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Title picture: The stellar nursery S140 as seen by the the infrared array camera
(IRAC) of the Spitzer space telescope (http://www.spitzer.caltech.edu/). Spitzer
allows us a clear view of the deeply embedded young stellar cluster that is completely
obscured in visible light. The red arc traces the outer surface of the dense cloud of
dust and PAHs surrounding the young stars. The picture is a false-color image
composed of photographs obtained at four wavelengths: 3.6 µm (blue), 4.5 µm
(green), 5.8 µm (orange) and 8 µm (red).



Abstract

We investigate the influence of external and internal high-energy radiation on the
chemical network in the star forming region S140 with the chemical model by Stäuber
et al. (2005). Rotational transitions of CN, CS, HCN, HNC, HCO+, H13CO+, DCO+,
SO, H2CO and 13CO were observed with the KOSMA telescope. At the position of
the embedded IRS cluster all transitions were detected, at five other positions the
transitions with high critical densities were not or only just detectable.

The density and temperature model by van der Tak et al. (2000) was extended and
adjusted to fit one-dimensional radiative transfer calculations to our observations at
the center position. We find that to reproduce the measured line strengths and ratios
it is necessary to include a region of high density, i. e. an approximation of a clumpy
structure, in the outer part of the KOSMA beam. Deeper inside the cloud, both a
homogeneous model and a clump model can reproduce our observations.

The results indicate that internal X-ray and FUV radiation cannot be traced in the
KOSMA beam. The influence of the external FUV radiation highly depends on the
clump size and the volume filling factor, both of which are not yet well constrained.
The best fit of the cosmic ray ionization rate to our observations results in a value
of ζ = 1 · 10−17 s−1 at the center and ζ = 7 · 10−18 s−1 at the second position. An
analytic estimation from the DCO+/HCO+ ratio using a steady-state model provides
a value of ζ = 1 · 10−16 s−1 if the emission is assumed to come only from the clump.



Zusammenfassung

Wir untersuchen den Einfluss von externer und interner hochenergetischer Strahlung
auf das chemische Netzwerk im Sternentstehungsgebiet S140 anhand des chemischen
Modells von Stäuber et al. (2005). Rotationsübergänge von CN, CS, HCN, HNC,
HCO+, H13CO+, DCO+, SO, H2CO und 13CO wurden mit dem KOSMA Teleskop
beobachtet. An der Position des IRS Clusters wurden alle Übergänge nachgewiesen,
an fünf anderen Positionen waren die Übergänge mit hohen kritischen Dichten nicht
oder nur schwach nachweisbar.

Das Dichte- und Temperaturmodell von van der Tak et al. (2000) wurde erweitert und
angepasst, um eindimensionale Strahlungstransport-Rechnungen an der zentralen
Position an unsere Beobachtungen zu fitten. Damit die gemessenen Linienstärken
und -verhältnisse reproduziert werden können, muss im äusseren Teil des KOSMA-
Beams ein Gebiet von hoher Dichte, d. h. eine Näherung für eine klumpige Struktur,
eingebaut werden. Tiefer in der Wolke entprechen sowohl ein homogenes als auch
ein Klumpen-Modell den Beobachtungen.

Die Resultate haben ergeben, dass interne Röntgen- und FUV-Strahlung mit dem
KOSMA-Beam nicht nachgewiesen werden können. Der Einfluss der externen FUV-
Strahlung hängt stark von der Klumpengrösse und vom Füllfaktor ab, welche beide
noch nicht gut genug bestimmt sind. Der beste Fit für die Ionisationsrate der
kosmischen Strahlung resultiert im Wert ζ = 1 · 10−17 s−1 im Zentrum und ζ =
7 · 10−18 s−1 in der zweiten Position. Eine analytische Abschätzung mit Hilfe eines
Gleichgewichtmodells aus dem Verhältnis von DCO+ zu HCO+ ergibt einen Wert von
ζ = 1 ·10−16 s−1 unter der Annahme, dass die Emission nur aus dem Klumpengebiet
stammt.
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1 Introduction

It is well established that stars form in molecular clouds. One aspect of star formation
that is not yet understood in detail is the influence of radiation on the matter at
hand. Several sources of high-energy radiation are present in star forming regions:
cosmic rays, UV radiation from nearby stars and X-rays and UV radiation produced
by embedded protostars. High-energy radiation affects the chemical network in the
envelope of a protostar and the surrounding cloud. It also controls the ionization
fraction, a crucial parameter for star formation because ambipolar diffusion, along
with turbulence, is thought to regulate the stability of a cloud and to initiate collapse
of a dense cloud core. Additionally, the radiation is believed to play a significant
role in dissolving the cloud. Spectral lines provide information on the abundances of
the emitting molecules, the density and temperature in the cloud. Chemical models
can then be used to infer the influence of the different types of radiation, as recently
discussed by Stäuber (2006).

S140 is a prime example of a star forming region where both internal and external
radiation are present. The molecular cloud contains an embedded cluster of both
high- and low-mass protostars, while it is illuminated from the outside by a B0-
type star. To study the chemical network within S140 and deduce the ongoing
physical processes, this region will be observed by the Herschel satellite that is due
for launch in 2008. ETH Zürich has contributed parts for the HIFI instrument on
board Herschel and in return will receive guaranteed observation time, which will be
partly used for S140. To prepare for the Herschel data, it is vital to already perform
those observations of proposed targets that are feasible with ground-based telescopes.
Therefore, we study a number of high-energy radiation sensitive molecules in S140
with the KOSMA 3 m submillimeter telescope on Gornergrat, Switzerland.

This thesis is organized as follows: in section 2 the properties and the structure of
molecular clouds and PDRs are discussed, including the effect of radiation from an
external and an internal source. Section 3 introduces S140 by providing some of the
important facts that have been established over the years, with a focus on obser-
vations and models that have been used to determine the influence of high energy
radiation. In section 4 the observations performed at KOSMA are described and the
obtained line profiles are presented and analyzed. Section 5 gives an introduction
to radiative transfer and the methods of solving such problems. These methods are
applied to our observations of S140 at the position of the IRS cluster and at a po-
sition deeper in the cloud. The physical model derived by van der Tak et al. (2000)
is extended and abundances and column densities for all observed molecules are cal-
culated and interpreted. In section 6 we use the chemical model by Stäuber et al.
(2005) to calculate the abundance structure of these molecules depending on UV- and
X-ray radiation as well as the cosmic ray ionization rate. We study how the different
types of radiation affect the beam-averaged column density and fit our model calcu-
lations to the observations by varying the cosmic ray ionization rate. Consistency
and contradictions between model and observations are discussed. We conclude with
suggestions to improve our models and an outlook to future observations.
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2 Molecular Clouds and PDRs

The S140 region is a standard example of a molecular cloud with a photodissociation
region (PDR) on its edge, created by an illuminating B-type star. The following
section will provide an introduction to the physical properties of these two compo-
nents of the interstellar medium with an emphasis on observational methods and
results. The last paragraph is dedicated to the influence of the radiation emitted by
a protostar on its surrounding material.

2.1 Molecular Clouds

2.1.1 General properties

Molecular clouds are components of the interstellar medium that are dense enough to
allow the dust to shield the molecular gas from dissociation by UV radiation. Due to
the strong absorption by dust these clouds are dark in the optical regime, hence the
name dark clouds. Observations of molecular clouds are therefore conducted in the
infrared- and submillimeter-regime. The dust component cools through thermal con-
tinuum emission in the infrared, while molecules emit in submillimeter wavelengths
due to rotational and ro-vibrational transitions.

The mass of a molecular cloud is mostly made up of hydrogen, followed by helium.
Hydrogen is found in its molecular form H2, while Helium remains atomic. 1% of
the mass is composed of dust and other molecules. More than 100 molecules have
been detected in interstellar space and the list keeps growing. Recently, the simple
sugar glycolaldehyde (Hollis et al. 2000) and the amino acide glycine (Kuan et al.
2003, yet to be confirmed) have been detected.

Most of the molecular mass is located in giant molecular clouds (GMCs) with masses
between 105 and 106 M⊙ and sizes up to ∼100 parsecs. GMCs are actually cloud
complexes, containing many smaller clumps with masses of the order 104 M⊙ and
these again contain even denser cloud cores, which are the actual sites of star for-
mation. In GMCs both high mass and low mass stars are forming. The structure
of GMCs is further discussed in the following sections. There also exist a number
of individual dark clouds with masses between 102 and 104 M⊙ with mean densities
similar to cloud clumps. These clouds do not produce OB associations but contain
a large number of deeply embedded young low-mass stars.

Molecular clouds are very cold, temperatures typically lie in the range of 10 - 50 K.
These low temperatures arise because cooling by rotational transitions is much more
efficient than by atomic transitions. On the other hand, heating is not effective
because the UV radiation is absorbed by dust. Only cosmic rays are energetic enough
to penetrate the high density regions, providing some heating through ionization.

2.1.2 Tracers of molecular clouds

While H2 is the most abundant molecule in molecular clouds, it is very difficult to
observe. Molecular hydrogen does not have a permanent dipole moment and thus
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no dipole rotational or vibrational transitions. Its rotational quadrupole transitions
are weak. The lowest energy rotational transitions lie at mid-infrared wavelengths
and cannot be observed from earth. Although satellites such as ISO are able to
detect pure rotational transitions of H2, the problem remains that its rotational
levels are widely spaced and the temperatures in dense molecular clouds are too
low to excite these levels. Direct measurements of H2 have been made through
vibrational absorption towards infrared sources (Lacy et al. 1994) from which the
H2 to CO ratio could be calculated. Direct observations of H2 emission can be made
from the surfaces of clouds, where the vibrational levels lying in the near-infrared
are excited by UV radiation (Luhmann & Jaffe 1996) or shocks.

A review on tracers of molecular clouds can be found in Evans (1999). CO has been
most widely used as a tracer for molecular gas. Due to its high binding energy it is
a very stable and abundant molecule. The ratio of CO to H2 has been found to be
fairly constant and can therefore be used to determine the total density of a cloud.
However, direct measurements of the CO to H2 ratio by Lacy et al. (1994) resulted
in a value of x(CO)= 2.7 ·10−4, three times larger than the commonly assumed value
of ∼1 · 10−4. An uncertainty of at least a factor of three must therefore be admitted.
Significant variations in opacities and excitation conditions also leave an uncertainty.
For example, 12CO often becomes optically thick, tracing only the surface of the
molecular cloud. On large scales, the CO luminosity remains proportional to the
number of clumps and can be used to constrain the total mass (Wolfire et al. 1993).
On smaller scales isotopomers such as 13CO and C18O have to be used. These are
less abundant, and assumptions for the ratio between 12CO and its isotopomers have
to be made. The 12CO/13CO ratio lies between 57 for the local interstellar medium
and 130 for clouds with high visible extinction (e. g. Goto et al. 2003 and references
therein). In regions of high extinction (AV ≃ 10) depletion of C18O prevents the use
of that isotopomer to determine the density (Kramer et al. 1999).

Another method to constrain the hydrogen content of a cloud is through dust emis-
sion or absorption, because the constancy of the gas-to-dust ratio in interstellar
clouds is well established observationally. Interpretation of measurements of dust
emission is complicated by the fact that the emission is dependent on both the col-
umn density and the dust temperature, where the temperature dependence is non-
linear outside the Rayleigh-Jeans limit. The dust temperature can be constrained
by observations on both sides of the emission peak. Dust extinction is independent
of the dust temperature and it can be mapped by counting the number of back-
ground stars at different magnitudes and comparing the counts to those in a nearby
unobscured region. A comparison at multiple infrared-wavelengths (near-infrared
extinction studies) can lead to maps of up to 40 magnitudes of extinction at high
angular resolution (Lada et al. 2007).

