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Summary

This thesis discusses the physical and chemical structure of high-mass star-forming
regions andphotodissociation regions (PDRs) centered around thewatermolecule.
Through observations of multiple H2O lines, we explore the physics and chem-
istry of massive star-forming regions, and the relationship between them. This
chapter summarizes the main conclusions and presents answers to the key ques-
tions addressed in Chapter 1. Finally, we discuss an outlook on the future.

The formation and observational phases of high-mass stars
The study of massive stars and their formation is important for understanding

the interstellar energy budget and the galactic environment. Massive stars form
quickly (∼105 yr) and rapidly eject material such as hydrogen, helium and some
heavy elements into their surroundings. However, the formation of high-mass
stars is not well understood for several reasons: they are rare (according to the
initial mass function), their evolutionary time-scales are short (∼105 yr), they are
formed in highly embedded clusters (AV > 100 mag), and they are far from Earth
(d ≥ 1 kpc) (Beuther et al. 2007a, Zinnecker & Yorke 2007, Tan et al. 2014).

In spite of the difficulties of observing high-mass star-forming regions, we
can generally classify the evolution of high-mass stars ranging from massive pre-
stellar cores (MPSCs, or high-mass starless cores), high-mass protostellar objects
(HMPOs), hot molecular cores (HMCs), and finally to ultracompact HII region
(UCHII) based on recent observational results. The massive pre-stellar core, the
earliest stage, shows large column densities and low temperatures, but without
outflow ormaser activity. Infrared dark clouds (IRDCs), which are cold and dense
clouds seen in extinction against the bright mid-infrared emission from the Galac-
tic plane, are included in this type of object. The next stage is the high-mass proto-
stellar object, where the central star is surrounded by a massive envelope and sits
in an active star-forming region with outflows and/or masers. The hot molecular
core is the next evolutionary phase and has large abundances of complex organic
molecules evaporated from dust grains (Herbst & van Dishoeck 2009) with a high
temperature (T>100 K), a high density (>107 cm3), and a size of >0.1 pc. The final
stage before the optically visible main sequence is the ultracompact HII region,
which consists of a large amount of ionized gas from newly formedmassive stars.
UCHII regions have sizes of ≤ 0.1 pc and densities of ≥ 104 cm−3 (Churchwell 2002,
Hoare et al. 2007).

Photodissociation Regions (PDRs)
Photodissociation Regions (PDRs) are the surfaces of molecular clouds where
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Figure 6.1 – 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).

the physics and chemistry are largely affected by the FUV irradiation (6 eV < hν
< 13.6 eV) from nearby young stars. Observational and theoretical studies show
that PDRs include large columns of warm O, C+, and CO and vibrationally ex-
cited H2. They also include transition layers such as H/H2, C+/C/CO, and O/O2
(Hollenbach & Tielens 1997, van der Wiel et al. 2009). In 2009, Hollenbach et al.
revised the classical model of the PDR structure by including water chemistry on
the grain surface, which changes the PDR structure at higher AV .

Water - H2O
Awatermolecule (H2O) consists of two hydrogen atoms and one oxygen atom.

Water contributes to the collapse of dense interstellar clouds as a gas coolant, and
it controls the chemistry of oxygen-bearing molecules and many other species as
the main reservoir of oxygen. In cold regions, water ice helps the coagulation
process of dust grains for planet formation.

Water is an important molecule for studying star-forming regions and pro-
toplanetary disks because of large variations in water abundance between cold
and hot regions. Figure 5.2 describes the formation and destruction of the water
molecule in the interstellar medium in three different types of chemical mecha-
nisms (see van Dishoeck et al. 2013, for a review). In cold molecular clouds, wa-
ter can be formed via dissociative recombination reactions of H3O+ through ion-
molecule chemistry. The water molecule is destroyed by the reactions of ions and
by photodissociation. At gas-phase temperatures higher than 300 K, the neutral-
neutral reactions dominate. O andOH reactwithH2, and these chemical reactions
drive all gas-phase oxygen into water. The back reactions also occur and water
goes back to oxygen if the H/H2 ratio in the gas is high. On the surfaces of cold
dust grains, the reactions of O and H atoms can form water ice. When the grains
are heated to∼ 100Kby protostellar radiation, water ice evaporates from the grain
surfaces by thermal evaporation. On the other hand, the water ice returns to the
gas phase through photodesorption via UV photons at dust temperatures below
∼ 100 K, or through sputtering by shocks.
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Figure 6.2 – 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).

