on the saalesdt by the beam (3000 AU). This resembles
G10.47%0.03, and also the radial profile and the continuum modeluad t performed for SgrB2-N are similar.
The whole paper is reproduced in the following, but | wroté/dect. 7.5.

7.1 Abstract

We report the first high spatial resolution submillimetentiouum observations of the Sagittarius B2 cloud com-
plex using the Submillimeter Array (SMA). With the subamsed resolution provided by the SMA, the two
massive star forming clumps Sgr B2(N) and Sgr B2(M) are kesbinto multiple compact sources. In total,
twelve submillimeter cores are identified in the Sgr B2(Mjioa, while only two components are observed in the
Sgr B2(N) clump. The gas mass and column density are estinfisiten the dust continuum emission. We find
that most of the cores have gas masses in excess of 3@hiMcolumn densities above??@m2. The very frag-
mented appearance of Sgr B2(M), in contrast to the monolgtructure of Sgr B2 (N), suggests that the former is
more evolved. The density profile of the Sgr B2(N)-SMA1 carevell fitted by a Plummer density distribution.
This would lead one to believe that in the evolutionaly segeef the Sgr B2 cloud complex, a massive star forms
first in a homogeneous core, and the rest of the cluster foulrsesjuently in the then fragmenting structure.

7.2 Introduction

The Sagittarius B2 star-forming region is located 00 pc from Sgr A, within the~ 400 pc wide dense Central
Molecular Zone (CMZ) of the Galactic center, at a distance®fkpc from the Sun (Reid et al. 2009). It is the
strongest submillimeter continuum source in the CMZ (Selnudt al. 2009). It contains dense cores, Sgr B2(N)
and Sgr B2(M), hosting clusters of compaat kegions (Gaume et al. 1995; de Pree et al. 1998). It has been
suggested that these two hot cores are fiedint evolutionary stages (Reid et al. 2009; Lis et al. 199lis

et al. 2003; Qin et al. 2008). Spectral observations in oggter and millimeter regimes have been conducted
towards Sgr B2 (e.g. Carlstrom & Vogel 1989; Mehringer & MamtL997; Nummelin et al. 1998; Liu & Snyder
1999; Hollis et al. 2003; Friedel et al. 2004; Jones et al82@&lloche et al. 2008), suggesting that Sgr B2(N) is
chemically more active. Nearly half of all known interséelinolecules were first identified in Sgr B2(N), although
sulphur-bearing molecules are more abundant in Sgr B2(&) th Sgr B2(N).

The diferences between Sgr B2(N) and Sgr B2(M), both in kinematicschemistry, may originate in dif-
ferent physical conditions and thudteérent chemical history, or may simply be an evolutiondfgat. A better
understanding of the small-scale source structure andxthet erigin of the molecular line emission is needed
to distinguish between these two possibilities. In thistéetwe present high spatial resolution submillimeter
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continuum observations of Sgr B2(N) and Sgr B2(M), using3MA®. The observations presented here resolve
both Sgr B2 clumps into multiple submillimeter componeisgether with the SMA spectral line data cubes and
ongoing Hersch@HIFI complete spectral surveys towards Sgr B2(N) and SghvB2f the HEXOS key project,
these observations will help in answering fundamental tipres about the chemical ccomposition and physical
conditions in Sgr B2(N) and Sgr B2(M).

7.3 Observations

The SMA observations of Sgr B2 presented here were carrieding seven antennas in the compact config-
uration on 2010 June 11, and using eight antennas in the wtended configuration on 2010 July 11. The
phase tracking centers weng(J 20000) = 17'47M19.88F,6(J20000) = -28°22184" for Sgr B2(N) and

@ (J20000) = 17"47M20.158, § (J 20000) = —28°2305.0” for Sgr B2(M). Both tracks were observed in double-
bandwidth mode with a 4 GHz bandwidth in each of the lowerlsiael (LSB) and upper sideband (USB). The
spectral resolution was 0.8125 MHz per channel, correspgrtd a velocity resolution 0£0.7 km s*. The ob-
servations covered rest frequencies from 342.2 to 346.2 (GBB), and from 354.2 to 358.2 GHz (USB). QSOs
1733-130 and 1924-292 were evenly interleaved with theygrointings toward Sgr B2(N) and Sgr B2(M) during
the observations in both configurations, for antenna gdibregion.

For the compact configuration observations, the typicalesydemperature was 273 K. Mars, 3c454.3 and
3c279 were observed for bandpass calibration. The flux regidn was based on the observations of Neptune
(~1.1”). For the very extended array observations, the typicabgysemperature was 292 K. 3c454.3 and 3c279
were used for bandpass calibration, and Uranrdsq’) was used for flux calibration. The absolute flux scale is
estimated to be accurate to within 20%.

The calibration and imaging were performed in Miriad (Satlal. 1995). We note that there are spectral-
window-based bandpass errors in both amplitude and phasera baselines in the compact array data, which
have been corrected by use of a bright point source usingltl2AB task. The system temperature measurements
for antennas 2 and 7 in the very extended array data were caried properly and have been corrected using the
SMAFIX task. We selected line free channels as done by Qih@@08). The continuum images were constructed
from those, combining the LSB and USB data of both the compadtvery extended array observations. We
performed a self-calibration on the continuum data usiregrtfodel from ‘CLEANed’ components for a few
iterations in order to remove residual errors. Using the ehérdm ‘CLEANed’ components, the self-calibration
in our case did not introduce errors in the source structauejmproved the image quality and minimized the
gain calibration errors. The final images were correctedterprimary beam response. The projected baselines
ranged from 9 to 80 .kin the compact configuration and from 27 to 590ik the very extended configuration. The
resulting synthesized beam i84x 0”24 (PA=14.£) using uniform weighting, and theslrms noise levels are 21
and 31 mJy for Sgr B2(M) and Sgr B2(N) images, respectivehe d@iterence in rms noise is caused by having
more line free channels for continuum images in Sgr B2(M1{2éhannels) than in Sgr B2(N) (740 channels).
Since there are no systematitsets between the submm and cm sources, we believe the abasidmetry to be
goodto 0.7.

