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Chapter 1 – Introduction

1.1 The interstellar medium and star formation
The interstellarmedium (ISM) is thematter occupying the space between the stars,
and provides the material for star formation in a galaxy (see reviews by Tielens
2005, Draine 2011). Approximately 99% of the mass of the interstellar medium
is composed of gas and the rest of the material (1%) is dust. The interstellar gas
consists mainly of hydrogen (atomic or molecular) and helium. Interstellar gas is
identified through observations in several phases, for example as coronal gas (or
hot ionized medium, T ∼ 105–106 K), warm neutral medium (T ∼ 5000 K) or cold
neutral medium (T ∼ 100 K). The interstellar dust particles are extremely small
and irregularly shaped, and composed of carbon, silicates and ice. Absorption
and scattering of light by dust causes the reddening, extinction, and polarization
of stellar radiation at optical and UV wavelengths.

The formation of stars occurs exclusively in molecular clouds. The masses of
the newly formed stars may differ due to variations in the physical and chemi-
cal properties of molecular clouds, and their location, such as whether they are
formed in isolation or in clusters.

This chapter gives a general overview of our current understanding of star for-
mation, focusing on the formation of high-mass stars. We discuss the evolution-
ary stages of high-mass star formation with several examples. We also discuss
commonly used tools for the interpretation of water-line observations, such as
radiative transfer models.

1.1.1 Low-mass star formation
The theory of star formation suggests that low-mass stars form in dense (104–105

cm−3) and cold (∼10 K) molecular clouds through gravitational collapse. Through
the collapse process, the material forms an accretion disk and a protostar at the
center of the core where the density peaks. Bipolar jets transfer angular momen-
tum and this allows material to fall inward and for the central star to grow. The
low-mass star formation process is well described by Shu et al. (1987) and McKee
& Ostriker (2007).

The different phases of low-mass star formation can be classified by their spec-
tral energy distributions (SEDs). The SEDs of the main phases of low-mass star
formation are presented in Fig. 1.1. In the earliest phase (Class 0), the central pro-
tostar is surrounded by a large accreting envelope and a circumstellar disk with
strong bipolar jets in the direction perpendicular to the disk. The outflows help
to remove angular momentum, which is important for the accretion process. The
SEDpeak is in the far-infrared and sub-mm regime for this phase. In the next stage
(Class I), the envelope is dispersed through the outflows, while the circumstellar
disk becomes larger. The amount of material in the outflows decreases compared
to Class 0. The SED has two main components; blackbody emission from the
central protostar and an infrared excess from the circumstellar disk. In the next
stage, most of the envelope is gone. The central protostar and the circumstellar
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1.1 The interstellar medium and star formation

Figure 1.1 – A sketch of the evolution of the spectral energy distribution during low-mass
star formation. Adapted from Persson (2013).

disk become visible. In the SED, the blackbody emission and the disk emission
are seen at infrared wavelengths (Class II). There is only weak accretion and little
outflow/jet activity. The grains in the disk subsequently become larger through
coagulation, in a process related to planet formation (Class III). The SED exhibits
blackbody emission from the protostar and an additional veryweak emission that
is probably from the remnant (debris) disk.

1.1.2 High-mass star formation
The study of massive stars and their formation is important for understanding
the cycle of matter in the interstellar medium. Massive stars form from molecu-
lar gas and dust in space, with relatively short life-times (∼105 yr), and eject large
amounts of material including hydrogen, helium and some heavy elements back
into interstellar space through stellar winds and supernovae. Through this feed-
back, they contribute toward the energy budget of galaxies and trigger the forma-
tion of new stars. However, it has been difficult to observe the formation of mas-
sive stars so far for several reasons: they are small in number (according to the
initial mass function), they mainly form with multiple protostars in deeply em-
bedded clusters (AV > 100 mag), their evolutionary time-scales are short (∼105 yr),
and they are located far away from Earth (d ≥ 1 kpc).

In spite of the difficultiesmentioned above, observational and theoretical stud-
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Chapter 1 – Introduction

Figure 1.2 – Observational phases of high-mass star formation: (a) massive pre-stellar core,
(b) high-mass protostellar objects, (c) hotmolecular cores, and (d) ultracompact HII regions
and photodissociation regions (dark gray area).

ies of high-mass star formation have been performed and we summarize the for-
mation theories and observed phases of high-mass star formation in the following
section. Adetailed description of the formation ofmassive stars is discussed in the
reviews by Beuther et al. (2007b), Zinnecker & Yorke (2007), and Tan et al. (2014).