The size of a cloud is measured by mapping it in a particular tracer, this results in
a two dimensional size. To determine the depth of the cloud along the line of sight
geometrical assumptions need to be made. Geballe & Oka (1996) showed that H+

3

has a calculable, constant density in molecular clouds and can be used to measure
cloud depth. Once a measure of column density and the size of the cloud is known
the total mass can be estimated. If the size and a line width are known, the virial
mass can be calculated. Because the abundances of molecules other than CO are
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poorly constrained, the mass estimations are usually performed using CO and its
isotopomers.

Some of the other trace molecules can be used to determine gas temperature and
density using radiative transfer models (cf. section 5). Good tracers for temperature
are molecules in which transitions between certain levels are forbidden by selection
rules, such as NH3 and CH3CN. In dense, warm regions H2CO can be used. Because
of its low critical density, CO is often thermalized in molecular clouds and a single
line can provide the temperature. But again the optical thickness is an obstacle for
regions deeper in the cloud.

To estimate the density one needs several transitions that are not in local thermo-
dynamic equilibrium (LTE). From the ratio of the populations the density can be
constrained. If the kinetic temperature is known, at least two transitions with differ-
ent critical densities can be used to determine both the density and the optical depth
of the line, more transitions are desirable if there are variations of density along the
line of sight. CS has many accessible transitions, similarly H2CO.

2.1.3 Cloud Structure

This section is based on a review by Blitz & Williams (1999). Although most of the
mass of a molecular cloud is primarily in molecules, a large part of the volume of
a cloud is not molecular. The clouds are highly structured and show large density
variations. The volume filling fraction is low, . 20%. Figure 1 shows the hierachical
cloud structure from cloud to clump to core. The GMCs are usually gravitationally
bound while most of the clouds with M < 103 M⊙ are not self-gravitating. Clumps are
the regions from which stellar clusters form. While most of the clusters are unbound,
the gas out of which they are formed is bound. From cores, single stars and multiple
systems form, these are necessarily gravitaionally bound. Other features such as
filaments, rings, cavities and shells have been distinguished.

Figure 1: Hierarchical structure of a molecular cloud, from cloud (left) to clump
(middle) to core (right). The large scale structure is traced with CO, the clump
requires an optically thin line such as C18O and the dense core is seen in the high
density tracer CS (From Blitz & Williams 1999).
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As previously described, the density structure of the cloud can be mapped through
spectroscopy of molecular lines or dust emission and absorption. The analysis of
the data through various methods showed that the clouds consist of self-similar
structures that can be characterized by power law relationships. For example, this
is valid for the size and line width of features and the number of clumps of a given
mass. The mass spectrum takes the form dN/dM ∝ M−x where x lies between
1.4 and 1.9 (Blitz 1993). Kramer et al. (1998) studied clump mass spectra of seven
molecular clouds and they found that the power law index lies between 1.6 and 1.8
for all clouds. The result is independent of the physical properties of the cloud and
there are no indications that this changes at characteristic masses below the Jeans
mass. The power law implicates that the internal structure of molecular clouds is
scale free. Two different descriptions of the structure have been adopted, a fractal
description (e. g. Elmegreen & Falgarone 1996) and the decomposition into discrete
clumps (Stutzki & Guesten 1990).

2.2 PDRs

2.2.1 General properties

In photodissiociation regions (also called photon dominated regions, both with the
abbreviation PDR), the far ultraviolet (FUV) photons (6 eV < hν < 13.6 eV) control
the chemistry and the thermal balance of the interstellar medium. Historically PDRs
were associated with regions lying between [HII] regions produced by luminous O and
early B-type stars and molecular clouds, where hydrogen was neutral and molecules
photodissociated, but trace species with an ionization potential below 13.6 eV such
as carbon were still ionized. However, the above definition now encompasses all
regions where FUV photons play an important role, including surfaces of molecular
clouds where hydrogen is in molecular form and carbon mostly locked in CO, but
FUV photons photodissociate OH, O2 and H2O, thus influencing the chemistry of
oxygen and carbon.

Figure 2 (p. 14) shows the schematic structure of a PDR on the interface of an [HII]
region and a molecular cloud. The incident UV radiation field from hot stars or the
interstellar radiation field decreases with distance into cloud, with the depth of the
cloud quantified by the visual extinction AV . In the [HII] region it is strong enough
to keep hydrogen ionized as H+. The ionization front is a thin layer where all the
remaining H-ionizing photons are absorbed and the ionization fraction of hydrogen
undergoes a sharp transition from almost fully ionized (1 − x ≃ 10−4) to almost
fully neutral (x ≃ 10−4). Up to the dissociation front, hydrogen remains atomic
until the flux of H2-dissociating photons has been attenuated sufficiently by dust
and self-shielding of H2, in dense PDRs this occurs at AV ∼ 1− 2. Similarly carbon
and oxygen go through the transitions from ionized over neutral to form CO and O2,
though the positions of the ionization and dissociation fronts differ for each element.
C+ usually extends to a depth of AV ∼ 2 − 4, atomic oxygen down to AV ∼ 10.

The structure of a PDR is governed by the strength of the incident radiation field and
the density. The incident FUV flux G0 is usually expressed in units of the Habing
field or the Draine Field. The Habing field corresponds to an average interstellar
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Figure 2: Structure of a PDR on the interface of an [HII] region and a molecular
cloud (from Hollenbach & Tielens 1999).

flux of 1.6 · 10−3 erg cm−2 s−1 (Habing 1968). It can range from G0 & 106 closer
than 0.1 pc from an O-type star down to G0 ≈ 1.7 for the local average interstellar
radiation field (Draine 1978). Densities encompass a wide range of values, ranging
from ∼ 0.25 cm−3 in the warm neutral medium up to ∼103 − 107 cm−3 in PDRs
associated with molecular gas.

2.2.2 Heating and cooling mechanisms

Heating of PDRs is induced by two main mechanisms that couple the gas to the FUV
photon energy of stars: the photoelectric effect on polycyclic aromatic hydrocarbons
(PAHs) and small dust grains and FUV pumping of H2 molecules. Dust is primarily
heated by direct absorption of FUV photons.

Photoelectric heating happens when FUV photons are absorbed by a PAH or grain
and create energetic (several eV) electrons. Diffusing through the grain, the electrons
will lose some energy through collisions. However if they have enough energy to
reach the surface and to overcome the work function and in case of a charge the
coulomb potential, they are injected into the gas phase with excess kinetic energy,
thus heating the gas. The heating efficiency depends largely on the charge of the grain
or molecule. At a higher charge a higher ionization potential has to be overcome,
for highly charged PAHs this potential can lie above 13.6 eV thus preventing further
ionization by FUV photons. The highest efficiency is reached when G0/ne is small
and therefore the grains and PAHs are predominantly neutral.

FUV photons can pump H2 into a bound excited electronic state. In ∼10% of the
cases, it will then decay into the vibrational contiuum of the electronic ground state
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and dissociate, with the fragments carrying excess kinetic energy, thus heating the
gas. In the other cases, the molecule fluoresce to an excited vibrational state in the
electronic ground state. At high densities (n & 104 cm−3) collisional deexcitation by
atomic H can then heat the gas.

Further heating processes include formation into an excited level and dissociation of
H2, cosmic ray heating, turbulent and chemical heating, as well as grain-gas collisions
in case of a higher dust temperature.

The major cooling processes are collisional excitation of the far infrared fine structure
levels and subsequent emission of a photon. Depending on the zone of the PDR, these
are mainly [CII] at 158 µm, [OI] at 63 µm and 146 µm and [CI] at 609 and 370 µm.
At larger depths, ro-vibrational transitions of H2 and rotational lines of CO are also
important. Dust mainly cools through far-infrared continuum emission.

2.2.3 The penetration of FUV radiation

An important issue in understanding the structure of PDRs and molecular clouds
is the penetration and attenuation of FUV radiation throughout the cloud. The
depth of penetration is determined by dust absorption and scattering as well as by
the geometry of the cloud. Dust properties tend to vary from one cloud to another
and often only measured average properties along a biased sample of lines of sight
are available. As seen before, interstellar clouds generally are not homogeneous but
rather clumpy on all scales. Depending on the clump filling factor and the density
contrast between clump and interclump gas, the penetration of FUV radiation can
vary by orders of magnitude (Boissé 1990).

One of the first indications of a clumpy structure of molecular clouds were observa-
tions of the [CI] 609 µm line. Atomic carbon was thought to be confined to regions
near the surface of molecular clouds. However observations found extended emission
of [CI] originating much deeper inside the cloud (e. g. Keene et al. 1985). This higher
abundance can be explained if a clumpy structure is assumed that allows FUV pho-
tons to penetrate deep into the cloud and create PDRs on the surface of clumps.
This effect will be described further in section 3.2 for the example of S140.

Early PDR models (e. g. Tielens & Hollenbach 1985) used a one-dimensional plane-
parallel geometry with a homogeneous cloud structure. While they were successful
in reproducing the observations on the edges of the PDR, such as the H → H2

transition, the extended [CI] emission as well as the intense 13CO(6-5) emission in
some regions could not be explained.

One approach to include the inhomogeneous geometry has been proposed by Köster
(1998). His two-component model includes finite plane-parallel or spherical cloud
fragments that are embedded in an interclump medium of lower density, with the
area filling factor along the line of sight as a crucial parameter. Zielinsky (1999)
used a similar model, but instead of an average number of clumps he uses randomly
placed clumps with masses distributed according to the mass spectrum.

Spaans (1996) presents a model based on the Monte Carlo method that allows cal-
culations for arbitrary geometry and inhomogeneous cloud structure. The incident
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radiation field is divided into discrete photon packages of different wavelength ranges
and direction bins. Attenuation and scattering of the continuum radiation is then
implemented using Monte Carlo. Also included is the radiative transfer in the dis-
sociation lines of H2 and CO which allows an accurate description of self-shielding
transitions in these two molecules. This is necessary in order to obtain accurate
descriptions of the [CI] and [CII] abundances throughout the cloud. An extended
version of this model was used to model the S140 region and will be described in
further detail in section 3.2.

2.3 UV- and X-Ray chemistry induced by an internal source

From Wien’s displacement law it follows that a protostar with Teff = 104 K emits
most of its radiation in the ultraviolet wavelength range. Massive O and B-type
protostars are therefore efficient UV producers. For low mass protostars a strong
accretion rate (Ṁ ≈ 10−4 M⊙ yr−1) can raise the effective temperature to a value
similar to those of high mass objects, strengthening the UV flux.

X-Rays have an energy of ∼ 0.1− 100 keV. With increasing energy, the cross section
decreases. Hard X-rays (hν & a few keV) can penetrate clouds with up to AV ≈
100. X-ray emission by a YSO is explained by a thermal plasma with temperatures
kT & 1 keV. The high temperatures are ascribed to magnetic activity, but the exact
mechanisms are not yet known. The average X-ray luminosity is correlated with the
mass and anti-correlated with the age of the protostar. Typically observed X-ray
luminosities towards YSOs lie between 1028 and 1033 erg s−1 (Preibisch & Feigelson
2005).

Stäuber et al. (2005, 2006) studied the influence of UV- and X-Ray radiation induced
by a young stellar object (YSO) on its envelope. They searched for UV- and X-Ray
tracers that allow to distinguish the influence of an external radiation field from the
YSO’s own UV- and X-Ray radiation. The model is spherically symmetric and does
not include outflow cones or clumps that would allow the radiation to penetrate
further into the envelope. The chemistry inside the envelope mainly differs from
normal PDRs due to the higher temperature which results in higher H2O abundance,
and due to the higher density. The effects of the UV radiation do not go beyond
the freeze-out radius of H2O at 100 K, even for the highest values of the internal
radiation field.