7.4 Results

Continuum images of Sgr B2(N) and Sgr B2(M) at §56 are shown in Fig. 7.1. Multiple submillimeter con-
tinuum cores are clearly detected and resolved towards $@tiB2(M) and Sgr B2(N) with a spatial resolution
of 074x0724. Unlike in radio observations at 1.3 cm with a comparabsolution, which detected the UGiH
regions K1, K2, K3, and K4 (Gaume et al. 1995), only two subméter continuum sources, SMA1 and SMA2,
are observed in Sgr B2(N) (Fig. 7.1, upper panel). The biéghtponent Sgr B2(N)-SMAL1 is situated close to the
UC Hu region K2, and Sgr B2(N)-SMAZ2 is locatees” north of Sgr B2(N)-SMAL. The observations have shown
that large saturated molecules only exist within a smalioreg< 5”) of Sgr B2(N) called the Large Molecule
Heimat, Sgr B2(N-LMH) (Snyder et al. 1994). Our observasiamdicate that Sgr B2(N-LMH) coincides with
Sgr B2(N)-SMA. Sgr B2(N)-SMA2 has also been detected inicomim emission at 7 mm and 3 mm (Rslet al.
2011a; Liu & Snyder 1999) and molecular lines of £3H and GHsCN at 7 mm (Mehringer & Menten 1997;
Hollis et al. 2003). Lower resolution continuum observasi@t 1.3 mm (see note to Table 1 of Qin et al. 2008)
suggested that the Sgr B2(N)K1-K3 clump could not be fitteth i single Gaussian component, and another
component existed at Sgr B2(N)-SMAZ2 position. Our obsémnat here have resolved out Sgr B2(N)-SMA2,
confirming it to be a high-mass core.

1The Submillimeter Array is a joint project between the Smittisomstrophysical Observatory and the Academia Sinica tirtstiof
Astronomy and Astrophysics, and is funded by the Smithsomiatitition and the Academia Sinica.
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Table 7.1: Properties of the Continuum Sources

119

Source a (J2000.0) 6 (J2000.0) Deconvolved size Peak Intensity  Flux Density My, N,
(Jy beam?) y) (1GM,)  (10%cm?)
Sgr B2(N)-SMA1 17 4719.889 —282218.22 "7TRx 1728(-7.7°) 1.79:0.039 47.481.034 27.330.59 4.540.1
Sgr B2(N)-SMA2 1747 19.885 —282213.29 "4 x 1702(-245°) 0.6010.031  10.120.521 5.820.38 1.450.1
Sgr B2(M)-SMA1 17 47 20.157 —-282304.53 81 x 0759(106°) 2.39+0.138 20.91.21 12.020.7 4.94-0.29
Sgr B2(M)-SMA2 17 47 20.133 -282304.06 "9Bx 0758(147°) 1.75:0.12 12.5%0.859 7.190.49 4.630.32
Sgr B2(M)-SMA3 1747 20.098 -282303.9 "®x073(-9.9°) 0.866:0.09 4.14%0.431 2.380.25 3.130.33
Sgr B2(M)-SMA4 17 47 20.150 -282303.26 "8bx 0/32(-1.5°) 0.483:0.021  1.4420.063 0.830.04 1.720.08
Sgr B2(M)-SMA5 17 47 20.205 —-282304.78 "@bBx 0752(159°) 0.52:0.051 2.4880.244 1.430.14 1.530.15
Sgr B2(M)-SMA6 17 47 20.171 -282305.91 "Tbx 0743(-24.3°)  0.71x0.067 3.050.288 1.750.17  1.920.19
Sgr B2(M)-SMA7 1747 20.11 -282306.18 "T2x0/37(149°) 0.6+0.051 2.3660.201 1.360.12 1.840.16
Sgr B2(M)-SMA8 17 47 20.216 —28 23 06.48 32 x 0745(-63.4°) 0.31+:0.048 1.2460.193 0.7%0.11 1.120.17
Sgr B2(M)-SMA9 17 47 20.238 —282306.87 "&Bx 0742(239°) 0.369:0.032  1.9220.164 1.1%0.09 1.160.1
Sgr B2(M)-SMA10 17 47 19.989 —-282305.83 (& x 170(-25.8°) 0.183:0.015 4.32:0.363  2.490.29 0.2:0.03
Sgr B2(M)-SMA11 17 47 20.106 —28 23 03.01 "9¥.x 0748(-27.7°)  0.695:0.058 4.4230.37 2.540.21 2:0.17
Sgr B2(M)-SMA12 17 47 20.132 -282302.24 "82x 0752(09°) 0.394:0.018 2.6290.121 1.5%0.08 1.30.07

Notes.Units of right ascension are hours, minutes, and seconds, and udigglofation are degrees, arcminutes, and arcsec-
onds.

The continuum image of Sgr B2(M) (Fig. 7.1, lower panel) se@complicated morphology, with a roughly
north-south extending envelope encompassing severalairopmponents. In total, twelve submillimeter sources
are resolved in Sgr B2(M). Using the Very Large Array (VLA)a@ne et al. (1995) have detected four bright
UC Hu regions (F1-F4) at 1.3 cm withiri’2n Sgr B2(M). The highest resolution 7 mm VLA image with a ftiosi
accuracy of Al (de Pree et al. 1998) has resolved nineteen WCddions in the central region of Sgr B2(M)(F1-
F4). Five submillimeter components, Sgr B2(M)-SMAL1 to SMé® detected in the central region of Sgr B2(M)
in our observations. Outside of the central region, sevempoments, Sgr B2(M)-SMAG6 to SMA12 are identified.
Given the positional accuracies of our observations anabservations by de Pree et al. (1998), the projected
positions of Sgr B2(M)-SMA2, SMA6, SMA11 and SMA12 coincidéth those of UC HlIl regions F1, F10.37,
F10.30 and F10.318, respectively. No centimeter sourceticted towards Sgr B2(M)-SMA10, located south-
west of the central region, which shows extended structure.