High-mass star formation models
Three main scenarios for high-mass star formation have been proposed and dis-
cussed in the literature. 1) ‘Monolithic collapse and disk accretion’ is simply a
scaled-up version of the low-mass star formation model through disk accretion.
In this theory, turbulence is important for the formation of the massive protostel-
lar core. A high accretion rate is necessary for maintaining the accretion process
against strong radiation pressure. The general process is similar to low-mass star
formation and comprises a collapsing core, outflows, and a disk (McKee & Tan
2003). 2) ‘Competitive accretion and runaway growth’ is the preferential forma-
tion mode of high-mass stars in dense environments. This theory suggests that
environmental influences can be very important for the formation of high-mass
stars (Bonnell et al. 1997, 2001). A protostellar core in the center of a large, dense
molecular cloud has an advantage of growing in mass, combined with the accre-
tion increasing with the mass of the star. This mechanism can lead to the forma-
tion of the most massive star located in the center of the cloud with hierarchical
substructure (Bonnell et al. 2003). 3) ‘Stellar collisions and mergers’ is the mecha-
nism for forming massive stars through the coalescence of lower mass protostars
in dense clusters with very high densities (> 106 stars pc−3) (Bonnell & Davies
1998).

Observational phases of high-mass star formation
Based on recent observational results, high-mass star formation can be divided
into several phases. Figure 7.1 illustrates the following main phases of high-mass
star formation. 1) The massive pre-stellar core (MPSC, or high-mass starless core)
is the earliest stage of high-mass star formation. Within molecular clumps in a
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Figure 1.3 – A schematic diagram of a photodissociation region. Adapted fromHollenbach
& Tielens (1997).

cluster, the temperature of a MPSC corresponds to a local minimum (< 20 K)
and its density corresponds to a local maximum (> 106 cm−3). This type of ob-
ject is characterized by large column densities, low temperatures, and an absence
of outflow or maser activity. 2) The high-mass protostellar object (HMPO) is the
next stage in which the central star is surrounded by a massive envelope with a
centrally peaked temperature and density distribution. A HMPO shows mani-
festations of active star formation through outflows and/or masers. 3) The hot
molecular core (HMC) is the stage with a high density (> 107 cm−3) and a high
temperature shell (> 100 K). HMCs have large abundances of complex organic
molecules such as CH3OH, CH3CCH, and HC3CN evaporated from dust grains
(Herbst & van Dishoeck 2009). 4) Ultracompact HII regions (UCHII) with sizes of
< 0.1 pc are ionized gas regions created by newly formed massive stars but which
are still embedded in molecular clouds (Churchwell 2002, Hoare et al. 2007).

Photodissociation Regions (PDRs)
Classical PDRs are surfaces of molecular clouds where the physics and chemistry
are largely affected by the FUV irradiation (6 eV < hν < 13.6 eV) from nearby young
stars. Figure 1.3 illustrates the chemical stratification in a PDR. FUV irradiation
comes from the left and penetrates to the right, into the cloud. PDRs include
large columns of C+ and O in the outer part, and CO and vibrationally excited H2
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Figure 1.4 – An improved schematic diagram of a photodissociation region. The inclusion
of ice and water surface formation changes the PDR structure at higher AV (Hollenbach
et al. 2009). Image Credit: M. Kaufman.

in the deeper into the cloud. They also include transition layers such as H/H2,
C+/C/CO, and O/O2 (Hollenbach & Tielens 1997, van der Wiel et al. 2009). The
PDR structure has been improved, including chemistry on the grain surface such
as freeze-out and desorption. This changes the PDR structure at higher AV (Hol-
lenbach et al. 2009, see Fig. 1.4). PDR-type chemistry is also seen in other en-
vironments (protoplanetary disks, AGB star envelopes, and exoplanetary atmo-
spheres).

This thesis studies PDR chemistry in the Orion Bar and Orion S regions (see
Figrue 1.5). The Orion Bar is a well studied PDR at a distance of ∼420 pc (Menten
et al. 2007). The ionized medium is irradiated by the Trapezium cluster with an
edge-on view (Hogerheijde et al. 1995). Orion S is an active star-forming region
located 1′ southwest of the Trapeziumwith outflows (Zapata et al. 2006). The FUV
irradiation by the nearby Trapezium cluster illuminates the Orion S region, which
includes an ionization front and a face-on PDR.
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1.2 Water - H2O

Figure 1.5 – TheOrion region around the Trapezium stars. Image Credit: NASA/HST, C.R.
O’Dell and S.K. Wong (Rice University).