In general, Stäuber et al. (2004) found that the species whose abundance was par-
ticularly enhanced were the same as in traditional PDR models, namely radicals
and ions and their chemically related species. The total radial column densities of
the high abundance molecules CO, H2O and CO2 are not affected significantly by
an inner UV field. The abundances of C+ and CH+ rise steadily with increasing
field strength and are tracers of both the presence and strength of an enhanced UV
field, however C+ can also be enhanced by an outer UV field. An excellent tracer
is the CH+/CH ratio, which is 103 − 105 times stronger with an inner UV field.
These molecules cannot be observed from the ground, but will be excellent targets
for Herschel-HIFI. CN and HCN are particularly improved with a modest UV field,
but the ratio CN/HCN was not found to be a good tracer for the internal radiation
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field, unlike for normal PDRs. High-J lines of CN and HCN are most sensitive to
the inner dense region where UV radiation is important, and comparison between
high-J and low-J lines can trace and distinguish the inner UV field from the outer
one.

A central X-ray source may also influence the chemistry in the envelope. Due to their
small cross section X-rays can penetrate deep into the envelope and affect chemistry
even at large distances from the source. Most affected are regions at a distance
larger than 1000 AU from the source, some species are enhanced throughout the
entire envelope. X-rays strongly enhance the abundances of He+ and H+

3 , which
results in a chemistry similar to that induced by cosmic rays. Several X-ray tracers
that distinguish the influence of X-ray and FUV radiation were found, among them
HCO+, N2H+ and CN. The ratio CN/HCN increases with increasing X-ray lumi-
nosity. HNC/HCN, HOC+/HCO+ and CO+/HCO+ are not sensitive to X-rays and
trace the FUV field (Stäuber et al. 2005).
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3 The S140 Region

Figure 3: Optical image of the S140 region (from the STScI Digitized Sky Survey).

3.1 Overview

Sharpless 140 is a bow-shaped [HII] region illuminated by the B0V star HD 211880
in the Cepheus constellation. It is located at the south-western edge of the molecular
cloud L1204, and it is common to refer to the whole complex as S140. The distance
of the star has been found to be 910 pc (Crampton & Fisher 1974). The star lies
about 7’ (corresponding to 1.8 pc) south west of the ionization front.

Figure 3 shows an optical image of the S140 region. The [HII] region is visible glowing
in the red color of the Hα line at 6563 Å. The sharp transition from the [HII] region
to the dark cloud at the ionization front leads to the assumption of a nearly edge-on
geometry. This is further discussed in section 3.2.

The incident radiation field expressed in units IUV of the Draine (1978) average
interstellar radiation field at the edge of the cloud was estimated by Keene et al.
(1985) to IUV ≈ 150. Timmermann et al. (1996) calculated a value of IUV ≈ 260
using non-LTE stellar atmosphere models. Wyrowski et al. (1997) derived an incident
FUV field of G0 ≈ 100 − 200 from the C91α radio recombination line and [CII]
emission. Towards IRS 1 they found the field to be slightly higher than towards the
ionization front. If the B0V star were the only source of FUV flux, the field would
be expected to decrease from the ionization front to the embedded sources. This
indicates the possibility that one of the embedded stars contributes to the FUV flux.

The cloud extends over a region of ∼ 30’ (8 pc). From CS(1-0) observations, Tafalla
et al. (1993) found that it is formed by three filamentary clouds of different velocities
and consists of at least seven cores of which several lie in the vicinity of IRAS-sources
that show characteristics of YSOs. The most prominent of these cores contains the
infrared cluster S140-IRS. This cluster was separated into the three sources IRS1 to
IRS3 by Beichman et al. (1979). Their luminosities correspond to main-sequence
stars of spectral type B1.5 to B2 (Evans et al. 1989). IRS1 is a well studied source
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Figure 4: Line strengths of the CI (left) and 13CO (right) emission in S140. The
triangle marks the position of IRS1, the star the location of HD 211880. (From
Plume et al. 1994)

of multiple outflows (e. g. Weigelt et al. 2002). Nearby there are a number of weaker
sources which suggests that many lower mass stars are also forming in this region.
Minchin et al. (1995) detected three sub-millimeter sources without an infrared coun-
terpart, these may be deeply embedded protostars in an early evolutionary stage.

Li et al. (2002) studied the peripheral region of the molecular cloud in a horizontal
cut 20’ north of the IRS sources. The cut runs through core F found by Tafalla et
al. (1993). The ISO observations of [CII] and [OI] emission were best reproduced by
PDR models with an FUV field of G0 ≈ 15. From an analysis of the ionization struc-
ture and the time scale for cloud collapse, the theory of photoionization-regulated
star formation proposed by McKee (1989) was found to be consistent with the obser-
vations. The observed ionization fraction suggests that little star formation should
occur in the extended cloud, while the dense core is shielded enough to allow cloud
collapse.

3.2 [CI] Observations and models

A large scale mapping of [CI] emission in S140 was first performed by Plume et al.
(1994). They found very extended emission, reaching from the ionization front in
the southwest to the end of the mapped area 30’ to the north east. The general
morphology is surprisingly similar to that of the 13CO(2-1) transition, although the
peak of [CI] lies farther from the ionization front than the peak of the CO emission
(see Figure 4). Plume et al. (1999) compared the velocity centroids of [CI], 13CO and
C18O lines at three different positions and found a correlation within a fraction of
the typical line width, indicating a close coupling of the line-emitting gas. The [CI]
emission was therefore interpreted to be arising from PDRs on molecular clumps.
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Spaans & van Dishoeck (1997) present a model of the interface region of S140 as well
as the extended molecular cloud using the Monte Carlo code of Spaans (1996). Input
parameters are the density structure, the incident radiation field, the geometry and
total extent of the cloud. The density structure is described by an average density,
the clump-interclump density ratio, the volume filling factor of the clumps and the
size of the clumps, where the clumps are represented by randomly placed spheres.

Assuming an edge-on geometry, none of the models was able to account for the
extent of the [CI] emission in the molecular cloud, only the interface region (PDR
and dense core) was well reproduced. Therefore, the star was assumed to be closer
to the observer to allow direct illumination of the cloud surface facing the observer,
i. e. creating a partially face-on geometry (see figure 5). The angle between the line
through the center of the cloud and the dense core and the line between the center of
the cloud and the star was assumed to be 10 degrees. This results in the illuminating
star being 1.1 pc closer to the earth. The sharp [HII] interface seen in Hα is not
expected to widen much due to this measure. To reproduce the observed [CI] and
CO emission, clump sizes of at least 0.2 pc and a filling factor less than 30% were
needed for the extended cloud. In the interface region a clump size of 0.04 pc resulted
in the best match.

Poelman & Spaans (2005, 2006) extended the inhomogeneous Monte Carlo model
with a multi-zone escape probability method and included the embedded cluster of
infrared sources. The density and temperature structure of these sources was taken
from van der Tak et al. (2000, 2003). The extended model was used to calculate line
profiles of water.

Figure 5: Geometry of the S140 interface region and extended molecular cloud. The
left figure shows the edge-on geometry where the illuminating star lies in the same
plane as the cloud and the observer is located above the paper. In the right figure,
the star was moved closer towards the observer (From Spaans & van Dishoeck 1997).
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4 Observations

Figure 6: The KOSMA 3 m submillimeter telescope on Gornergrat, Switzerland
(from the KOSMA homepage http://www.ph1.uni-koeln.de/gg/).

Observations of S140 were carried out between the 30th of November and the 14th
of December 2006 at the KOSMA 3 m submillimeter telescope (figure 6). In this
section, the telescope as well as the observing methods and the data reduction are
discussed. The obtained spectra are presented and analyzed.

4.1 KOSMA

The Kölner Observatorium für Submillimeter Astronomie is situated at an altitude of
∼ 3100 m above sea on Gornergrat near Zermatt, Switzerland. It is operated by the
I. Physikalisches Institut der Universität zu Köln and the Radioastronomisches Insti-
tut der Universität Bonn and administered by the Stiftung Hochalpine Forschungssta-
tionen Jungfraujoch und Gornergrat, Bern. The conditions at this location are favor-
able for millimeter and submillimeter observations because of the low water vapor
column density of the atmosphere, and thus good atmospheric transparency, at this
altitude. Moreover, the ring of mountains around Gornergrat often holds off clouds
and the glaciers help to create stable and dry conditions (Kramer & Stutzki 1990).

The telescope is of type Cassegrain with a 3 m parabolic main reflector and a 27 cm
hyperbolic secondary reflector. A movable tertiary mirror deflects the signal to the
Dual-Channel-SIS (Superconductor-Isolator-Superconductor) receiver in one of the
two Nasmyth Foci. The incoming signal is then mixed to a lower frequency with the
signal of a local oscillator in order to allow amplification of the signal. At KOSMA,
this intermediate frequency (IF) is 1.4 GHz. Finally, the radiation is analyzed in
the Acousto-Optical Spectrometers (AOS). For the calibration, a hot load at room
temperature and a cold load at the temperature of liquid nitrogen (77 K) are used.

Five receivers for all atmospheric windows between 210 and 820 GHz and four spec-
trometers (low, medium, high and variable resolution) are available. During this
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observation run, only the 230 and 345 GHz receivers were used, in conjunction with
the medium resolution (MRS) and variable resolution spectrometer (VRS). Techni-
cal specifications of these two receivers and spectrometers can be found in table 1.
Further details of the telescope are listed on the KOSMA homepage1.

Freq. range Feff Beff HPBW IF Bandwidth
[GHz] [GHz] [MHz]

210 - 270 93% 68% 130” 1.4 1000
330 - 365 93% 70% 82” 1.4 1000

AOS Channels Bandwidth Channel Reception Resolution
Spacing Bandwidth Bandwidth

[MHz] [kHz] [kHz] [kHz]
MRS 1800 300 167 560 360
VRS max. 2048 655-1100 320-700 800-1600 550 - 1100

Table 1: Technical specifications of the used receivers and spectrometers. From the
KOSMA-Homepage http://www.ph1.uni-koeln.de/gg/.

Different observation modes include position switching, beam switching, frequency
switching, raster mapping and on-the-fly. Since all observations were performed in
position switching mode, except for a test run with beam switching, only these two
modes will be described further. Details on the other observation modes can be
found in Brémaud (2002).

In the position switching mode the source (on) and a position without emission
(off) in the vicinity of the source are measured alternatively in order to subtract the
background radiation and the contribution of the atmosphere. For a good signal-to-
noise ratio the integration time on the off-position is chosen to be the same as on the
on-position. The off-measurement has to be repeated after a certain amount of time
because the atmospheric and receiver conditions do not remain constant. Cycles of
20 seconds on- and off-source measurement were chosen during all of the observations
and the load measurement for calibration was repeated after 30 cycles. Disadvantages
of this method include a loss of time of over 50% due to the off-measurement and
the dead-time when moving between on- and off-position.

To avoid the several seconds of dead-time, the beam switching mode can be used.
The subreflector has a wobble mechanism that allows a position switch in cross-
elevation of ±3′ within milliseconds. However, this method can only be used if the
source is not extended. The beam switch method was tested on S140 for the H13CO+

molecule in the (0’,0’) position, but a small amount of self-chopping was observed
and therefore the beam-switch method was no longer used.

4.2 Observations and data reduction

Measurements of S140 were performed at six positions along a line from the south-
west to the north-east of the cloud, the extension of the connection between the

1http://www.ph1.uni-koeln.de/gg/
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Figure 7: CO(2-1) map of S140 (From Stäuber 2003). The (0’,0’) position is marked
with a black dot, the offset positions are marked with red dots.

illuminating star HD 211880 and IRS1. The chosen positions are marked in the CO
map in figure 7. Note that west is to the right side and east to the left side of the
map. The (0’,0’) position corresponds to the location IRS1 with the coordinates
α = 22h 17m 41s, δ = 63◦ 03′ 40′′ in equinox 1950. The positions (x’,x’) are the offsets
from the center position in arcminutes. The off-position was chosen to be the same
for all measurements and was located at α = 22h 10m 00s, δ = 63◦ 00′ 00′′. This
position had zero emission in the SkyView Survey2 for CO(1-0).