Multi-component Gaussian fits were carried out towards buttSgr B2(N) and Sgr B2 (M) clumps using the
IMFIT task. The residual fluxes after fitting are 4 and 11 JySgr B2(N) and Sgr B2(M), respectively. The large
residual error in Sgr B2(M) clump is most likely caused bycitenplicated source structure. The peak positions,
deconvolved angular sizes (FWHM), peak intensities, aral fatx densities of the continuum components are
summarized in Table 7.1. The total flux densities of the SgiNg2and Sgr B2 (M) cores are58 and 61 Jy,
while the peak fluxes measured by the bolometer array LABOCe12-m telescope APEX are 150 and 138
Jy in a 182" beam respectively (Schuller, priv. comm.), indicatingtth@0% flux is filtered out and our SMA
observations only pick up the densest parts of the Sgr B&core

Assuming that the 850m continuum is due to optically thin dust emission and usimg\erage grain radius
of 0.1um, grain density of 3 g cn? and a gas to dust ratio of 100 (Hildebrand 1983; Lis et al. 1,99& mass and
column density can be calculated using the formulae givdrisret al. (1991). We adop®(v) = 4x107° at 850
um (Hildebrand 1983; Lis et al. 1991) and a dust temperatufes6fK (Carlstrom & Vogel 1989; Lis et al. 1993)
in the calculation. Based on flux densities at 1.3 cm and 7 mau(iz et al. 1995; de Pree et al. 1998;fRodt al.
2011a), most of K and F subcomponents (except for K2 and FBJrah have fluxes less than or comparable with
those at 22.4 GHz, showing descending spectra and suggestically thin Hi regions at short wavelengths. The
contributions of the free-free emission to the flux densitiéthe submillimeter components are less than 0.7% for
K2 and F3 and less than 0.1% for other components and cary fafégjnored. The estimated clump masses and
column densities are given in Table 7.1. The flux density efftturteen detected submillimeter components ranges
from 1.2 to 47 Jy, corresponding to gas masses from 71 to ®%31The column densities are a few times10
cm 2. Under the Rayleigh-Jeans approximation, 1 Jy béamour SMA observations corresponds to a brightness
temperature of 113 K. The peak brightness temperaturesrd 8i1)-SMAL and Sgr B2(N)-SMA1 are 270 and
200 K respectively, which give a lower limit to the dust temadares at the peak position of the continuum. In
this paper, the column densities and masses are estimategsklnf source-averaged continuum fluxes. Based on
the model fitting (Lis et al. 1991, 1993), the adopf@@), dust temperature, and optically thin approximation are
reasonable guesses for the Sgr B2(N) and Sgr B2(M) cloud lexeq The total masses of Sgr B2(N) and (M),
determined by summing up over the components, are very aatblga 3313 and 3532 M respectively, in spite
of very different morphologies. The adopted gas temperature of 150 Kowsider a reasonable guess for the
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average core temperatures, although the most massivestmeshigher peak brightness temperatures. For those,
the optically thin assumption also is probably not justifiadd we would be underestimating their masses.

7.5 Modeling

A striking feature in the maps is the appearance of Sgr BEMAL which, although well resolved, does not
appear to be fragmented. We used the three-dimensionaltivediransfer code RADMC-3%) developed by

C. Dullemond, to model the continuum emission of Sgr B2(N)A3.. Figure 7.2 shows three example models,
whose radial profiles were obtained by Fourier-transfogntire computed dust continuum maps, ‘observing’ with
the uv coverage of the data, and averaging the image in airamnuli. All models are heated by the stars in the
UC Hu regions K2 and K3, assumed to have luminosities 40° L, which is uncertain, but should give the right
order of magnitude (Rfils et al. 2011a). The dust mass opacity (0.6 gt) is interpolated from Ossenkopf &
Henning (1994) without grain mantles or coagulation, whiolresponds to §(v) of a few times 10° at 850um

and is consistent with the value used in our calculation cfsea and column densities. The model with a density

-25
distribution that follows the Plummer profila,= 1.7 x 10° x (1 + (m)z) H, cm3 (half-power radius 6500

AU) provides the best fit. Also shown in Fig. 7.2 are a Gaussiadel with central density 10 H, cm™ and

half-power radius 6500 AU, and a model whose density follawadial power lawn = 10° x (mjl‘5 H, cm3
(outside of 1000 AU, the radius of thentlegion K2). The latter model reproduces the peak flux medswyehe
bolometer array LABOCA at the 12-m telescope APEX, whichG8 dy in a 18" beam, but does not fit the inner
regions observed by the SMA very well. The Plummer and Gawstets fit Sgr B2(N)-SMAL well, both in terms
of shape and absolute flux. This implies the existence of tanded component, which is filtered out in the SMA
map, but picked up by LABOCA.

Whether the Plummer profile, which is also used to describsitygprofiles of star clusters, has any relevance
for an evolving star cluster, or whether the cluster losgesniemory of the gas density profile in the subsequent
dynamical evolution is not clear at this point. The model dasass of around 3000 Mnside a radius of 11500
AU (0.056 pc), which gives an average density of #0° M, pc™3. This is only the mass contained in the gas, and
does not include the mass of the already formed compacttshjeaviding the luminosity. Sgr B2(N) could be a
very young, embedded stage of the formation of a massivelsister.