1.2 Water - H2O

Water is present in various astrophysical environments throughout the Universe
and plays an important role in star-forming regions and protoplanetary environ-
ments (see reviews by Cernicharo & Crovisier 2005, Melnick 2009). Water con-
tributes to the energy balance as a gas coolant, allowing clouds to collapse, and it is
also a crucial reservoir of oxygen and therefore controls the chemistry of oxygen-
bearing molecules and many other species. In cold regions, water ice can form
on the surfaces of grains, which helps the coagulation process of dust grains for
planet formation. Some H2O from the ISM ends up in protoplanetary disks and
ultimately on planets such as Earth. A detailed study of interstellar water chem-
istry is discussed in a review by van Dishoeck et al. (2013).

As the water molecule is a key species of this thesis, the structure of water, its
formation and destruction, and some key observational studies are discussed in
the following sections.
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Chapter 1 – Introduction

Figure 1.6 – Structure of the H2Omolecule.

1.2.1 The structure of H2O

Awater molecule (H2O) consists of two hydrogen atoms and one oxygen atom. In
a water molecule, the oxygen atom is covalently bonded to each of the hydrogen
atoms by sharing electrons, but the oxygen atom has two unshared pairs of elec-
trons. The oxygen atom is negatively charged and the two hydrogen atoms are
positively charged, so a water molecule is called a polar molecule. The charged
atoms give awatermolecule a dipolemoment (µ), which is ameasure of netmolec-
ular polarity (see Fig. 1.6). Water has a large dipole moment (µ = 1.85 D1) com-
pared to other molecules such as CO (µ = 0.12 D) and HCl (µ = 1.05 D).

The water molecule has three types of vibrational and rotational degrees of
freedom. The vibrational modes for H2O are symmetric stretch (v1), bending (v2),
and asymmetric stretch (v3). In addition, the axes of the three rotational modes
(with rotational axis A, B, and C) pass through the center of mass, and this allows
the molecule to rotate with discrete rotational energy levels. Rotational levels are
characterized by JKAKC , where J is the rotational quantum number and the two
additional quantum numbers KA and KC are related to the projection of the rota-
tional angular momentum on the molecular axes. The three moments of inertia
of the molecule have different values (IA , IB , IC). Thus, a water molecule is re-
ferred to as an asymmetric rotor. This geometry allows a water molecule to have
many different rotational and vibrational states.

The hydrogen atom has nuclear spin 1/2, and the nuclear spin of molecular
hydrogen can be parallel (ortho-H2) or anti-parallel (para-H2). H2O can therefore
be separated into para-H2O (p-H2O) and ortho-H2O (o-H2O), since their energy
levels are not connected by radiative transitions (see Fig. 1.7). For further details,
e.g. selection rules, see the book by Townes & Schawlow (1955).

1 The Debye (D) is a unit of the electric dipole moment, 1D = 10−18 g1/2 cm5/2 s−1.
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1.2 Water - H2O

Figure 1.7 – Energy levels of ortho- and para-H2O up to an energy of 500 K, with Her-
schel/HIFI transitions (in GHz) and Herschel/PACS (in µm) observed in WISH indicated.
Adapted from van Dishoeck et al. (2011).

1.2.2 The formation and destruction of H2O
In interstellar clouds, water can be formed and destroyed in three different chemi-
cal regimes: 1) ion-neutral chemistry at low temperatures; 2) neutral-neutral chem-
istry at high temperatures; and 3) surface chemistry. Figure 7.2 presents a sum-
mary of the main chemical reactions leading to the formation and destruction of
H2O. In the following, we discuss three different types of chemical reactions in
detail.

• Low-temperature ion-neutral chemistry – in cold molecular clouds, water
can be formed in the gas phase by ion-neutral chemistry starting with OH+ from
reactions of O + H3

+ and O+ + H2. The sequence of reactions with H2 leads to
H3O+, and H2O is formed through the dissociative recombination of H3O+ (Eq.
1.1). The water molecule is destroyed mainly by reactions with ions such as H3

+,
C+, HCO+, H+ and He+, and by photodissociation (Eq. 1.2).

H3O+ + e− → H2O + H (1.1)

H2O + hν→ OH + H (1.2)

• High-temperature neutral-neutral chemistry – in gas with higher tempera-
tures ( > 300 K), the neutral-neutral reaction dominates. The following two key
reactions drive gas-phase oxygen into water:

O + H2 → OH + H (1.3)
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Figure 1.8 – Formation and destruction of H2O in three different chemical regimes: 1) ion-
neutral chemistry at low temperatures dominating gas-phase chemistry; 2) neutral-neutral
chemistry at high temperatures; and 3) solid-state chemistry. Adapted from van Dishoeck
et al. (2011).

OH + H2 → H2O + H (1.4)

Such chemistry is important in the hot cores or in shocked gas. If the H/H2
ratio is very high in the gas, the back reactions of the two main mechanisms (Eq.
1.3 and 1.4) occur and water returns to oxygen.