Pointing was regularly checked using Saturn and Jupiter. While usually pointing
was better than 15”, there were three occasions when the deviation between two
pointings was around 28”. The actual pointing error should be smaller, because
at the time of the measurements the pointing drift would not yet have been as
large. Still, there may be an uncertainty in the measurements of the (0’,0’) position,
where the conditions change strongly towards the PDR within only a few arcseconds.
Affected are the measurements of 13CO, HCN(3-2), HNC(4-3), CS(5-4) and CN(3-2).
HCN(3-2) and CS(5-4) were later remeasured briefly and deviations were less than
10% for both lines, which is well within the calibration error. Therefore a large error
due to pointing inaccuracy seems unlikely.

The following molecules were chosen for observation due to their sensitivity to UV-
and X-ray radiation: HCN, HNC, CS and CN. HCO+ observations with KOSMA

2cf. http://skyview.gsfc.nasa.gov/
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Transition Frequency Einstein-A Eup

[GHz] [s−1] [K]
13CO(2-1) 220.399 6.04 · 10−7 15.87
13CO(3-2) 330.588 2.18 · 10−6 31.73
HCO+(3-2) 267.558 1.48 · 10−3 25.68
HCO+(4-3) 356.734 3.63 · 10−3 42.80

H13CO+(3-2) 260.255 3.29 · 10−3 24.98
H13CO+(4-3) 346.998 6.57 · 10−3 41.63

CS(5-4) 244.936 2.98 · 10−4 35.27
CS(7-6) 342.883 8.39 · 10−4 65.83

CN(2(034)-1(023)) 226.875 1.14 · 10−4 16.33
CN(2(032)-1(022)) 226.887 2.73 · 10−5 16.34
CN(2(033)-1(023)) 226.892 1.81 · 10−5 16.33
CN(2(022)-1(011)) 226.679 5.27 · 10−5 16.31
CN(2(021)-1(011)) 226.663 8.47 · 10−5 16.31
CN(2(023)-1(012)) 226.660 9.47 · 10−5 16.31
CN(3(044

5)-2(03
3
4)) 340.248 7.93 · 10−4 32.66

CN(3(032
3)-2(02

1
2)) 340.035 6.11 · 10−4 32.63

CN(3(034)-2(023)) 340.032 3.85 · 10−4 32.63
HCN(3-2) 265.886 8.36 · 10−4 25.52
HCN(4-3) 354.505 2.05 · 10−3 42.53
HNC(4-3) 362.630 1.89 · 10−3 43.51

DCO+(3-2) 216.113 7.72 · 10−4 20.74
SO(8(8)-7(7) 344.310 5.09 · 10−4 87.48

H2CO(5(15)-4(14) 351.769 1.20 · 10−3 62.50

Table 2: Observed transitions. The molecular data was taken from the Leiden Atomic
and Molecular Database LAMDA (Schöier et al. 2005), except for CN where the
frequencies and Einstein-A coefficients were taken from the Cologne Database for
Molecular Spectroscopy CDMS (Müller et al. 2001, 2005). Quantum numbers for
the fine- and hyperfine structure lines correspond to the notation of CDMS. For CN,
the half-integer values for J and F are rounded up. Where two numbers are given,
the lines are closer than 0.3 MHz and the Einstein-coefficients were added.

were already available from Bruderer (2006). Additionally, 13CO was required for
density and temperature estimates. In the center position, H13CO+ was also observed
because HCO+ might be optically thick at this location, and DCO+ was chosen to
constrain the cosmic ray ionization rate. An SO line was obtained from the lower
sideband together with the H13CO+(4-3) observation. HCN(4-3) had already been
measured at KOSMA in September 2006. Together with that line, an H2CO line
was mirrored from the other sideband. All observed transitions and frequencies with
their Einstein-A coefficients and upper energies can be found in table 2.

The only molecule that could be detected in all six positions was 13CO. All chosen
transitions were observed in the (0’,0’) position. In (3’,4’), the lower transitions of CS,
CN and HCN were found, these were tentatively detected in (5.5’,7’). CN(2-1) was
also tentatively detected in (-1.5’,-2’). The upper transitions were not accounted for
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in any of the positions except (0’,0’). In (-1.5’,-2’), HCN(3-2) was measured without
calibration due to lack of liquid nitrogen, calibration was attempted using the ratio
of uncalibrated and calibrated measurements in (0’,0’). However the accuracy of this
calibration remains questionable. The line showed an unusually large line width of
6 km/s. In (4.5’,6’) CS(5-4) was attempted in relatively poor weather conditions,
but no traces of a line were found. Due to lack of time, the other lines as well
as the (7’,9’) positions were not measured, except in 13CO. It was attempted to
improve the signal-to-noise ratio for the tentatively detected HCO+ transitions but
none of the lines could be improved significantly. H13CO+ was first measured using
the beam-switch method, but some self-chopping could be seen. Comparison with
a total power measurement showed that this effect was small, therefore all spectra
were averaged.

Data reduction was performed using CLASS of the GILDAS package3. KOSMA
automatically calibrates the spectra. The measured energy is given in terms of the
antenna temperature TA, which corresponds to the temperature of a black body that
encloses the antenna completely and would produce the same signal as observed.
Correction for atmospheric attenuation is also done automatically and results in the
corrected antenna temperature T ∗

A. The main-beam temperature is then calculated
in the following way:

Tmb =
Feff

Beff
· T ∗

A (1)

where the forward efficiency Feff is 93% and the beam efficiency Beff is 68% for the
230 GHz receiver and 70% for the 345 GHz receiver.

Some corrections had to be applied to the data. After repairs on the upper receiver,
the lines started to show a frequency shift of ∼15 MHz, after further changes the
shift amounted to ∼ 36 MHz. The reason for this shift is of yet unknown. The exact
value was determined by averaging the shift of several different strong lines that had
already been measured when the shift had not yet occurred. The spectra were then
shifted back to their true position, however their line position may be inaccurate by
∼ 1 channel, corresponding to ∼ 0.3 km/s. This affects CN(3-2) and CS(7-6).

Similarly, CN(2-1) in (3’,4’) showed a frequency shift of 1.32 MHz (8 channels) after
switching on a device that should not have been related to measurements. These
spectra were also shifted back to fit with the previously measured spectra showing
the correct line position.

Further processing included subtraction of a baseline. In most cases, a baseline of
order 1 was sufficient. The line windows varied from (-16,0) to (-9,-5), depending
on the line width. All processing usually occurred in the velocity range of -50 to
+50 km/s, unless the baselines were bad. In those cases a smaller range was chosen.
Some baselines were improved by subtracting the best fit of a sinusoidal baseline.
The following lines required a higher order polynomial baseline: CN(2(032)-1(022)
and CN(2(033)-1(023)) 2nd order in (0’,0’). CS(5-4) 3rd order in (3’,4’) and 4th
order in (5.5’,7’). HCN(3-2) required a baseline of 2nd order in (5.5’,7’). For such
weak lines, a closer off-position might be able to improve the baselines, yet it must
be taken care that the off position has no emission that could weaken the already

3cf. http://www.iram.fr/IRAMFR/GILDAS/
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faint lines. After baseline subtraction, all spectra of the same transition at the same
position with the exceptions mentioned below were averaged.

At times, measurements of lines with strengths below 0.2 K showed no detection in
the sum of spectra of one observation cycle, whereas the line was clearly visible in
others. This was the case for observations of CN(2-1) in (3’,4’) where on one day a
clear line could be seen, while on another day the line could not be detected anymore,
even though weather conditions were similar. Tuning errors can be ruled out because
the line was clearly visible and of the correct strength in (0’,0’). The measurements
of that second day were omitted. Similarly, measurements of DCO+ with perfect
weather conditions showed a significant line, while on a day with τ ≈ 0.2 only a
first sign of a line could be seen, with a signal-to-noise below 3. But even the good
batch of measurement showed strange behavior: summing the first 15 minutes of
integration time gave a line with twice the strength than if summing the second 15
minutes. The reason for this is not yet known. Pointing errors are unlikely because
the simultaneous measurements of CS(7-6) and CN(3-2) in the upper receiver showed
no decline in line strength. The problem may therefore lie in the receiver itself. All
measurements of the good weather day were averaged and an error of ∼ 50% must
be taken into consideration.

4.3 Results

All observed line parameters are summarized in tables 3 and 4 (p. 29, 30) and the
spectral lines that were further used for calculations are displayed in figures 10 to 12
(p. 31 - 33).

4.3.1 Shape of the line profiles

All lines could be fitted well with a Gaussian and discrepancies can be explained
by noise. The only real deviations are visible in the 13CO lines in (0’,0’), where
the signature of an outflow is observed on the blueshifted side of the spectra. Due
to the higher velocities of the material in the outflow that is coming towards the
observer, the blue wing of the line profile is enhanced. The spectra are asymmetric,
the redshifted outflow, i. e. the outflow directed away from the observer, is not seen.
The blueshifted outflow was also observed by Stäuber (2003) in the 12CO lines, but
not in 13CO(2-1), indicating that the pointing in his measurements differed in respect
to the measurements presented here. This is also reflected by the 60%-deviation in
line flux for the 13CO(2-1) line in (0’,0’), while the line fluxes in the offset positions
agree well. Our observations seem to be more strongly centered on the source’s
maximum CO emission, while the maps presented by Stäuber (2003) show a shift of
30” to the north-east for the maximum emission.

Line widths vary by a factor of two in the (0’,0’) position, indicating that the wider
lines may already be optically thick despite the Gaussian line profile. HNC(4-3) is
the most narrow line with a width of 2.3 km/s, HCN(3-2) the widest with 4.7 km/s.
A clear difference is seen between HCO+ and its isotope H13CO+, where the width
of HCO+ is 30 − 40% larger than for H13CO+. The issue of optical depth is also
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Figure 8: Line flux of 13CO(2-1) (solid line) and (3-2) (dash-dotted line) and line
flux ratio 13CO(2-1)/13CO(3-2) (dotted line) along the cut. Error bars represent a
30% calibration uncertainty for each measured line flux. The x-axis is the distance
from (0’,0’).

explored for the CN hyperfine structure lines in section 4.3.3. Stäuber (2003) showed
that even the optically thick 12CO lines have an almost Gaussian rather than a flat
topped line shape. He ascribes this phenomenon to mactroturbulences within the
cloud.

4.3.2 Line flux ratios

Comparison of line fluxes for different transitions and different positions may provide
a first clue for the physical properties in the envelope and the cloud. 13CO was the
only measurable molecule in all positions. The line flux along the cut as well as the
line flux ratio of the (2-1) and the (3-2) transition are displayed in figure 8. The
line flux decreases with distance from the central source except for a small rise in
(5.5’,7’) in the (2-1) transition. It is lowest at the (-1.5’,-2’) position, which already
lies beyond the dissociation and ionization front where CO is destroyed. A large
part of its emission most likely arises in the vicinity of the central position that is
seen in the wings of the beam, as suggested by Bruderer (2006) for HCO+. The flux
ratio of the central position to the negative position is a factor 4 higher for the upper
transition, which may be partly because of the smaller beam and also because the
lower temperature prevents the upper energy level from being populated. Towards
larger distances, the flux ratio remains virtually constant.

For the other measured molecules there is also an increase at (5.5’,7’) in respect to
(4.5’,6’). HCO+(3-2) is clearly detected in (5.5’,7’) but only tentatively in (4.5’,6’)
and CS(5-4) tentatively detected in (5.5’,7’), but not found in (4.5’,6’). To distinguish
whether this effect is real or due to different weather conditions or detector problems
would require further measurements. However, it agrees with Tafalla et al. (1993)
who found a CS(1-0) core close to this position, indicating a region of higher density.

A comparison of the flux ratios F(0’,0’)/F(3’,4’) for each molecule shows that the
ratio increases with increasing critical density (see figure 9, p. 28).
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Figure 9: Line flux ratio F(0’,0’)/F(3’,4’) as a function of the critical density of
the transition at 20 K (cf. Appendix A). Error bars represent a 30% calibration
uncertainty for each measured line flux.