7.6 Discussion

Our SMA observations resolve the Sgr B2(M) and (N) cores fotateen compact submillimeter continuum
components. The two cores display verffelient morphologies. The source Sgr B2(N)-SMAL1 is locatathro
east of the centimeter source K2, with afset of~0.2’. The continuum observations at 1.3 cm with a resolution
of 0.28’ (Gaume et al. 1995) and at 7 mm with a resolution of’QRolffs et al. 2011a) also showed a compact
component centered at K2. We failed to detect any submitémzntinuum emission associated with sources K1,
K3, and K4. Sgr B2(N)-SMAZ2 is a high-mass dust core.

In contrast to Sgr B2(N), a very fragmented cluster of higlsssubmillimeter sources is detected in Sgr B2(M).
In addition to the two brightest and most massive compon&ugisB2(M)-SMA1 and Sgr B2(M)-SMAZ2, situated
in the central region of Sgr B2(M), ten additional sources detected, demonstrating a high degree of fragmen-
tation. The sensitivity of 0.021 Jy beamin our observations corresponds to a detectable gas masg b1
but the observations are likely dynamic range limited, s difficult to determine the clump mass function in
Sgr B2(M) down to smaller masses.

The estimated column densities £3€m2=33.4 g cm?) in both the homogeneous starforming region Sgr B2(N)
and the clustered Sgr B2(M) region are well in excess of thestiold of 1 g cr? for preventing cloud fragmen-
tation and formation of massive stars (Krumholz & McKee 2008he source sizes and masses derived from
Gaussian fitting, assuming a spherical source, lead to \@llignsities in excess of i@n3 for all submillimeter
sources detected in the SMA images. Assuming a gas tempeatd50 K, the thermal Jeans masses are less
than 10 M, but the turbulent support is considerable. The large coldensities, gas masses and the velocity
field (Rolffs et al. 2010) suggest that the submillimeter componentseitvio regions are gravitationally unstable
and are in the process of forming massive stars. This pressas more advanced in Sgr B2(M), which is also
reflected in the large number of embedded U riegions found there. However, star formation in Sgr B2(N)
appears not to have progressed very far, a conclusion aigmged by the presence of only one U@ kegion
embedded in one of the two clumps studied here. The obsangadiso showed that massive star formation taking

thtp;//www.ita.uni—heidelberg.d”edullemondsoftwararadmc—3d
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place in the two clumps with outflow age f10° and~ 10* year for Sgr B2(N) and Sgr B2(M) clumps, respec-
tively (Lis et al. 1993). If one can generalize from these examples, and if they provide snapshots in time of
the evolution of basically equal cores, it seems that a massar forms first in a relatively homogeneous core,
another example with Plummer density profile and withougrinantation is the high-mass core G10.47 (ol

et al. 2011c), followed up by fragmentation or at least \eslreak-up of the core and subsequent star formation,
perhaps aided by radiative or outflow feedback from the ftest §his scenario may well apply to extremely high-
mass cluster forming cores or to special environments sitige high-mass IRDCs have been shown to fragment
early (Zhang et al. 2009).
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Figure 7.1: Continuum maps of Sgr B2 at 880, with a synthesized beam of 8<0724, PA=14.4 (lower-right
corner in each panel). The left panels shows the image of @¢)B with contour levels{1, 1, ...14x40
(10=0.031 Jy beart). The cross symbols indicate the positions of U rdgions detected in 1.3 cm continuum
(Gaume et al. 1995). The right panel present the image of @B with contour levels{1, 1, 2, 3,4, 4.5,5.5, 5,
6,7,8,10,...28}40 (10=0.021 Jy beartt). The cross symbols indicate the positions of Urelgions detected

in 7 mm continuum (de Pree et al. 1998). In each panel, the fiilcle symbols present the peak positions of the
submillimeter continuum sources.
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Figure 7.2: Radial profile of the Sgr B2(N)-SMA1 componenithverrorbars denoting the rms in circular annuli.
Overlaid are three models withfterent density distributions (red: Plummer; blue: Gausgiagen: power-law).
The beam is depicted as a dashed Gaussian.
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Chapter 8

Discussion

In this chapter | summarize and discuss all results that wiet@ned from the diierent data sets and models. More
details can be found in Sects. 3.9, 4.6, 5.7, and 6.7.

8.1 Heating

8.1.1 Internal Heating

Heating is internal if it is caused by heating sources whiehdeeply embedded inside the core, whereas external
heating comes from outside the core, e.g. from WC&gions which are not surrounded by high column densities.
The results obtained in this thesis support the internditgaf HMCs.

The single-dish observations reveal strong emission frdorationally excited HCN in all sources and from
vibrationally excited H2CN in half of the sources that were observed with APEX. In ioldj other high-excitation
lines such as from H{N or vibrationally excited HNC (in SgrB2-M with HerscHiEllFI) are detected. Especially
vibrationally excited H3CN requires large masses of hot gas, which can hardly bededwiithout difusion of
radiation. Difusion is photon-trapping by high dust column densitieslidiagctions from the heating source, and
increases thefiiciency of heating dramatically (e.g. Kaufman et al. 1998).

The VLA data show the extension of vibrationally excited H@fdcing hot dust. Emission around the HCH
regions and absorption against them clearly point to thes stethe HCHI regions as heating sources. Modeling
of the dust temperature and the resulting line emission badration supports this heating, aided by large column
densities that lead to filusion.

The SMA data contain many optically thick high-excitationels, whose emission coincides with the dust
continuum. Moreover, lines from higher energy levels angegally more compact, indicating a centrally peaked
temperature. Also the self-absorption features in thelaidgh data require such a temperature gradient.