10



1.2 Water - H2O

• Water ice chemistry on the grain surface – on the surfaces of cold dust grains,
a series of reactions with atomic H and atomic O can formwater ice. The water ice
sublimates from the grain surfaces as the dust temperature rises above 100 K near
protostars. At dust temperatures below 100 K, photodesorption via UV photons
can drive the water ice back to the gas phase.

1.2.3 Observations of H2O
Observing water is important for several reasons. Water is a useful physical di-
agnostic in star-forming regions, because of its rich line spectrum and its large
variations in abundance between hot and cold regions due to the chemistry de-
scribed above. The large dipole moment of water makes its emission lines an
efficient coolant over a wide range of interstellar conditions. For low-mass young
Class 0 sources, H2O is an important coolant (up to ∼50%), while for high-mass
star-forming regions, many H2O lines are detected in absorption so H2O (and
OH) contribution to the far-IR cooling are less than 1% (Karska et al. 2013, 2014).
H2O can be excited over a large range of temperatures (from 10 K up to 2000 K).
This makes H2O a useful tool for kinematic information in star-forming regions
through observations of multiple transitions.

Since the first detection of H2O maser emission at 22 GHz (o-H2O 616–523) by
Cheung et al. (1969), interstellar water has continued to be studied with ground-
based observations. Waters et al. (1980) observed the 183 GHz water maser emis-
sion (p-H2O 313–220) toward molecular clouds. Maser emissions have been found
in the 414–321 transition of o-H2Oat 380GHz (Phillips et al. 1980) and in the 515−422
transition of p-H2O at 325 GHz (Menten et al. 1990). Additionally, H2O masers
observed with very long baseline interferometry (VLBI) with very high resolu-
tion can enable accurate determinations of distances and proper motions of star-
forming regions in the galaxy (e.g. Rygl et al. 2012, Sanna et al. 2012).

Observations of thermally excited water lines are limited with ground-based
telescopes because of the water vapor in the Earth’s atmosphere. Most observa-
tions of water have therefore been done by space-based telescopes. The Infrared
Space Observatory (ISO; van Dishoeck &Helmich 1996), the Submillimeter Wave As-
tronomy Satellite (SWAS;Melnick et al. 2000), the Odin satellite (Bjerkeli et al. 2009),
and the Spitzer Space Telescope (Watson et al. 2007, Melnick et al. 2008) all provided
opportunities for observing emission and absorption characteristics of H2O and
its isotope H2

18O. The main results of these missions come from the detection of
gas-phase H2O lines in warm star-forming regions.

11
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IntroductionTable 1.1 – The water capabilities of space-based telescopes

Telescope/Inst. Wavelength/ Spatial Spectral Observed water line
Frequency resolution resolution

Herschel/HIFIa 480-1910 GHz 12–47 ′′ up to 107 H2O and its isotopologues
including ground-state levels

Herschel/PACSb 55-210 µm 9.4 ′′ (1-5)×103 high-J H2O lines (& o-H2O 212–101 at 179 µm)
Spitzer/IRSc 10-38 µm 2–40 ′′ up to 600 high-J pure rotational H2O lines
Odin 557 GHz & 548 GHz 2′ 106 o-H2O 110–101 & o-H2

18O 110–101
SWAS 557 GHz & 548 GHz 3.2′×4.0′ 106 o-H2O 110–101 & o-H2

18O 110–101

ISO/SWSd 2.5-45 µm 14′′×20′′ to 17′′×40′′ up to 20,000 rotational & vibrational H2O lines
ISO/LWSe 45-197 µm ∼80′′ up to 10,000

Notes. (a) Heterodyne Instrument for the Far Infrared (b) Photodetector Array Camera and Spectrometer (c) Infrared Spectrograph
(d) Short-Wavelength Spectrometer (e) Long-Wavelength Spectrometer
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1.3 The Herschel Space Observatory

While SWASandOdin observed only the ground-state lines of o-H2Oat 557GHz
and o-H2

18O at 548 GHz, ISO, with its short-wavelength spectrometer (SWS) and
long-wavelength spectrometer (LWS), was designed to observe excitation levels of
water covering a number of rotational and vibrational lines. It was also intended
for ISO to map the spatial distribution of water in targeted regions, but the spec-
tral and spatial resolutionswere not sufficient for providing insight into the spatial
distribution of water. These data also did not provide any information on the cold
water reservoir in star-forming regions and in protoplanetary disks.

TheHerschel SpaceObservatory has a high spectral resolving power and a large
wavelength coverage. It provides a unique opportunity to observe cold and hot
water in star-forming regions and allows us to study the kinematics of water lines.
One of Herschel’s main goals was to obtain a complete inventory of water in its
various manifestations in space by covering a range of densities and excitation
conditions.