When comparing flux ratios of the upper and lower transitions of a molecule in
(0’,0’), the different beam sizes must be taken into account. The dilution factor
depends on the density and temperature profile of the source and is assumed to be
∼ 1.8 for the 130” beam with respect to the 82” beam (cf. section 5.4.3). The ratio
F(upper)/F(lower) is smallest for CS and largest for HCO+. While these molecules
have comparable critical densities, the energy of the upper levels are different with
26 K and 43 K for HCO+ and 35 K and 66 K for CS. Considering the dilution
factor, transitions with an upper energy between 20 and 45 K are generally of similar
strength, whereas the CS(7-6) transition with its high upper energy is significantly
weaker than CS(5-4). The average kinetic temperature is therefore likely to be in
the previously mentioned region. However HCN has upper energies comparable to
HCO+, but the upper transition is weaker than the lower transition. Here, the very
high critical density of the HCN(4-3) transition may affect the transition strength
even in the central position.

The fact that in (3’,4’) none of the upper transitions except for 13CO could be found
is two-fold: While the critical densities for the upper transitions are even higher than
for the lower ones and the upper energies are higher than the kinetic temperature,
causing these lines to be weaker, the atmospheric transmission in the frequency band
of the upper receiver is lower, increasing the difficulty to detect such weak lines. A
much longer integration time during good weather conditions would be required to
obtain a significant result for these transitions.

To compare different molecules among each other, a quantity such as the column den-
sity or the abundance is required rather than the line flux. These will be determined
and analyzed in section 5.
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(0’,0’)

Transition Tmb

∫

Tmbdv RMS Pos. Width Int. time
[K] [K km/s] [K] [km/s] [km/s] [s]

13CO(2-1) 14.01 57.23 0.08 -7.4 3.8 400
13CO(3-2) 17.90 75.50 0.14 -7.2 4.0 400
HCO+(3-2) 4.30 15.63 0.07 -7.0 3.4 460
HCO+(4-3) 5.87 22.00 0.21 -7.1 3.5 440

H13CO+(3-2) 0.57 1.46 0.03 -7.1 2.4 1220
H13CO+(4-3) 0.59 1.69 0.06 -7.1 2.7 1220
DCO+(3-2) 0.16 0.53 0.02 -7.1 3.2 1800

CS(5-4) 2.37 7.44 0.05 -7.2 2.9 600
CS(7-6) 1.42 3.88 0.04 -7.1 2.6 3000

CN(2(034)-1(023)) 1.55 6.36 0.03 -7.2 3.8 1200
CN(2(032)-1(022)) 0.34 0.82 0.02 -30.3 2.2 1200
CN(2(033)-1(023)) 0.24 0.51 0.02 -24.1 1.9 1200
CN(2(022)-1(011)) 0.38 0.94 0.03 251.1 2.3 600
CN(2(021)-1(011)) 0.20 0.58 0.03 271.8 2.8 600
CN(2(023)-1(012)) 0.81 2.20 0.03 277.1 2.5 600
CN(3(044

5)-2(03
3
4)) 1.34 4.04 0.05 -7.3 2.8 2460

CN(3(032
3)-2(02

1
2)) 0.52 1.37 0.05 180.5 2.5 2400

CN(3(034)-2(023)) 0.59 1.82 0.05 184.0 2.9 2400
HCN(3-2) 3.24 16.33 0.06 -6.9 4.7 480
HCN(4-3) 3.02 13.31 0.19 -7.0 4.1 450
HNC(4-3) 2.68 6.43 0.25 -7.2 2.3 480

SO(8(8)-7(7)) 0.66 1.72 0.06 55.9 2.4 1200
H2CO(5(15)-4(14)) 1.23 3.41 0.18 11.4 2.6 450

(3’,4’)

Transition Tmb

∫

Tmbdv RMS Pos. Width Int. time
[K] [K km/s] [K] [km/s] [km/s] [s]

13CO(2-1) 6.114 21.16 0.092 -7.5 3.3 400
13CO(3-2) 4.968 16.96 0.181 -7.3 3.2 400
HCO+(3-2) 0.353 0.766 0.025 -7.5 2.0 900
HCO+(4-3) 0.210 0.452 0.068 -7.6 2.0 900

CS(5-4) 0.111 0.210 0.022 -7.5 1.8 3000
CN(2(034)-1(023)) 0.129 0.377 0.018 -7.4 2.7 3000

HCN(3-2) 0.118 0.295 0.019 -7.3 2.3 6280

Table 3: Measured line parameters in (0’,0’) and (3’,4’). Main-beam temperature,
integrated intensity, line width (FWHM) and position were obtained by fitting a
Gaussian to the spectra. HCO+ measurements in (3’,4’) are from Bruderer (2006).
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(4.5’,6’)

Transition Tmb

∫

Tmbdv RMS Pos. Width Int. time
[K] [K km/s] [K] [km/s] [km/s] [s]

13CO(2-1) 5.730 23.68 0.103 -7.6 3.9 400
13CO(3-2) 3.916 15.48 0.171 -7.5 3.7 400
HCO+(3-2) 0.094 0.373 0.030 -7.5 3.8 820

(5.5’,7’)

Transition Tmb

∫

Tmbdv RMS Pos. Width Int. time
[K] [K km/s] [K] [km/s] [km/s] [s]

13CO(2-1) 5.389 19.09 0.090 -7.5 3.3 400
13CO(3-2) 4.006 12.57 0.154 -7.3 2.9 400
HCO+(3-2) 0.181 0.401 0.032 -7.0 2.1 820

CS(5-4) 0.148 0.387 0.04 -7.2 2.5 3600
CN(2(034)-1(023)) 0.059 0.155 0.014 -7.3 2.5 6000

HCN(3-2) 0.072 0.166 0.021 -7.2 2.2 4800

(7’,9’)

Transition Tmb

∫

Tmbdv RMS Pos. Width Int. time
[K] [K km/s] [K] [km/s] [km/s] [s]

13CO(2-1) 4.665 13.92 0.066 -7.1 2.8 500
13CO(3-2) 3.062 8.880 0.130 -7.1 2.7 500

(-1.5’,-2’)

Transition Tmb

∫

Tmbdv RMS Pos. Width Int. time
[K] [K km/s] [K] [km/s] [km/s] [s]

13CO(2-1) 2.810 10.10 0.038 -7.5 3.4 1000
13CO(3-2) 0.838 2.95 0.108 -7.5 3.3 1000
HCO+(3-2) 0.209 0.765 0.010 -7.1 3.4 9246
HCO+(4-3) 0.051 0.167 0.018 -7.4 3.1 9246
HCN(3-2) 0.130 0.827 0.025 -7.3 6.0 3600

Table 4: Measured line parameters in (4.5’,6’), (5.5’,7’), (7’,9’) and (-1.5’,-2’). Main-
beam temperature, integrated intensity, line width (FWHM) and position were ob-
tained by fitting a Gaussian to the spectra. The HCO+ measurements are from
Bruderer (2006). The HCN(3-2) observation in (-1.5’,-2’) was incorrectly calibrated.
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Figure 10: Observed spectral lines in (0’,0’). The green curves are the Gauss fits to
the corresponding line. The observed CN hyperfine structure lines are presented in
figure 14.
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Figure 11: Observed spectral lines in (0’,0’) - continued. The green curves are the
Gauss fits to the corresponding line.
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Figure 12: Observed spectral lines in (3’,4’). The green curves are the Gauss fits to
the corresponding line.
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4.3.3 CN hyperfine splitting

The CN molecule has one unpaired electron and therefore spin S = 1/2. For
molecules, instead of the orbital angular momentum ~L, the quantized property is
the projection ~Λ of the total angular momentum ~L to the internuclear axis. For CN,
Λ = |~Λ| = 0, which is commonly denoted by Λ = Σ. Thus, the electronic ground
state of CN is X2Σ+, where X denotes the ground state, 2 = 2S + 1 its multiplicity
and the ’+’ the eigenvalue of the reflection operator applied in a plane that contains
the internuclear axis. A detailed description of the quantum numbers of molecules
is given in Bruderer (2006).

Fine- and hyperfine splitting of the rotational levels of CN occurs due to the coupling
of the spin of the unpaired electron and the nuclear spin of 14N (I = 1). The spin
moment couples to the axis of rotation ~N through a weak magnetic field generated
by the rotation of the molecule, ~N and ~S add to ~J as shown in figure 13. If the
nuclear coupling is weaker than the spin-rotation interaction, the nuclear spin ~I is
also added to form the total angular momentum ~N + ~S + ~I = ~F . A more theoretical
discussion of the CN molecule can be found in Simon (1997).

Figure 13: Vector diagram for CN X2Σ+, without the hyperfine structure component.
From Simon (1997).

The CLASS HFS method4 allows a deduction of the excitation temperature as well
as the opacity of the emissive medium. As an input, the relative intensities of the
different transitions are required, these are listed in table 5. The relative intensities
are normalized to one for those lines where the fit was performed simultaneously.
For blended lines that lie closer than 0.3 MHz, the relative intensities were added.
The method makes the following assumptions: all components of the multiplet have
the same excitation temperature, the opacity has a Gaussian profile as a function
of frequency and the width of all lines is the same. Then, the opacity takes the
following form:

τ(v) = τmg

∑

i

rie
−(

v−vi−vref

αdv
)2 (2)

4cf. www.iram.es/IRAMES/otherDocuments/postscripts/classHFS.ps
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Here, τmg is the main-group opacity, ri the relative strength and vi the relative
velocity of the ith component, vref the velocity of the reference component, dv the
width of the line and α = 1/2

√
ln 2 the normalization factor of the Gauss profile.

The antenna temperature is given by

T ∗
A(v) = (Tex − Tbg)

[

1 − e−τ(v)
]

(3)

The HFS method then performs a non-linear least square fit with four independent
parameters: p1 = τmg · (Tex − Tbg), p2 = vi, p3 = dv and p4 = τmg. At the line
center, where ṽi = vi + vref , the sum in equation (2) reduces to ri. Therefore, if the
components are well-separated and if the relative intensities are normalized to unity,
then

∑

i

τ(ṽi) = τmg

∑

i

ri = τmg. (4)

Thus, for non-overlapping components, τ(ṽi) = p4 ·ri and the excitation temperature
Tex = p1

p4
+ Tbg.

The calculated opacities and excitation temperatures for the various hyperfine struc-
ture lines of CN are listed in table 5. With an opacity of τ ∼ 1 the main CN(2-1)
line is slightly optically thick, even though the shape remains Gaussian. For all the
other lines the opacity lies clearly below one. The fit to the measured lines is shown
in figure 14 (p. 36). The excitation temperature was always calculated for a triplet
of lines and the result for both triplets of the (2-1) transition match well.

N’ J’ F’ N” J” F” Frequency rel. Int. Tex [K] τ

2 5/2 7/2 1 3/2 5/2 226.875 0.8074 5.0 1.14
2 5/2 3/2 1 3/2 3/2 226.887 0.0960 5.0 0.14
2 5/2 5/2 1 3/2 5/2 226.892 0.0966 5.0 0.14
2 3/2 3/2 1 1/2 1/2 226.679 0.2107 5.5 0.12
2 3/2 1/2 1 1/2 1/2 226.663 0.1786 5.5 0.10
2 3/2 5/2 1 1/2 3/2 226.660 0.6107 5.5 0.35
3 7/2 7

9/2 2 5/2 5
7/2 340.248 0.5369 7.2 0.33

3 7/2 3
5/2 2 3/2 1

3/2 340.035 0.2322 7.2 0.13
3 5/2 7/2 2 3/2 5/2 340.032 0.2309 7.2 0.13

Table 5: Observed CN hyperfine structure transitions with their relative intensities
(from Simon 1997) and excitation temperature and opacity calculated by the CLASS
HFS method. For blended lines closer than 0.3 MHz the relative intensities were
added.