The Herschel Space Observatory and HIFI
Interstellar water has been studied with ground-based telescopes mainly fo-

cusing on observations of H2O maser emission at 22 GHz, 183 GHz, or 325 GHz
(e.g. Cheung et al. 1969, Waters et al. 1980, Menten et al. 1990).

Because of the water vapor in the Earth’s atmosphere, observations of thermal
H2O lines have been done by space-based telescopes such as the Infrared Space Ob-
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servatory (ISO; van Dishoeck & Helmich 1996), the Submillimeter Wave Astronomy
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). They all enabled
us to observe cold and warm gas-phase H2O lines and study water abundances
in high-mass protostars.

The Herschel Space Observatory (Pilbratt et al. 2010) and its high-resolution
spectrometer HIFI (Heterodyne Instrument for the Far-Infrared; de Graauw et al.
2010) provide a unique opportunity for studying the physics and chemistry of
water in star-forming regions. HIFI allows us to obtain velocity-resolved spectral
data and to estimate the excitation conditions of H2O in different physical regions
such as in the outflow and the envelope. HIFI has a wide observational range in
wavelength and this makes it possible to observe multiple rotational transitions
of H2O and its isotopologues.

This thesis
The purpose of this thesis is to study the physical and chemical evolution of

high-mass star-forming regions and PDRs usingH2O, a sensitivemolecule in star-
forming regions, using data from Herschel/HIFI. This thesis uses data from two
large guaranteed-time key programs on Herschel: the “Water In Star forming re-
gions with Herschel” (WISH; van Dishoeck et al. 2011) and the “Herschel observa-
tions of EXtra-Ordinary Sources” (HEXOS; Bergin et al. 2010). We use LTEmodels
and the non-LTE radiative transfer code RADEX (van der Tak et al. 2007) to esti-
mate the density, column density, and temperature of star-forming regions. We
also use the 1D spherically symmetric radiative transfer code RATRAN (Hoger-
heijde & van der Tak 2000) to estimate infall/expansion and turbulent velocities,
and the abundance of water in the inner and outer envelopes of the protostars.

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?

The physical structure and relation betweenmassive protostars
in various evolutionary stages
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Toward the high-mass protostar AFGL2591, we present emission and absorp-
tion in 14 lines of H2O and its isotopologues obtained by Herschel/HIFI and we
decompose the line profiles into contributions from the protostellar envelope, the
bipolar outflow, and a foreground cloud. The derived H2O abundance in the
outer envelope for a source size of 4′′ (∼ 2×10−9−2×10−8) is similar to the values for
other high-mass and low-mass protostars, suggesting that the H2O line emission
is dominated by the cold outer envelope. The water abundance in the outflow is
∼10−10 for a source size of 30′′, which is ∼10× lower than in the envelope and in the
outflows of high-mass and low-mass protostars. Since beam size effects can only
increase 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 2).

In Chapter 3, we investigate water abundances and kinematics toward high-
mass star-forming regions at different evolutionary stages. We present the emis-
sion and absorption of H2O and its isotopologues observed with Herschel/HIFI
toward eight high-mass star-forming regions: five high-mass protostellar objects
(W3 IRS5, IRAS 18089-1732, W33A, IRAS 18151-1208, and AFGL2591) and three
hotmolecular cores/ultracompactHII regions (G29.96-0.02, G31.41+0.31, andNGC
7538 IRS1). 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 > 100K). Expansion velocities range from
1.0 km s−1 to 1.5 km s−1 and turbulent velocities from 2.0 km s−1 to 2.5 km s−1.
The H2O abundances for the outer envelope 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.