1.3 The Herschel Space Observatory
TheHerschel Space Observatory2 was a space-based telescope with a primarymir-
ror of 3.5 m in diameter led by European Space Agency (ESA). The telescope was
operated fromMay 2009 to April 2013 at the L2 point (Pilbratt et al. 2010). Thanks
to a wide range in wavelength from far-infrared to sub-millimeter wavelengths
and high sensitivity, Herschel was capable of observing the structure of the early
Universe, unveiling the physics and chemistry of the interstellar medium, and
studying the formation and evolution of stars and planetary systems.

There were three science instruments onboardHerschel: two photometers con-
taining low-to-medium resolution spectrometers (PACS and SPIRE), and a high-
resolution heterodyne spectrometer (HIFI). These instruments were complemen-
tary to each other in terms of their capabilities.

• HIFI – The Heterodyne Instrument for the Far-Infrared (HIFI; de Graauw
et al. 2010) is a heterodyne spectrometer observing at 480–1910 GHz (157–625 µm)
with high spectral resolving power of up to 107 and a diffraction-limited beam of
12–47′′. It contains seven bandswith dual-polarizationusing SIS (superconductor-
insulator-superconductor) and HEB (hot electron bolometer) mixers. The data
presented in this thesis were obtained by HIFI, which is described in more detail
in Section 1.3.1.

• PACS – The Photodetector Array Camera and Spectrometer (PACS; Poglitsch
et al. 2010) consists of an imaging photometer and an integral field line spectrom-
eter covering wavelengths between 60 and 210 µm with blue (short wavelengths)
and red (longwavelengths) bands observed simultaneously. In photometrymode,
2 http://www.cosmos.esa.int/web/herschel
https://herschel.jpl.nasa.gov
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Figure 1.9 – Herschel Space Observatory front view. Image Credit: ESA/NASA.

PACS images in two bands: blue (60–90 µm or 90–130 µm) and red (130–210 µm).
They cover a field of view of 1.75′×3.5′, with full beam sampling in each band.
In spectroscopy mode, PACS operates in blue (51–105 µm) and red (102–220 µm)
bands with a field of view of 47′′×47′′, resolved into 5×5 pixels. The spectrometer
provides a resolving power between 1000 and 4000.

• SPIRE – The Spectral and Photometric ImagingReceiver (SPIRE; Griffin et al.
2010) is an imaging photometer and an imaging Fourier-transform spectrometer.
The imaging photometer of SPIRE operates simultaneously in three wavelength
bands centered on 250, 350 and 500 µmwith a field of view of 4′×8′ and beams of
18.1′′, 25.2′′, and 36.6′′, offering images of the sky in three colors. The spectrometer
covers the ranges 94–313 µm and 303–671 µm with a circular field of view of 2.0′
diameter and beams of 17–21′′ and 29–42′′.

1.3.1 The Heterodyne Instrument for the Far-Infrared (HIFI)
HIFI is a very high resolution heterodyne spectrometer. “Heterodyne” refers to
a technique that translates the observational frequency to a lower frequency by
mixing the frequency of the astronomical source with one generated by the local
oscillator (LO). This makes it easier to perform the required measurements in fine
detail.

HIFI has seven bandswith two polarizations (Horizontal (H)- andVertical (V)-
polarizations) covering thewholeHIFI frequency range from 480 to 1250GHz and
from 1410 to 1910 GHz (157–212 µm and 240–625 µm). Bands one to five (480 to
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Figure 1.10 – Focal plane unit of Heterodyne Instrument for the Far-Infrared (HIFI). Image
Credit: ESA/NASA.

1250 GHz) use SIS mixers and bands six and seven (1410 to 1910 GHz) use HEB
mixers. HIFI has a variable beam size ranging from 45′′ at 490 GHz to 11′′ at
1900 GHz.

HIFI includes two backend spectrometers. One is the digital autocorrelation
high-resolution spectrometer (HRS), which provides very high spectral resolution
over a limited bandwidth. The frequency resolutions of the highly flexible HRS
vary from 0.125 to 1.0 MHz. The other spectrometer is the acousto-optical wide-
band spectrometer (WBS) with a frequency resolution of 1.1 MHz and a band-
width of 4 GHz that provides a wide frequency coverage.