At least the three sources investigated by interferomé@19.470.03, SgrB2-N and -M) and, most likely,
the other three sources that show vibrationally excité#OMl in the APEX data (G327.3-0.6, IRAS 16065-5158,
IRAS 17233-3606) must be internally heated. The situatioless clear for the remaining six sources that were
observed with APEX, since larger scales are probed by twisument and interferometer data are needed to
clarify e.g. the location of vibrationally excited HCN. G26+0.15 is a case for external heating (Watt & Mundy
1999; Mookerjea et al. 2007); it nevertheless shows strdmgtionally excited HCN and global infall, indicating
ongoing star formation, which could heat the hot core fromitiside in addition to the neighboring UGHegion.

Modes of internal heating are ultraviolet radiation front stars, infrared radiation from colder stars and from
accretion, which releases energy close to the stars, aswsehocks and decaying turbulence, converting kinetic
energy from winds and outflows into heat. The emission spectf embedded stars or protostars does not matter,
since their radiation is reprocessed by dust. Only theirihasity is relevant, and the high luminosity of HMCs
points to high-mass stars or star clustessociations as the dominant heating source. For instexiegnal heating
by X-ray radiation is responsible for the hot layer in theadope of SgrB2 (Comito et al. 2003; Wilson et al. 2006),
but can be excluded for HMCs already on the basis of this losiip argument. Also cosmic rays are negligible
compared to the internal sources.

8.1.2 Multiplicity of Heating Sources

The high-excitation and most other lines observed with ihgls-dish telescopes can be well explained by central
heating, as assumed in the RATRAN modeling. However, thessomn from highd lines in the outer pixels of
CHAMP+ could mean additional heating there.

125
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Most obvious is the multiplicity of heating sources in the A/tontinuum maps, where manyuHegions are
detected. Especially SgrB2-M is very rich iniegions, each ionized by a massive star. Also G1804G3 and
SgrB2-N have more than oneitfegion, and the presence (or neighborhood) of multiplesstaems to be a general
feature of HMCs.

While it is relatively easy to take these stars into accounthémodeling with RADMC-3D, heating sources
without detectable ionized gas are much mot@dalilt to incorporate. Their locations are not evident, anehev
their existence is questionable. It is expected that a hugeaber exists, since massive stars as those visible in
the Hi regions do not form alone, but accompanied by many less wastirs. Several models were run with
additional stars whose luminosities are distributed atiogrto the initial luminosity function, but the results are
ambiguous. In particular, the observational data coulcepeaduced as well with only the stars in the tégions.

It is possible that these are the first stars that have foraredithe rest will follow later.

On the other hand, the extension of high-excitation lindeé'SMA maps is generally a bit smaller in the mod-
els than in the data, especially highly excited 48lds somewhat extended to the east (Fig. 6.5). More modeling
efforts are needed to decide if this is an abundateresity d€fect or if more heating sources are necessary.

8.2 Density Distribution

8.2.1 Radial Profile

Dust continuum emission traces the density, modulatedrhpéeature and dust opacity. Temperature gradients are
taken into account in the modeling by the central heatinglIRAN) or the stars in the hregions (RADMC-3D).
Variations in opacity are much less than in density, and aggetcted due to unknown opacity behavior and the
degeneracy with density.

The averaged radial profile of the continuum, as measurddlwiBOCA on APEX, can be fitted by a power-
law density distribution, with density proportional to rasl to the power of about1.5. The LABOCA data have
a resolution of 182, and therefore are sensitive only to large scales. This ptamedensity distribution fits also
to most of the lines observed with APEX and Herschel.

The interferometer data, however, reveal that in the inaer the density does not follow a radial power-law
profile, but is rather flat in a central region and falts @pidly outside this region. The VLA line emission could
be modeled with a Gaussian density profile and the dust esnissien by the SMA with a Plummer profile (which
resembles a Gaussian in the center). Such centrally depnfiegprcould arise from increased pressure due to
feedback from massive stars.

8.2.2 Clumpiness

The emission from high-lines in the outer pixels of the CHAMPreceiver on APEX can only be explained by
the presence of high densities at the location of the outelp{15-20 from the center). However, there cannot
be such high densities everywhere at these radii, as thenaant measured with LABOCA would be much higher
then. Therefore, the density has to vary, and high-densitygs in a lower-density environment are needed to
explain the emission in the outer pixels. These clumps lakie tvarm enough to excite the highevels, probably
suggesting additional heating.

An independent hint on clumpiness comes from the line shaesre is a lack of self-absorption in optically
thick lines in some sources observed with APEX. These lite&s do not show a central plateau, but are simply
single-peaked. An explanation for such a shape would bewvbiay of many optically thick profiles, each with a
different velocity. These velocities would be associated véffasate clumps.

Vibrationally excited HCN is very optically thick at least those sources with vibrationally excited3&N.
Nevertheless, it too does not display self-absorptiorufeat For the APEX data, this can be explained by the
large beam: Any absorption is reemitted well inside the hesomo self-absorption can be observed. This does
not apply for the SMA data, however, which resolves the eimissModeling a homogeneous, internally heated
core inevitably produces strong self-absorption in thecafly thick lines. The situation improves significantly
when the model is inhomogeneous, with density fluctuatichsr(piness) and varying velocity field. The line
shapes can be much better reproduced with such models.