36 4 OBSERVATIONS

Figure 14: Observed hyperfine splitting of CN(2-1) and CN(3-2) in (0’,0’). The green
curves show the Gauss fits computed with the HFS method in CLASS. The CS(7-6)
line is mirrored from the other sideband.
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5 Radiative transfer

Spectral lines contain a wealth of information on the physical properties of their place
of origin, especially the density, gas temperature and molecular abundances. These
quantities can be determined by calculating a large number of theoretical spectra for
various parameters using the radiative transfer equation and then finding the best fit
to the observations. In this section we will introduce the basic physics of radiative
transfer for a two-level system (see e. g. Genzel 1991 or Lequeux et al. 2005) and
describe some commonly used approximation methods. These are then applied to
our observations of the S140 region.

5.1 The radiative transfer equation

The radiative transfer equation describes the modification of the specific intensity
of a spectral line Iν [erg s−1 cm−2 Hz−1 sr−1] at the frequency ν in an infinitesimal
element ds along the line of sight through the cloud:

dIν

ds
= ǫν − κνIν (5)

The emission coefficient ǫν [erg s−1 cm−3 Hz−1 sr−1] comes from spontaneous emis-
sion:

ǫν =
hν

4π
φ(ν)nuAul (6)

The absorption coefficient κν [cm−1] describes absorption and stimulated emission:

κν =
hν

4π
φ(ν)(nlBlu − nuBul). (7)

Here nu and nl are the volume densities of molecules in the upper and lower state, the
factor 4π comes from the assumption that the emission is isotropic. The Einstein-
A-Coefficient Aul [s−1] gives the transition probability between the two levels due to
spontaneous emission, the Einstein-B-Coefficients multiplied with the specific inten-
sity the corresponding rates for stimulated emission (BulIν) and absorption (BluIν).
The Einstein coefficients are coupled by the Einstein relations

Aul =
2hν3

c2
Bul Bul =

gl

gu
Blu. (8)

with gl and gu the statistical weights of the levels. The Einstein-A-Coefficient can
be written as

Aul =
64π4

3hc3
ν3

ulµ
2
ul (9)

µul is a transition moment with dimensions of an electric dipole moment. For rota-
tional transitions J + 1 → J of diatomic and linear poly-atomic molecules it can be
directly related to the electric dipole moment:

µ2
J+1,J =

J + 1

2J + 3
µ2

el (10)
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φ(ν) is the line-shape function which describes the probability that a photon is
emitted in the frequency interval [ν, ν + dν],

∫

φ(ν)dν = 1. The most important
line shape function is the Gaussian profile, with its width determined by the kinetic
temperature of the molecules and microturbulence velocities. Additionally it may
be doppler shifted in frequency because of the motion of the emitting source with
respect to the observer.

We can define the source function Sν and the optical depth τν by

Sν =
ǫν

κν
, τν =

∫

κνds (11)

The radiative transfer equation can then be written in the form

dIν

dτν
= Sν − Iν (12)

which can be integrated easily if the source function is uniform along the line of sight:

Iν(τν) = Iν,BGe−τν + Sν(1 − e−τν ) (13)

The integration constant is the intensity of the cosmic microwave background at
2.73 K.

These equations do not imply how the levels are being populated. If we assume
excitation and deexcitation by emission and absorption as well as by collisions with
other molecules (in our case mainly H2), we can write the equations of statistical
equilibrium for the two level system:

dnl

dt
= −nl(BluI + Clu) + nu(Aul + BulI + Cul) (14)

dnu

dt
= nl(BluI + Clu) − nu(Aul + BulI + Cul) (15)

Here, Cul and Clu are the collisional rates [s−1], i. e. the the probabilities of collisional
excitation and deexcitation, that are proportional to the density of the collision
partner: Cul = γulnH2

where γul are the collisional rate coefficient. Because of
detailed balance, nuCul = nlClu. In LTE, we can insert the Boltzmann distribution
for the level populations and get

Clu =
gu

gl
Cule

− hν
kT (16)

This expression contains only microscopic parameters and remains valid out of LTE,
as long as a kinetic temperature can be defined.

I is the intensity integrated over the line shape function and averaged over all solid
angles:

I =
1

4π

∫∫

Iν φ(ν) dν dΩ (17)

The intensity Iν also depends on the level populations via the source function, there-
fore equations (17) and (14/15) are coupled. They would have to be solved simulta-
neously for the whole cloud. Several approximation methods can be used to decouple
these equations.
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5.2 Approximation methods

If the radiation is completely optically thin, absorption and induced emission do not
contribute and the equations decouple automatically. Only background radiation
may have to be considered. However, this case is not feasible for our observations.

At local thermodynamic equilibrium (LTE) the equations decouple also, because the
level populations are given by the Boltzmann distribution. LTE is valid only at
densities above the critical density (cf. appendix A), which does not apply in our
situation except for 13CO.

Escape probability method

One way to decouple the equations is to introduce the escape probability β. This
factor determines the chance that a photon at some position in the cloud can escape.
If the cloud is completely opaque, the average intensity is equal to the source function.
Including the escape probability it can be written as

I = S(1 − β) (18)

and the equation of statistical equilibrium becomes

dnu

dt
= nlClu + nuCul − βniAul (19)

In one dimension we can estimate the escape probability by averaging e−τ over the
optical depth:

β =< e−τ >=
1

τ

∫ τ

0
e−τ ′

dτ ′ =
1 − e−τ

τ
(20)

For a uniform sphere,

β =
1.5

τ

(

1 − 2

τ2
+

(

2

τ
+

2

τ2

)

e−τ

)

(21)

This formula is implemented in RADEX (van Langevelde & van der Tak 2004), which
will be used in section 5.4.2. At high optical depths, only the first term is applied,
at low optical depths a power series approximation is used.

As a first guess, the level populations are calculated in the optically thin case. From
this we get the optical depth and the escape probability, from which new level popu-
lations are calculated. The procedure is iterated until the solution is self-consistent.
The optical depth τ0 at the line center is proportional to the ratio of the column
density to the line width, N/∆v.

The escape probability method is useful for a region where a single density and
temperature are given. At high optical depths the accuracy decreases.
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Monte Carlo method

This method is especially useful for non-uniform density and temperature structures
and can also handle higher optical depths. The model is divided into grid cells (or
shells in the case of spherical symmetry), where within each cell the properties such
as density, temperature and abundance are kept constant.

The coupling between the radiative transfer equation and the equations of statistical
equilibrium is solved with the Lambda iteration algorithm. It operates in the follow-
ing way: from estimations of the level population, the average intensity (17) can be
calculated with the radiative transfer equation (5). Now, the new level populations
can be found from the equations of statistical equilibrium (14/15). This procedure
is repeated until convergence is reached. For the derivation of I a Monte Carlo ap-
proach is used. The integral in (17) is approximated by summing over a random set
of directions and the path of the photons incident on each cell is backtracked.

The details of this approach are discussed in Bernes (1979) and an accelerated version
which we later use is described in Hogerheijde & van der Tak (2000).

5.3 Modeling with RATRAN

The spectral lines were modeled using RATRAN5, a radiative transport problem
solver by Hogerheijde & van der Tak (2000). The program consists of two parts,
AMC and SKY. The excitation solver AMC calculates the level populations of a
molecule with the above described accelerated Monte Carlo algorithm for a provided
density and temperature structure. The ray tracer SKY then integrates along the
line of sight through the cloud and calculates the resulting source intensity.

The following input parameters were used for the calculations:

• The molecular input files containing the Einstein-A coefficients, level energies
and collision rates were taken from LAMDA6, the Leiden Atomic and Molecular
Database (Schöier et al. 2005).

• Dust temperature was set equal to the gas temperature and dust emission was
not included.

• The background temperature was set to 2.728 K, the temperature of the cosmic
microwave background radiation.

• The doppler parameter b was fixed from the observations (b = 0.6·FWHM).
If multiple lines were modeled simultaneously, an average value was used. If
RATRAN calculated a line width wider than specified, the doppler parameter
was reduced to improve the fit.

• All velocity fields were switched off.

5cf. http://www.sron.rug.nl/∼vdtak/ratran/frames.html
6cf. http://www.strw.leidenuniv.nl/∼moldata/
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• The spatial resolution of the images calculated by SKY was varied between
0.5” and 1”, the size was set to 300”x300” to ensure complete coverage of the
KOSMA beam.

• The frequency resolution was set to 0.1 km/s and 250 channels were calculated.

• The number of shells was 15 for constant density and temperature models and
varied between 30 and 36 for the power-law models described in section 5.4.

To obtain a spectral line that can be compared to the observations, the source inten-
sity has to be convolved with a beam response function of the same FWHM as the
telescope used during observations. This convolution is performed using the convol
routine from the MIRIAD package. To ensure flux conservation during the convolu-
tion, a scale factor f needs to be included, which is calculated from the FWHM of
the beam and the pixel size in the image calculated by SKY:

f =

[

π

4 · ln(2)

(

B

p

)2
]−1

. (22)

The numeric factor compensates the difference between the round beam and the
square pixels.

The line is then analyzed in CLASS, where line strength and the integrated line
intensity can be calculated.

5.4 A model for S140 in (0’,0’)

To determine the column density or the abundance of the molecules with RATRAN,
a model for the temperature and density structure of S140 is required. Van der Tak
et al. (2000) derived a spherically symmetric model for both temperature and density.
The density structure was assumed to be a power law of the form n(r) = n0(

r
r0

)−α

and the temperature structure was taken from dust continuum models with the same
α. The density gradient α was determined by a fit to observations of C17O, CS, C34S
and H2CO. The best fit for S140 was n0 = 3.6 · 104 cm−3, r0 = 29 · 103 AU and
α = 1.5. The radius r0 is half the diameter of the CS emission and the density n0

at this radius was derived from submillimeter dust emission. The outer radius of
the model is rout = 2 · r0, while the inner radius is 1/300th of the outer radius. The
derived density structure was tested by modeling the submillimeter dust emission.
For dust, the best fit obtained was α = 1.0. The discrepancy between gas and dust
can either be explained by an inhomogeneous clumpy structure, which is known to
be present in S140, although on much larger scales outside the dense core, or by the
fact that the assumption of one central heating source breaks down. This is a likely
reason because of the presence of IRS2 and IRS3 nearby, as well as the external
heating.

In our models of S140 the density power law with α = 1.5 was used, but the additional
heating was accounted for by keeping the temperature in the outer regions constant at
a higher temperature instead of allowing a drop to ∼ 20 K. This outside temperature
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Figure 15: Density and temperature structure of the input model (Model 1) for
RATRAN in the position (0’,0’) of S140. For the temperature structure, the solid
line shows the model with constant temperature once 40 K are reached. The dotted
line is the original model by van der Tak et al. (2000).

was obtained by fitting the 13CO observations made with KOSMA and the best fit
resulted with a temperature of 40 K. Additionally, beyond the outer radius of the
model, the density was kept constant at the value at rout. The maximal radius of
the model also had to be deduced from a fit to the 13CO observations, because the
the diameter of the model sphere is roughly equal to the half power beam width
of the 230 GHz receiver and regions further outside may also contribute to the line
strength. The best fit for the outer radius was 1.2 · 1018 cm which corresponds to
0.37 pc or 75’630 AU. This model is further referred to as Model 1.

The density and temperature structure are plotted in figure 15.

5.4.1 Constant abundance and jump abundance models

In a first attempt to derive column densities from the observed line fluxes, RATRAN
was used to find the best fit assuming constant abundances (relative to H2) for all
molecules. As described in the previous section, a good fit could be found for 13CO
at a fixed abundance of 1.6 ·106 if the radius of the model was set to 1.2 ·1018 cm and
the temperature was kept constant once 40 K were reached. Assuming a factor of 90
for the ratio 12CO/13CO, a value in the middle of the observed range, the abundance
of 12CO amounts to 1.4 · 10−4 which is well within the commonly assumed bounds
(cf. section 2.1.2).