The three astronomical observing templates (AOTs) for HIFI are: 1) single-
point AOT for observing astronomical sources at one position on the sky; 2) map-
ping AOT for observing over a larger region of the sky; 3) spectral scanning AOT
for surveying a single position on the sky for a part or the whole of a frequency
band. A number of different observingmodes can be used in order to perform ob-
servations created in one of the AOTs: 1) position switch for pointing alternately
at a target position and at a reference position; 2) dual beam switch (DBS) for using
an internal mirror to switch to a reference OFF position on the sky; 3) frequency
switch for observing at the given frequency, with the LO frequency being adjusted
by a small amount; 4) load chop for using an internal cold calibration source as
a reference. Details of calibrations and performances of HIFI are presented by
Roelfsema et al. (2012).

1.3.2 WISH and HEXOS: the ISM/Star formation key programs
of Herschel

This thesis uses data from two large Herschel key programs: WISH and HEXOS.
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• WISH – The “Water In Star forming regions with Herschel” (WISH3) is a
guaranteed-time key program on Herschel. The objective of the program is to
probe the physical and chemical processes in young stellar objects using H2O
and chemically related species (van Dishoeck et al. 2011). For this study, various
sources covering a large range of evolutionary stages (from pre-stellar cores to
Class II), masses and luminosities (low-, intermediate-, and high-mass protostars)
are observed. Selected lines including H2O, water isotopologues, OH, H3O+, and
high-J lines of CO and 13CO are observed with HIFI and PACS.

• HEXOS – The “Herschel observations of EXtra-Ordinary Sources” (HEXOS)
is also a guaranteed-time key program on Herschel (Bergin et al. 2010). HEXOS
uses both HIFI and PACS for full line surveys toward Orion (Orion KL, Orion
S, and the Orion Bar) and Sagittarius B2 (Sgr B2 M and N) molecular clouds,
which contain the best-studied examples of physical and chemical processes re-
lated to the formation of massive stars and stellar clusters in the Galactic interstel-
lar medium. This includes a variety of astrophysical regimes: hot cores, shocks,
diffuse clouds, and photon-dominated regions (PDRs).

1.4 Analysis methods
For investigating physical (temperature anddensity) and chemical (molecular abun-
dances) conditions of star-forming regions, observations of dust and molecular
lines at infrared and sub-mm wavelengths are important. A detailed analysis is
necessary in order to interpret the observational data. In this thesis, we use the
emission and absorption lines of the water molecule to study the physical and
chemical conditions of star-forming regions.

1.4.1 Radiative transfer and LTE methods
The propagation of radiation through the interstellar medium is affected by emis-
sion, absorption, and scattering processes by gas and dust. The radiative transfer
equation is presented as follows:

dIv

ds
= −κvIv + jv , (1.5)

where Iv is the specific intensity, κv is the absorption coefficient, jv is the emission
coefficient, and s is the distance in the direction along the line of sight. S v is the
source function and is defined as S v ≡ jv/κv.

If the gas density is sufficiently high, local thermodynamic equilibrium (LTE)
applies and the source function is given by the Planck function at the local tem-
perature (S v ≡ jv/κv ∼Bv(T )). LTE refers to the assumption that excitations, and

3 https://www.strw.leidenuniv.nl/WISH/
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1.4 Analysis methods

ionizations are all in equilibrium corresponding to the local temperature. LTE is
a good approximation for basic analyses as a starting point.

If LTE applies, a commonly used method that uses observations of multiple
transitions is the rotational diagram for estimating temperatures and column den-
sities (Linke et al. 1979, Blake et al. 1984, 1987, Helmich et al. 1994). The rotational
diagrammethod assumes that: 1) the lines are optically thin; 2) the emission is ho-
mogeneous and fills the telescope beam; and 3) the level populations of amolecule
can be characterized by a single excitation temperature (Trot). Then,

Nu/gu =
Ntot

Q(Trot)
e−Eu/Trot

∫
TmbdV , (1.6)

where Nu is the column density in the upper level, gu is the statistical weight of
the upper level, Ntot is the total column density, Q(Trot) is the partition function for
the rotation temperature Trot, Eu is the energy of the upper level, and

∫
TmbdV is

the measured integrated intensity. Thus, a logarithmic plot of the quantity on the
right-hand side of equation as a function of Eu provides a straight line with slope
1/Trot and intercept Ntot/Q(Trot).

Even if LTE applies, column density estimate may be affected by optical depth
effects and non-uniform beam filling. In this case the population diagram (e.g.
Goldsmith & Langer 1999) is a useful method, as it takes into account a correction
for these effects. The equation mentioned for the rotation diagram method as Eq.
1.6 can be modified to include the optical depth correction factor Cτ (= τ/(1 − e−τ))
with τ is the optical depth and beam dilution f (= ∆Ωa/∆Ωs), with Ωs the size of
the emission region and Ωa the size of the telescope beam.

ln
(

Nu

gu

)
= ln

(
Ntot,thin

Q(Trot)

)
−

Eu

kTex
− ln(Cτ) + ln( f ). (1.7)

According to Eq. 1.7, for a given upper level, Nu can be evaluated from a set of
Ntot,thin, Tex, f and Cτ. Since Cτ is a function of Ntot,thin and Tex, the independent
parameters are therefore Ntot,thin, Tex and f , for which we solve self-consistently. A
χ2 minimization gives best-fit values of Ntot,thin, Tex, and source sizes.