Direct imaging of the clumpy substructure could have beessibbe with the resolution of the VLA data.
Indeed, the maps show strong variations of the emissiorthleuow signal-to-noise ratio in addition to possible
phase noises makes it very unclear whether this is realetttisely possible that such variations arise simply from
noise, so the degree of clumpiness cannot be decided on $ieedighese data. The SMA data, witl3 times
lower resolution, do not show any fragmentation of line anteuum emission in the central region.
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8.3 \Velocity Field
8.3.1 Infall

Blue asymmetries in self-absorbed lines are an indicatfanfall, as the absorption is red-shifted and the blue-
shifted emission from the far inner side can escape frealynadny of the sources observed with APEX this infall
signature is detected, and could be modeled as a spheffaiivith about 10% of the free-fall speed 1 km s2).
This means that large-scale accretion onto the hot corergcalithough with a lower speed than expected from
unhindered contraction.

The reduced average infall speed is a hint on processesdbtateract gravitational contraction, in particular
turbulent support. Overall, gravity is still strongercaling the HMC to grow in mass.

8.3.2 Expansion

In many lines observed with APEX, high-velocity line wingg &een. This emission of fast gas likely originates
in an outflow. Also self-absorbed line profiles with red asyetmes are present, which are indicative of expansion
motions. In some sources, e.g. G327.3-0.6 and SgrB2-M,redtand blue asymmetries occur, putting in question
whether the source is expanding or infalling.

This could be investigated with Herschel data of SgrB2-Miclvhinclude higherd transitions of HCN. The
systematic change of the asymmetries from blue to red witteasingJ could be modeled as infall in the outer
parts and expansion in the inner parts. Thus, the infalluersed close to the protocluster due to the onset of
feedback from the young stars.

More directly, blue-shifted absorption (meaning that fpoaind gas moves towards us) could be observed at
high angular resolution with the VLA and the SMA. Velocitymponents of hot gas moving afl0 km s away
from the HCHir regions SgrB2-M F1f and G10.40.03 B1 and B2 are detected.

The SMA observations show such expansion motions for atyasfenolecular lines in absorption against the
dust continuum. Expansion velocities upt40 km s are seen, with the bulk moving atl8 km s. In spite of
this outflow, spectra of lines with high optical depth suctC&% HCN, or H3CN display the infall asymmetry if
integrated over a larger region. This means that blueeshdémission from the far side is stronger than blue-shifted
absorption at the near side, and that the outflow is confinedstoall central region, while the gas is infalling on
larger scales and with a higher rate, but at a lower velocity.

8.3.3 Other Motions

Turbulence, along with unresolved macroscopic motionsadkens the lines to widths of 3—10 krmt s Different
velocity components at fierent locations are not resolved with the single-dish alagiems, and might contribute
to the line width and also to shifts in the line velocity thane observed with HerschigllFl. With the interferom-
eter observations, velocity components in SgrB2-M couldlbarly distinguished (F1 and F3).

Continuous velocity gradients can be an indication of fomatbut could also be due to unresolved components.
The absorption towards SgrB2-M F3 shows a velocity gradimd it is possible that this arises from rotation of
an accretion disk around an H@ldegion.

8.4 Molecular Abundances

8.4.1 Freeze-out

The self-absorption features provide information on tHe éareground gas. It is howeverfiicult to disentangle
density and abundancé&ects. Under the assumption of spherical symmetry and a pawedensity distribution,

a depletion at low temperatures of HCN and HGO®necessary to fit the line shapes measured with APEX. While
this depletion could be due to freeze-out of HCN on dust grahe reduced abundance of HCi® more likely a
secondary fect.

8.4.2 Hot Molecules

HCN is found to be very abundant in the hot gas. This resultbeaderived independently from each data set on
the basis of vibrationally excited HCN. The abundance caoha few times 1@ at high temperatures-(00-300

K). It is substantially enhanced with respect to lower terapges, at least in those sources where vibrationally
excited H3CN is detected with APEX. In the remaining sources the abocel@ould stay the same as at lower
temperatures.



128 CHAPTER 8. DISCUSSION

Also HNC is enhanced at high temperatures, as the vibrdljoexcited HNC in SgrB2-M demonstrates.
HC3N has a high abundance in the hot gas, too. All these moleahlardances are probably related by a gas-phase
chemistry network that produces these molecules at higheestures. A key could be water, whose abundance
probably surpasses that of CO at high temperatures and whathout to be studied in detail with Herschel (e.g.
van Dishoeck et al. 2011). As its high-temperature prodactionsumes OH, it could allow a rich N-chemistry
(Rodgers & Charnley 2001).

8.5 Implications for High-Mass Star Formation

8.5.1 Large Mass of Hot Gas

The mass of hot gas found in many HMCs is much larger thanquely thought, namely on the order of hundreds
of solar masses which have temperatures in excess of 300i&h&hk profound impacts on the formation of star
clusters.

Diffusion of radiation is needed to increase the temperatuteeicentral region. This implies large column
densities in all directions, so highly filamentary, clumpy,disk-like structures have at least to be embedded in
more homogeneous, optically thick envelopes that furtbpracess most of their dust emission.

The high density in molecular gas in the whole central regitentime when massive stars have already formed
poses the question of where the low-mass stars are. If theyfoamed simultaneously to the high-mass stars,
they could still be at an early evolutionary stage, havirerthwn accretion disk or small core, and not lfkeeted
much by the surrounding gas. They are verfjidilt to detect due to the large distances. On the other h&nd, i
low-mass stars have not yet formed in the central regioty, ta@not anymore due to the high pressure. In this
case, they form only farther outside, and the central IMFeiy Yop-heavy.

The average gas densities in the HMCs are on the order’ab1® M., pc3, depending on where the radius
is set. This is more than the stellar density in young masstimeclusters. Further star formation could transfer
part of this gas mass into star mass, or the density coulddueeel by expansion and mass loss. A connection to
later stages of star cluster evolution is thus possible tergugh the missing embedded starburst clusters (Pfalzne
2009).