The chemistry and spatial distribution of water in the Orion
PDR

In Chapter 4, we study the ortho-to-para ratio (OPR) of water in theOrion PDR
at the Orion Bar and Orion S positions using the ground-state lines of ortho- and
para-H2

18O observed with Herschel/HIFI. Using LTE and non-LTE methods, the
OPR in the Orion Bar is 0.1–0.5 (Tspin∼8–12 K), which is unexpectedly low given
the gas temperature of ∼85 K (Hogerheijde et al. 1995) and the dust temperature of
∼35–70K (Arab et al. 2012). TheOPR estimate is below2 (Tspin< 23K) towardOrion
S. They are also lower than the values measured for other interstellar clouds and
protoplanetary disks (2–3). This low OPR in the Orion PDR is inconsistent with
gas phase formation and with thermal evaporation from dust grains, but it may
be explained by photodesorption. The original OPR in the ice could be low if the
grain temperature is low (typically 10–30 K) and the ratio equilibrates to the grain
temperature. Based on the Molecular Dynamics (MD) models, the OPR of the
H2O ice is partially preserved upon photodesorption into the gas phase through
the kick-out mechanism (Arasa et al. 2015).

In Chapter 5, we study the spatial distribution of H2O in the Orion Bar, a good
source for testing models of PDR structure. We present submm line profiles and
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maps of H2O observed with Herschel/HIFI toward the Orion Bar. We analyze the
temperature and density structure of the Orion Bar, comparing the observed H2O
line ratios with non-LTE radiative transfer models. The H2O and OH emission
peaks between the dense gas (e.g., C18O) and the radicals (e.g., C2H). We derive
kinetic temperatures of 30–70 K, suggesting that the water emission does not arise
fromverywarmgas (> 85 K) in theOrion Bar. We find anH2Oabundance of∼10−7

and a distance of the abundance peak of ∼ 22 arcsec from the ionization front. As-
suming a distance to the Orion Bar of 420 pc, the distance of the H2O abundance
peak is∼1.2×1019 cm. Adopting n(H2)=105 cm−3 and NH/AV=1.5×1021 cm−2 mag−1,
we estimate a visual extinction (AV) of∼8mag. This agreeswith themodel byHol-
lenbach et al. (2009), in which the abundance of gas-phase H2O shows a broad
plateau at values of ∼10−7 at intermediate depth (AV∼3–8 mag) due to photodes-
orption of water ice. We conclude that photodesorption mainly plays a role in the
Orion Bar, supporting a low ortho-to-para ratio (OPR) of H2O (∼1) presented by
Choi et al. (2014). As mentioned in Chapter 4, the MDmodels show that the OPR
in the gas partially reflects the original OPR in the ice, but this needs to be tested
by laboratory experiments.

Future outlook
TheHerschel SpaceObservatory allowed us to observemultiple rotational tran-

sitions of H2O and its isotopologues toward star-forming regions and protoplan-
etary disks for understanding the physical and chemical process of star forma-
tion. However, we still need new observational facilities with higher sensitivity
to answer many unsolved questions such as the formation and shape of galax-
ies through collisions and mergers as well as the physical structure in the earliest
deeply embedded protostars, and the origin of life in the Universe.

The Atacama Large Millimetre/submillimetre Array (ALMAb) is a powerful
instrument with high sensitivity and milliarcsecond resolution. It helps to zoom
in on the embeddedprotostars andprotoplanetary disks for providing insight into
the small-scale environments.

The Stratospheric Observatory For Infrared Astronomy (SOFIAc) mission and
its GREAT (German REceiver for Astronomy at Terahertz frequencies) spectrom-
eter provide observations of high spectral resolution molecular lines such as OH,
SH, and also atoms such as C+ and O, which are important for studying the struc-
ture of star-forming regions and PDRs.

The JamesWebb Space Telescope (JWSTd) will be a large infrared telescope and
its instruments will be able to observe extremely faint sources. It will allow us to
study the birth and early evolution of stars and planets, and the atmospheres of
exoplanets.

b http://www.almaobservatory.org
c http://www.nasa.gov/mission_pages/SOFIA
d http://jwst.nasa.gov
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