1.4.2 Non-LTE methods: RADEX
Non-LTE methods are also necessary for our studies because most environments
in the interstellar medium are not in LTE, since at low gas densities, radiative
decay is faster than collisional excitation.

RADEX (van der Tak et al. 2007) is a non-LTE radiative transfer code for calcu-
lating the intensities of atomic and molecular lines assuming an isothermal and
homogeneous interstellar cloud using quantummechanical collision rates as sum-
marized in the LAMDA4 database (Schöier et al. 2005). Collision rates are often

4 http://home.strw.leidenuniv.nl/ moldata/
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based on quantum chemical calculations, but some cases are just simple approxi-
mations or laboratory measurements. The collisional rate coefficients result from
many years of hard work by many groups in the chemical-physics community
(e.g. BASECOL5, Dubernet et al. 2006).

Besides molecular collision data, RADEX needs molecular spectroscopy data
(energy levels, statistical weights and transition frequencies, and Einstein A coef-
ficients), e. g. from the CDMS6 (Pickett et al. 1998) /JPL7 (Müller et al. 2005) cat-
alogs. An overview of radiative transfer models and molecular data is described
by van der Tak (2011).

We compare observed line intensity ratios to radiative transfer models and
derive physical parameters such as kinetic temperatures, densities and column
densities from the detected molecular lines of star-forming regions. Calculations
with RADEX show that certain line ratios are sensitive to kinetic temperature or
gas density (see Figure 2.A.1 in Chapter 2).

1.4.3 Radiative transfer modeling: RATRAN
RATRAN is a code for calculating the radiative transfer and excitation of molec-
ular lines using an accelerated Monte Carlo method (Hogerheijde & van der Tak
2000). The code calculates the level populations of molecules using molecular
data (Einstein A coefficients and collisional rate coefficients) from LAMDA.

In addition, RATRAN needs s source profile (temperature and density as a
function of radius). After calculations of molecular level populations as a func-
tion of radius, RATRAN produces synthetic line maps and velocity profiles. It is
possible to convert to other output formats such as MIRIAD and FITS and this
makes it easy to compare beam-convolved results to observational data.

We analyze the gas dynamics from the observed molecular line profiles using
a temperature and density profile constrained by the SED and by sub-mm con-
tinuum images. The assumption is that the temperatures of dust and gas are the
same. RATRAN allows us to estimate outflow, infall and turbulent velocities, and
also molecular abundances.

1.5 This thesis
The purpose of this thesis is to study the physical and chemical evolution of high-
mass star formation using H2O, which is a sensitive tracer of conditions in in star-
forming regions. Herschel/HIFI allows us to observe velocity-resolved multiple
rotational transitions of H2O including the ground-state levels, and also its iso-
topologues towardmassive protostars in various evolutionary stages during high-
mass star formation. Photodissociation regions (PDRs) are targeted to investigate
5 http://basecol.obspm.fr
6 http://www.astro.uni-koeln.de/cdms/
7 http://spec.jpl.nasa.gov/ftp/pub/catalog/catform.html
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the distribution of water and its chemistry. To estimate the physical properties
(density, column density, and temperature) of star-forming regions, we use the
LTE models and the non-LTE radiative transfer code RADEX (van der Tak et al.
2007). Additionally, we use the 1D spherically symmetric radiative transfer code
RATRAN (Hogerheijde & van der Tak 2000) to estimate outflow, infall and turbu-
lent velocities, and the abundance of water in the inner and outer envelopes of the
forming star.

The most important questions that this thesis addresses are:

• Which physical component of the protostellar environment is responsible
for the observed H2O line emission and absorption?

• What is the abundance of H2O toward high-mass protostars in different evo-
lutionary stages? Specifically, what is the abundance variation of H2O be-
tween the outer and inner envelopes of the protostars?

• Do we see variations in the abundance of H2O at different evolutionary
stages? Canweuse theH2Oabundance as an evolutionary indicator of high-
mass star formation?

• What is the ortho-to-para ratio of H2O in different physical regions and how
is it related to the formation of water?

• What drives the oxygen chemistry in PDRs – thermal or radiative processes?