8.5.2 Onset of Feedback

The formation of massive stars produces a variety of feddbato the surrounding gas. Consequences are be-
ginning ionization, traced by the HGHegions, as well as a reversal of the gravitational infedlysed by the
increased pressure due to stellar radiation, winds, owflawd heating. The expansion motions can be well seen
in the changing asymmetries of the HCN lines and the blutteshabsorption in the interferometer data, while a
global infall manifests itself in the red asymmetries.

The onset of feedback is thus traced by the velocity field.mApdrtant aspect is that the expansion motions are
not well collimated, as is the case for outflows from low-mstsss, but have a wide impact angle. They are there-
fore probably not primarily caused by a single bipolar, netgrcentrifugal outflow, but rather by radiatj@rind
pressure aided by thermal pressure.

8.5.3 Distribution of Matter

This increased pressure in the inner part also determimedehsity distribution, and indeed a central flattening
is found. A power-law density that continues in the centegion is probably prevented or disrupted by feedback
processes, and can be excluded by the interferometer eltieers.

The stars with strong ionizing radiation are well localizgdthe VLA data, and form multiple systems or
clusters. In contrast, the dust does not show clear muliiplin G10.4740.03 and SgrB2-N. The apparent lack of
fragmentation could be due to clumpiness on smaller scafesttaced by the beam or an evolutionary sequence
with first the formation of high-mass stars and then fragréont and low-mass star formation.



Chapter 9

Conclusions

For this PhD thesis, | obtained high-quality data and arelythem with detailed radiative transfer modeling. The
results improve our understanding of Hot Molecular Corastair internal structure.

The observational data are cutting-edge both in terms d&f figguencies and angular resolution. The APEX
telescope, situated at an extraordinary site for subrrelién observations, allowed to advance into frequency
regimes hardly accessible from the ground, and to obsemetrsfly resolved lines of HCN, HCQ CO, and
their isotopologues from a variety of energy levels, trgdifferent excitation conditions and optical depths. With
the launch of the Herschel space observatory and the st 6fEXOS key program, this kind of study could be
substantially expanded by including many more lines tovggoB2-M, which lie at high frequencies completely
absorbed by the Earth’s atmosphere.

Through the use of interferometry, high angular resolutionld be achieved. With both the VLA and the
SMA, | obtained the highest resolution possible with thestruments. Maps of vibrationally excited HCN and
free-free continuum emission were taken with the VLA in theources, and hundreds of molecular lines and
the dust continuum emission were mapped with the SMA in GHDH3. Moreover, the SMA succeeded in
combining high frequencies and spatial resolution by trelehging observations at 690 GHz.

To extract the information contained in the data, radiatiemsfer modeling is essential. | computed the
temperature in a centrally heated sphere with power-lawitiedistribution in an approximate way usingdidision
of radiation in the optically thick inner part and balancewsen heating and cooling in the outer part. With
the Monte-Carlo code RATRAN, level populations and the tadifine shapes were computed. This spherical
modeling was applied to the single-dish data, which do neé lsafficient angular resolution to constrain more
complex models.

As a proper modeling of the interferometer data demandsipfeilieating sources and a non-spherical dis-
tribution of ionized and molecular gas, the three-dimemsiaust and line radiative transfer code RADMC-3D
was used. The dust temperature is computed from stellanbeand the molecular lines by assuming the level
populations to be in Local Thermodynamic Equilibrium (LTHE)was applied to the dust emission and the lines
from vibrationally excited HCN, since this is very closetyliTE with the dust temperature.

For modeling the APEX data, | developed a fitting strategyytstematically search the parameter space. It
is based on exploring fierent molecular abundances for physical structures whidhdidust continuum. For
the other data sets, | used a trial-and-error techniquepimdeice the data. The unlimited diversity of possible
three-dimensional structures makes an unbiased seardh moe dificult than for spherical models with just a
handful of parameters. Models with few parameters are masg o handle, but too simple to account for the
complexity of the real sources.

The results | obtained from observations and modeling dethe following. The prevalence, but not exclusiv-
ity of self-absorbed, blue asymmetric profiles of highlyioally thick rotational lines imply a dominance of mod-
erate infall. The lack of self-absorption and emission i tluter pixels of CHAMR must be due to clumpiness.
Red asymmetric profiles point to expansion motions. A nicge of a starting reversal of infall in SgrB2-M
could be detected by modeling the line asymmetries obsevitadHerscheHIFI. Another example of the simul-
taneous presence of infall and expansion was found in thediifted absorption features in G10+0703, which
are seen with the interferometers in addition to the infedfifes.

A density structure that follows a radial power law fits to #iegle-dish data, but not to the spatially resolved
interferometer data. On these smaller scales, the deresiyns to match more closely a Plummer profile, i.e.
relatively flat in the central region and rapidly fallingf @utwards. Clear large-scale fragmentation is missing in
G10.440.03 and SgrB2-N, which are among the strongest line emjtbert small-scale density fluctuations are
indicated by the line shapes. Heating is internal, and foiytraainly by the stars that also ionize the hypercompact
Hu regions. With much of the current work relying on the HCN noole and its vibrational excitation, it is now
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clear that its abundance increases with temperature,irggislyh values on the order of 19in the hot gas.

The combination of all the results obtained in this PhD thesiggests a consistent picture of Hot Molecular
Cores that is characterized by the beginning feedback fightimass star formation. The envelope is still infalling,
and the core is heated by newly formed massive stars throiffyisidn of radiation in a high-column-density
environment. These stars also start an ionization, whidtilisconfined to small regions, and an expansion of
the gas by means of increased radiative, thermal, turbuderat wind-driven pressure. The feedback processes
are reflected in the velocity field with central expansionion, in hypercompact idregions, in the centrally
flat density distribution, and the high temperatures. A clemphemistry develops, and the high HCN abundance
found here underlines the importance of gas-phase reawtiovorks after the evaporation of ice mantles.