The fit was performed by a weighted least-square method for the line flux, i. e.
minimizing the following quantity:

∆2 =
∑

i

(

Fi,mod − Fi,obs

Fi,obs

)2

(23)

where i runs over all observed transition of one molecule.

With this model, the only reproducible lines were H13CO+ and DCO+ as well as
a few of the optically thin hyperfine structure lines of CN. The lines of all other
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Figure 16: HCN(3-2) lines modeled with RATRAN. For optically thin lines (left),
the line strength is very low. At higher abundances the line becomes optically thick
(middle) or self-absorbed (right).

molecules became strongly self-absorbed at the abundances required to reproduce
the line strengths, and at lower abundances where the lines were still optically thin
the line strengths were too low by factors of 5 to 20, depending on the molecule.
Examples of modeled HCN lines that showed this effect are displayed in figure 16.
If folded with the JCMT-beam, the C34S measurements of van der Tak et al. (2000)
could be fitted well, but the CS measurements were also strongly self-absorbed. The
results of the fits to Model 1 are presented in table 6.

Molecule Abundance N [cm−2]
H13CO+ 3.2 · 10−10 9.76 · 1012

DCO+ 5.8 · 10−11 1.77 · 1012

CN 1.5 · 10−8 4.58 · 1014

C34S 2.5 · 10−10 3.66 · 1013

Table 6: Best fit abundances and beam-averaged column densities for those molecules
that were reproducible with Model 1. Column densities were averaged with the 130”
beam, except for C34S which was measured at JCMT and was folded with a 18”
beam.

To reduce the effects of the optical thickness, jump abundance models were tried for
CS, HCN and HNC. The fit was now performed using different abundances for the
inner and the outer region, with a jump at 100 K where freeze-out is assumed to
occur. Depending on the abundance ratio of the inner to the outer part, there were
three different resulting cases: if the abundance in the outer region was very low,
then only the radiation from the inner part was seen and the inner abundance had
to be so high that self-absorption occurred. At intermediate outer abundances the
radiation from the outer region started to dominate, there was no self-absorption but
the line strengths were much too low, regardless of the inner abundance. At high
outer abundances the results were the same as with constant abundance models and
strong self-absorption occurred. Thus, jump abundance models are no improvement
with respect to constant abundance models because the inner region only has an
effect on the line strength if the outer abundance is very low.
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5.4.2 Approximations with RADEX

The previously described model clearly cannot accurately reproduce the line ratios
and line strengths measured by KOSMA. Denser material closer to the critical density
of the measured transitions is required in the outer regions of the beam. To get an
estimation of the density and temperature that is needed for a more accurate model,
RADEX7 was used, a tool for non-LTE molecular radiative transfer in an isothermal
homogeneous medium based on the escape-probability method.

To compare the line fluxes of two transitions, the different beam sizes must be con-
sidered. Assuming that the line flux is proportional to the column density (a valid
assumption above the critical density), the correction factor was calculated as the
ratio of the beam averaged column densities (see section 5.4.3) for the two beams for
Model 1 with an added high density region in the outer part. Since the size and den-
sity of this clump is not known, this dilution factor is only a crude approximation. It
was determined to be ∼ 1.8. RADEX was run for different densities and correspond-
ing temperatures given by Model 1. A good fit to the beam-corrected measured line
ratios (except for CN, which RADEX does not include) was a density of 1 ·106 cm−3

and a temperature of 75 K. The only ratio that was not reproducible within 30% by
these values was that of 13CO where the upper transition becomes much too strong.
This is to be expected since the critical density of 13CO is much lower than for all
other molecules and a single density and temperature cannot account for all ratios.
Surrounding colder and less dense material will also affect the line ratio for 13CO,
this cannot be accounted for with RADEX.

Figure 17 is a contour plot for the line ratios of 13CO and HCN calculated by RADEX
for various temperatures and densities. The measured beam-corrected line ratio is
indicated by the red line. The green line gives the density/temperature relation
provided by van der Tak et al. (2000) and the intersection between the red and the
green line is the ideal density/temperature pair to fit the measurements. For 13CO
the three different red lines correspond to beam dilution factors of 1.8, 1.4 and 1.0
from left to right while for HCN only the line for a dilution factor of 1.8 is drawn.
For such a high dilution factor, no fit can be found for 13CO. This can be explained
by the fact that the beam dilution factor was calculated under the assumption that
most of the radiation originates in the high density clump. For 13CO however, the
outermost regions also contribute strongly, which leads to a lower beam dilution
factor.

5.4.3 "Clump" in the outer region

In a spherically symmetric model, the best approximation of a clumpy structure is
to include a shell of higher density and temperature superimposed on the power-law
structure. The new input model for RATRAN was therefore constructed by changing
the density and temperature in a shell in the outer part of the beam to the values
estimated by RADEX, i. e. 1 · 106 cm−3 and 75 K. This shell was located between
6.5 · 1017 and 7.0 · 1017 cm distance from the central source. To avoid a much larger

7cf. http://www.sron.rug.nl/∼vdtak/radex/radex.php
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Figure 17: Fit of the measured line ratio for 13CO (upper) and HCN (lower) to
the line ratio calculated with RADEX for given density and temperature. The
different shades correspond to the calculated line ratio. The red line are all tem-
perature/density pairs that reproduce the measured line ratio corrected with beam
dilution (1.8 for HCN, 1.8, 1.4 and 1.0 for 13CO from lower left to upper right), the
green line the temperature/density relation provided by van der Tak et al. (2000).
The intersection gives the best fit.
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total column density, the outer radius of the model was reduced to 1.1 · 1018 cm.
This model is from now on called Model 2 and displayed in figure 18.

In the RATRAN calculations using Model 2, the effects of self absorption disap-
peared, while the line strengths were now comparable to observations. HCO+ and
HCN were still somewhat optically thick with the line becoming wider and lower
than observed. In these cases, the line flux was fitted. The line ratios could be fitted
moderately well, with the upper transition in most cases somewhat too strong. The
best fits were within 5% for HCO+, within 20% for H13CO+, 30% for HCN and
35% for CS. For CN(2-1), the strongest fine-structure line was disregarded due to its
much larger line width. Still its line ratios for several fine structure lines were off by
more than 50%. 13CO was also a bad fit, with the line ratio 80% off.

The calculated best-fit abundances were much lower than in Model 1. 13CO now only
required an abundance of 4.8 · 10−7, which is at least a factor 2 lower than standard
13CO abundances. Similarly the abundance of HCO+ was now even lower than the
H13CO+ abundance fitted with Model 1 and the CS abundance of the same order
as the C34S abundance of Model 1. This is due to the fact, that more than 90% of
the beam-averaged column density now arises in the high-density clump, requiring a
much lower abundance.

Beam averaged column densities were calculated using the formula defined in Stäuber
et al. (2004):

Nbeam =

∫∫

n(z, p) G(p) 2πp dp dz
∫

G(p) 2πp dp
(24)

where p is the impact parameter and G(p) is the beam response function:

G(p) =
1

σ
√

2π
e−0.5(p/σ)2 (25)

σ is related to the FWHM of the beam by

σ =
FWHM

2
√

2 ln 2
(26)

Table 7 lists the best-fit abundances and the beam-averaged column densities using
the 82” beam.

To improve the line ratios and to get more realistic abundances, the clump size
was reduced to a diameter of 2 · 1016 cm starting at 6.6 · 1017 cm, the density was
lowered to 7 · 105 cm−3 and the temperature to 67 K. Additionally the outer radius
and temperature were no longer kept constant but were again fitted to the 13CO
measurements assuming a constant abundance of 1.1 ·10−6, corresponding to a 12CO
abundance of 1 · 10−4. This resulted in an outside temperature of 30 K and a radius
of 1.3 · 1018 cm. The line ratio for 13CO might yet be improved by adding further
material outside this radius, but to save calculation time a cutoff was made at that
radius since the lines of the other molecules are hardly influenced by this low-density
material. This new model is called Model 3 and displayed in figure 18.

Line ratios were improved to fit within 20% for 13CO, 15% for CS, 5% for HCO+ and
H13CO+. On the other hand, HCN was already slightly self-absorbed and the line
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ratio for HCN was still ∼ 30% off. For CN a fit to all finestructure lines is difficult due
to their different line widths, however the fit significantly improved in comparison to
Model 2. While the abundance for HCO+ was still fairly low and the ratio between
HCO+ and H13CO+ with ∼ 15 surprisingly low, the CS abundance was now more
realistic in comparison to the C34S JCMT-observations. Table 7 shows the best fit
abundances and the column densities averaged with the 82” beam.
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Figure 18: Density and temperature structure in the outer envelope of the clump
models in the position (0’,0’) of S140. The solid line corresponds to Model 3, the
dashed line to Model 2.

Model 2

Molecule Abundance N [cm−2]
13CO 4.8 · 10−7 7.54 · 1016

HCO+ 1.2 · 10−10 1.88 · 1013

H13CO+ 8.6 · 10−12 1.35 · 1012

CS 3.4 · 10−10 5.34 · 1013

CN 4.0 · 10−10 6.28 · 1013

HCN 3.6 · 10−10 5.65 · 1013

HNC 1.7 · 10−10 2.67 · 1013

DCO+ 4.0 · 10−12 3.59 · 1011

SO 7.2 · 10−10 1.13 · 1014

H2CO 2.0 · 10−10 3.14 · 1013

Model 3

Molecule Abundance N [cm−2]
13CO 1.1 · 10−6 9.16 · 1016

HCO+ 5.3 · 10−10 4.41 · 1013

H13CO+ 3.4 · 10−11 2.83 · 1012

CS 1.8 · 10−9 1.50 · 1014

CN 1.7 · 10−9 1.42 · 1014

HCN 1.8 · 10−9 1.50 · 1014

HNC 8.3 · 10−10 6.91 · 1013

DCO+ 1.2 · 10−11 6.11 · 1011

SO 4.1 · 10−9 3.42 · 1014

H2CO 9.9 · 10−10 8.25 · 1013

Table 7: Best fit abundances and beam-averaged column densities for Models 2 and
3. Column densities were averaged with the 82” beam, except for DCO+, which was
only measured in the 130” beam. The 13CO abundance in Model 3 was fixed.
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5.5 The position (3’,4’)

5.5.1 Homogeneous model

In the position (3’,4’) the cloud was assumed to be uniform and homogeneous with a
constant density and temperature. This is only a crude estimation, since it has been
shown that a clumpy medium is necessary to describe the observed [CI] emission
(c.f. 3.2). Poelman & Spaans (2006) suggest a PDR model with a clump density
nc = 4 · 105 cm−3, an interclump density nic = 1 · 104 cm−3 and a clump filling
factor F = 2.5%. Averaging these values leads to a density of n ≃ 2 · 104 cm−3. The
temperature value was taken from the model by van der Tak et al. (2000) at this
density, which corresponds to 25 K. Since the model is homogeneous and the source
much larger than the beam, a convolution with the beam is not necessary and the
line strength at a single point was obtained from RATRAN calculations.

Assuming a constant 13CO abundance of 1.1 · 10−6 the diameter of the cloud along
the line of sight was fitted to the 13CO observations made with KOSMA. A value
of 5.6 · 1017 cm provided the best fit. This is almost a factor 5 lower than in the
(0’,0’) position. One possible reason for this discrepancy is the averaging of clump
and interclump density. Since the critical density of the 13CO transition is of the
same order as the cloud density, the interclump material in our model may contribute
more to the emission than is actually the case, thus requiring a smaller extension of
the cloud. On the other hand, the diameter of the cloud at the (0’,0’) position is
rather large because the spherical symmetry results in the same diameter along the
line of sight as perpendicular to it, and the large KOSMA beam requires an extended
cloud.

Table 8 shows the best fits for the molecular abundances of HCO+, HCN, CS and
CN. From the fitted diameter along the line of sight, the column density was cal-
culated. The CS-line requires an unusually high abundance of 1.1 · 10−8 to fit with
observations. The HCO+, HCN and CN abundances are also higher than in (0’,0’).
This may be due to the fact, that the dense clumps are mainly responsible for the
line emission of these molecules, because their critical densities are much higher than
that of 13CO. In our average model, the density is much lower and therefore higher
abundances are required to reach the observed line strengths.