• Chapter 2 – Water in the high-mass protostar AFGL2591 with Herschel/HIFI
We study the physical conditions of the water-emitting region toward the high-
mass protostar AFGL2591. Herschel/HIFI spectra show absorption and emission
in 14 lines of H2O, H2

18O and H2
17O. We use rotation diagrams to estimate ex-

citation temperatures and column densities of H2O in the envelope and outflow
regions. In the envelope, we find the derived excitation temperature of ∼42 K and
the column density of ∼2×1014 cm−2 in a beam of 4′′, while in the outflow, the ex-
citation temperature is ∼45 K and the column density is ∼4×1013 cm−2 in a beam
of 30′′. Additionally, we use the non-LTE radiative transfer code RADEX to es-
timate the kinetic temperature and density of H2O. The water abundance in the
outer envelope of AFGL2591 is ∼10−9 for a source size of 4′′, similar to the low
values found for other high-mass and low-mass protostars, suggesting that this
abundance is constant during the embedded phase of high-mass star formation.
The water abundance in the outflow is ∼10−10 for a source size of 30′′, which is
∼10 times lower than in the envelope and significantly lower than in the outflows
of other high-mass and low-mass protostars. Since beam size effects can only in-
crease this estimate by a factor of 2, we suggest that the water in the AFGL2591
outflow is affected by dissociating UV radiation as a result of the low extinction
in the outflow lobe.

• Chapter 3 – H2O observations toward massive star-forming regions with Her-
schel/HIFI
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In this chapter, we study several high-mass protostars (8 sources) usingwater lines
to understand the physical conditions in each source and the evolutionary stages
of high-mass star formation. We explore the use of the sub-mm line emission
from water to constrain the physical and chemical conditions during high-mass
star formation. We analyzeHerschel/HIFI observations of H2O, H2

18O and H2
17O

lines towards 8 high-mass protostars in various evolutionary stages. We use a
Monte Carlo radiative transfer code to estimate infall and turbulent velocities, and
molecular abundances in the inner and outer envelopes of each source. We find
abundances of ∼10−8–10−9 for the outer envelope (T < 100 K) and ∼10−4–10−5 for
the inner envelope (T > 100 K). Infall velocities range from 1.0 to 1.5 km s−1 and
turbulent velocities from 2.0 to 2.5 km s−1. The H2O abundances for the outer en-
velope may have trends with protostellar luminosity Lbol, envelope mass Menv, or
evolutionary indicator Menv/Lbol. The H2O abundances in the outer envelope of
the younger objects are higher than those of the more evolved one.

• Chapter 4 – The ortho-to-para ratio of water in the Orion PDR
We focus on the ortho-to-para ratio (OPR) of H2O in this chapter. The OPR is a
potentially sensitive tracer of the temperature of water formation. We show the
ground-state lines of ortho- and para-H2

18O observed with Herschel/HIFI in the
Orion PDR (the Orion Bar and Orion S). We use LTE and non-LTE methods to es-
timate column densities of ortho- and para-H2

18O. We find that the ortho-to-para
ratio in the Orion Bar is 0.1–0.5 (Tspin ∼8–12 K), which is unexpectedly low given
the gas temperature of ∼85 K, and also lower than the values measured for other
interstellar clouds and protoplanetary disks. TowardOrion S, our OPR estimate is
below 2 (Tspin < 23 K). This low OPRs of water in both source can not be explained
by gas-phase water formation and by thermal evaporation from dust grains, but
photodesorption from very cold ice may support our results.

• Chapter 5 – The spatial distribution of H2O in the Orion Bar
We study the chemistry of water in the Orion Bar, which is a well-studied PDR
structure. We compare our observations with a recent chemical model, in which
the chemistry of H2O in PDRs is driven by photodissociation and photodesorp-
tion, andwe study the spatial distribution and abundance ofH2O in theOrion Bar.
We present sub-mm line profiles and maps of H2O observed with Herschel/HIFI.
We analyze the temperature and density structure of theOrion Bar, comparing the
observed H2O line ratios with non-LTE radiative transfer models. The ground-
state lines of H2O show broader line widths (∼4.8 km s−1) than the excited-state
lines of H2O (∼2.5 km s−1) due to optical depth effects. A comparison of the spatial
distribution of H2O to those of C2H, C18O and OH shows that the C2H emission
peaks close to the ionization front, while H2Opeaks further away from the ioniza-
tion front, and C18O even further away. The H2O line intensities indicate a kinetic
temperature of 30–70 K and a total H2O column density of ∼ 1015–1016 cm−2, as-
suming an average H2 density of 105 cm−3 in the Orion Bar. The H2O abundance
peaks at ∼22′′ from the ionization front where the visual extinction is ∼ 8 mag,
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which is similar to recent model predictions. Our results support the idea that
H2O chemistry is dominated by the effect of photodesorption.
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