This thesis demonstrates the power of radiative transfetetimy for analyzing observational data and con-
straining the source structure. This method provides rgitguesses, but makes it possible to exclude models in
a systematic way, both by trial-and-error techniques anddayining of a parameter space. | emphasize that the
basis of progress in astronomy is good observational dedgided by state-of-the-art telescopes, such as the data
that | have obtained and presented here.



Chapter 10

Outlook

In this chapter | give a brief outlook to future possibilitiand ideas in observations and data analysis. The field of
observational molecular astrophysics develops fast aod the verge of an exciting new era that is coming with
ALMA. Meanwhile, theory and analysis tools profit from rigisomputer power.

10.1 Observations

Certainly the most important and ground-breaking upconmstrument is ALMA (Atacama Large Millimeter
Array), an interferometer at the APEX site that will be coetpt in 2013. It will consist of 50 12-m antennas
that can be arranged with maximum baselines of 16 km, plu#\taeama Compact Array (ACA) with twelve
7-m antennas and four 12-m antennas. The spectral rangss#ueewill be 84—950 GHz. Early science, using
16 antennas and four receiver bands, will start in Septe2®kt, for which the first call for proposals was issued
recently (30 March 2011).

ALMA will allow to image Hot Molecular Cores at 0.01resolution in the dust continuum and a large variety
of molecular lines at once. Although at such high resolutiensignal-to-noise ratio will be marginal for the lines
(~100 K noise in 1 km ! channels, as in my VLA data), a slightly lower resolution Wbincrease the sensitivity
suficiently. The good uv coverage will guarantee the sengjtizitextended emission as well. Such observations
will reveal unprecedented details about the structure ofd8Mhereby significantly improving our understanding
of (clustered) high-mass star formation and astrocheynistr

Similar data cubes, although with much lower resolution sewksitivity and much poorer uv coverage, already
come from the SMA. The broad bandwidth (8 GHz simultanequisiycomparable to the ALMA capabilities.
Millimeter interferometers that have less bandwidth, bettdr sensitivity, are CARMA (Combined Array for
Research in Millimeter Astronomy) and the IRAM Plateau deeBunterferometer. CARMA data of HCN 3-2
(including the vibrational satellite) and SiO toward W51di &34.26 await reduction (proposal PI T. G. Phillips),
and could clarify the issues of external heating and cluegsrin those sources.

The VLA currently undergoes a digital retrofit and is beingiipged with new receivers (eVLA), covering
1.2 to 50 GHz and allowing a large bandwidth and good speossdlution. The high sensitivity will make
observations of the dust continuum at 7 mm with high ang@swolution feasible, as well as improved observations
of lines, e.g. from dferent vibrational levels of HEN.

The Herschel data will improve the spectral energy distiiims of HMCs, constrain the line-of-sight struc-
ture through the high-frequency rotational lines, and fmevmportant inputs to astrochemistry. All data for the
HEXOS project are now taken. In addition, a proposal to oleséfCN lines in a few HMCs is accepted (PI P.
Schilke). Another important field for Herschel will be theidy of water in HMCs, complemented by a recently
accepted APEX proposal (P1 F. Wyrowski) to obser\ﬁﬂﬂ based on my APEX data of the 692 GHz line. SOFIA
(Stratospheric Observatory for Infrared Astronomy) is% 2. airplane telescope that is just starting to observe at
THz frequencies.

10.2 Analysis

Just as important as the data acquirement is their analyhis.obvious next step is three-dimensional radiative
transfer modeling in non-LTE, i.e. exactly computing theelepopulations. This will allow to apply the models
also to ground-state lines, which are not in LTE. Possibdiéatéve transfer codes for this are an expanded version
of RADMC-3D (which is planned to include exact non-LTE limarisfer) and LIME (Brinch & Hogerheijde 2010).
The latter code uses flexible unstructured grids, but nelsdglae temperature as an input.
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Typical data which demand this kind of radiative transferdelong are the spectral line data cubes from the
high-resolution SMA observations of SgrB2-N and -M. Mamek from dfferent energy levels and molecules with
spectrally resolved line shapes are seen in maps of highagnmange. These properties are also characteristic of
future ALMA data.

The question arises how to find a fit to the data. For three-usineal models, a large limitation in possible
models has to be made by defining the parameter set. The prabiénding the optimal combination of param-
eters and estimating their errors could be solved with thp bEautomatic algorithms that scan the parameter
space, such as those implemented in the fitting tool MAGIX @so Sect. 2.6.6). However, such methods require
the computation of many models, each taking up much conipuatdttime, and hence large computing power.

A direct comparison of observational data to hydrodynahsaaulations of star formation is currently pre-
vented by the dferent initial conditions of a simulation and a real source. eWlkomputational power allows
the simulations of many ffierent conditions, the outcome could be parameterized. Bydfithe parameters to
reproduce real data, much insight into the physics and tirakiton of high-mass star formation will be gained.

Astrochemical calculations of molecular abundances cbaldoupled to such simulations. In this case, the
chemical evolution would be followed in parallel to the chas of the physical structure. More feasible would
probably be the detailed computation of the chemistry famééd number of changing physical conditions, their
parameterization, and interpolation to determine the dances in an approximate way for the whole simulation.

Computationally much less intense, and hence easily aipdido a wide range of initial conditions, would be
an analytical approach to the emerging of structures. A Kfiegb physical modeling of pressure due to gravity and
feedback could lead to density distributions and veloci#yd§, taking e.g. the momentum of an initial collapse
into account. Such computations could result in similancttires as those modeled in this thesis, e.g. Plummer-
like density distributions and expansion starting in theeinpart. However, the computations might become very
complex for non-spherical geometries, and gradually cogss to the hydrodynamical simulations.
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