Molecule Abundance N [cm−2]
HCO+ 1.3 · 10−9 1.5 · 1013

HCN 3.8 · 10−9 4.3 · 1013

CS 1.1 · 10−8 1.2 · 1014

CN 8.3 · 10−9 9.3 · 1013

Table 8: Best fit abundances and radial column densities in the position (3’,4’) for
the homogeneous model.
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Figure 19: Density structure in the position (3’,4’). The solid line corresponds to
the clumpy medium, the dashed line is the density in the homogeneous model.

5.5.2 Inhomogeneous model

In order to account for the clumpy density structure, a second model was used to fit
the line fluxes. In this case, one clump of higher density was placed at the center
of the model to approximate a medium consisting of many smaller clumps. For this
model, a beam size of 5” was chosen, somewhat smaller than the whole clump. The
clump size, the clump density and the interclump density were obtained by a best
fit to the 13CO emission with a constant abundance of 1.1 ·10−6. The total diameter
of the cloud was chosen to be the same as in the (0’,0’) position, i. e. 1.3 · 1018 cm
and the temperature was set to 25 K for both clump and interclump medium since
there is no heating from the inside. With this model, the line flux and the line ratios
of 13CO could also be reproduced. Figure 19 shows the obtained density structure.
The molecular abundances and column densities resulting for the other molecules
are presented in table 9.

Molecule Abundance N [cm−2]
HCO+ 1.9 · 10−10 3.15 · 1012

HCN 4.9 · 10−10 8.13 · 1012

CS 1.1 · 10−9 1.83 · 1013

CN 1.5 · 10−9 2.49 · 1013

Table 9: Best fit abundances and column densities (averaged with a 5” beam) in the
position (3’,4’) for the inhomogeneous model.

5.6 Abundance ratios

Comparing absolute abundances of a species at (0’,0’) and (3’,4’) provides little
information, since they are dependent on the density structure which is not well con-
strained, especially in (3’,4’). However, comparing abundance ratios of two species
between the two positions may cancel out some of these effects. Table 10 (p. 50)
lists all abundance ratios that were measured in both positions, plus the HCN/HNC
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ratio and the HCO+/H13CO+ ratio that were only measured in (0’,0’).

The CN/HCN ratio is typically considered to be a good tracer of outer FUV radia-
tion. In dense, well shielded material, the ratio is . 1 while it raises clearly above
one in regions where FUV radiation can penetrate and HCN is destroyed in reactions
with H+ and C+ (e. g. Greaves & Church 1996). This theory is supported by our
measurements of S140, where the CN/HCN ratio is ∼ 1 in the dense region at (0’,0’)
but raises above 3 at (3’,4’), indicating that FUV radiation can penetrate well into
the cloud, as previously assumed to explain the [CI] measurements. The CS/HCN
and HCO+/HCN ratios also increase from (0’,0’) to (3’,4’), though not as strongly
as CN/HCN, while CS/CN does not change much.

The HCO+ abundance is unusually low in (0’,0’) and decreases further to (3’,4’).
The HCO+/H13CO+ ratio is only ∼ 15, which is much lower than the generally
assumed 12C/13C ratios of 60 - 90. Therefore, it is possible that optical depth effects
lead to a lower measured HCO+ abundance than actually present.

Previous observations showed that the HNC/HCN ratio varies strongly for different
sources. Hirota et al. (1998) measured it to be between 0.54 and 4.5 for different
dark cloud cores, while Schilke et al. (1992) found much lower ratios between ∼ 0.01
and 1 towards different positions in OMC-1 due to depletion of HNC, decreasing
with increasing temperature. This is explained by destruction of HNC by neutral-
neutral reactions at high temperatures. Stäuber et al. (2004) suggest that a low
inner FUV field leads to a low HNC/HCN ratio of ∼ 0.01 − 0.03 (for models of
AFGL 2591), while it is ∼ 1 without an inner FUV field and ∼ 1.4 for very strong
fields (G0,in ∼ 105). However, we cannot draw conclusions on the inner FUV field
from observations with the KOSMA beam. Our measured ratio of 0.46 agrees with
the OMC-1 observations for temperatures between 30 and 40 K. It should also be
considered that HCN may be optically thick in (0’,0’) due to its large line width,
which may lead to an underestimation of it’s abundance. Therefore, a higher tem-
perature as estimated for the clump in our model, where most of our observed line
flux is thought to arise, is also possible.

Ratios are also calculated from the chemical model in section 6.6 and compared to
the results derived in this section.

Ratio (0’,0’) (3’,4’)
CN/HCN 0.94 3.06
CN/CS 0.94 1.36

CN/HCO+ 3.21 7.89
CS/HCN 1.00 2.24

CS/HCO+ 3.40 5.79
HCN/HCO+ 3.40 2.58
HNC/HCN 0.46

HCO+/H13CO+ 15.6

Table 10: Abundance ratios derived from constant abundance models with a clumpy
density structure in (0’,0’) and (3’,4’).
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6 Chemical modeling

Instead of assuming constant abundances throughout the envelope, a chemical model
can be used to calculate the abundance structure. In this section, we apply the
chemical model by Doty et al. (2002) that was extended by Stäuber et al. (2004,
2005) for UV- and X-ray radiation of a central source to the S140 region, using the
physical models derived in sections 5.4.3 and 5.5.2.

6.1 The chemical model

The chemical model is based upon the UMIST database for astrochemistry8. It
includes about 400 molecules and 4000 gas-phase reactions between them. It solves
the equation of molecular evolution given by

dn(i)

dt
=

∑

j

kijn(j) +
∑

j,k

lijkn(j)n(k) (27)

where n(i) is the number density of species i, kij the rate coefficients for production
and lijk the rate coefficients for destruction of the given species. Deuterated species
such as DCO+ and isotopomers such as 13CO and H13CO+ are not included in the
model.

The main input is the physical model, which provides the density and temperature
as a function of distance from the central source. The model is spherically symmetric
and assumed to be constant with time. Infall, outflow or shocks that may influence
the chemical evolution cannot be taken into account, neither can geometrical effects,
such as the further penetration of radiation originating in the central source along
an outflow axis.

Abundances were calculated for 45 points in the (0’,0’) position and for 35 points in
(3’,4’) as a function of time and read out at 1.78 · 1012 s (∼ 5.6 · 104 years). This
time corresponds well to the chemical age of 6 · 104 years derived by Alakoz et al.
(2002) from methyl acetylene observations of several star forming regions, among
them S140.

The calculations assume that Tdust = Tgas. Freeze-out onto dust-grains is incorpo-
rated in the way that certain species are initially depleted below 100 K. The CO
initial abundance was set to 1 · 10−4 and remains constant over time without UV
radiation. All other initial abundances were chosen the same as in Stäuber et al.
(2006).

Additional input parameters are the inner and outer FUV flux, the X-Ray luminosity
and the cosmic ray ionization rate. These are discussed in the following sections.

8cf. http://www.udfa.net/
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6.2 Approximation of the inner FUV flux

In our model we include an internal and an external component of FUV radiation,
originating from the central source (IRS1-3) and the illuminating star HD 211880.
The strength of the field is given as an enhancement factor G0 of the average inter-
stellar radiation field in the FUV, the Habing field (cf. Sec. 2.2.1), which corresponds
to 1.6 ·10−3 erg cm−2 s−1. The factor of the inner field is denoted by G0,in, the outer
by G0,out. Following Stäuber et al. (2004), the photodissociation and photoionization
rates are then approximated by

k = G0,inCe−γτin + G0,outCe−γτout [s−1], (28)

where τin and τout are the attenuation factors and C and γ are fit parameters. The
attenuation factors are estimated by τ ≈ AV , where AV is the total visual extinction.
This value is calculated from the total hydrogen column density

N(Htot) = 2N(H2) + N(H) ≈ 1.86 · 1021 AV cm−2. (29)

The outer FUV field is assumed to be in the range of G0 ≈ 100−200 (Wyrowski et al.
1997). The hydrogen column density is estimated from the attenuation of the inner
FUV field, assuming a black body radiation from the central star. For simplicity, the
three sources are treated as one. The bolometric luminosity of the infrared sources
was estimated by Lester et al. (1986) to 5 · 103 L⊙ for IRS1, 3 · 103 L⊙ for IRS2
and 2 · 103 L⊙ for IRS3, amounting to a total luminosity of 1 · 104 L⊙. The effective
temperature was assumed to be 30’000 K, a bit higher than it would be for a single
B1 or B2 star. The FUV flux is insensitive to this value, a temperature of 20’000 K
leads to a decrease in the flux of only ∼ 1%.

The luminosity in the FUV is calculated by integrating Planck’s law for a black body
in the FUV regime (6 ≤ hν ≤ 13.6 eV) and multiplying by the surface area of the
star:

LFUV = 4πR2 · π
∫ ν2

ν1

2hν3

c2

1

e
hν
kT

−1
dν (30)

The FUV flux at a distance d = 265 AU (the inner radius of our model) is then

FFUV =
LFUV

4πd2
= 9 · 104 erg s−1 cm−2 (31)

corresponding to G0,in ≈ 5.6 · 107 if no attenuation is taken into account. If we
assume G0,in ≈ 10 at the inner radius of the model, as did Stäuber et al. (2004) for
AFGL2591, we need an optical depth of τ ≈ 15.5, leading to AV ≈ 15.5. Trans-
lating this to the hydrogen column density using equation 29 we obtain N(Htot)) ≈
2.9 · 1022 cm−2.

6.3 The influence of UV and X-ray radiation

In order to determine the influence of the outer FUV field and the inner X-ray
radiation, chemical models were calculated for a variety of outer FUV field strengths
and X-ray luminosities.
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Figure 20 (p. 54) shows the calculated abundance structures at (0’,0’) for all observed
molecules that are included in the chemical model depending on different outer FUV
fields. Since only the outermost part is affected by this radiation, the plot does not
show the whole envelope. X-ray radiation has no influence in this region and the
cosmic ray ionization rate was set to ζ = 1 · 10−17 s−1.

The outer FUV radiation only affects the region beyond 1018 cm where the density
is (arbitrarily) constant at its lowest value. The radiation is quickly attenuated and
does not reach the high density clump. To determine the true influence of an outer
FUV field, the density structure would have to be determined more precisely, e. g.
from continuum observations, and a 2D or 3D model would be required to include
clumpiness in a more realistic fashion. If there is interclump material with a lower
density, the radiation can enter more deeply into the cloud. Molecules with a high
critical density are not suitable to trace outer FUV radiation in a clumpy medium
since most of the line emission will originate in the high density clumps where the
radiation is shielded.

In terms of column density, the most strongly affected molecule by the outer FUV
radiation is H2CO, whose beam-averaged column density is ∼ 50% lower for a field
G0 = 200 with respect to G0 = 1 in the 130” beam. The CN and HCO+ column
densities are ∼ 30% lower, for the other molecules the difference is . 20%. In the
82” beam, the differences are ∼ 30% for H2CO and ∼ 20% for CN and HCO+.

In figure 21 (p. 55) the calculated abundance structures at (0’,0’) depending on
different X-ray luminosities are displayed. The cosmic ray ionization rate was set to
ζ = 1 · 10−17 s−1 and the outer FUV field to G0 = 100. The outer FUV radiation
has no influence on the region that is affected by X-rays. X-Rays mostly affects the
innermost parts, an X-ray luminosity of 1031 erg s−1 has an impact up to ∼ 3 · 1016

cm, whereas a luminosity of 1032 erg s−1 has a significant effect out to 2 · 1017 cm.

In the large KOSMA beam however, the contribution of the X-ray enhanced region
is small. The only measurable X-Ray enhancement is that of SO, where the beam
averaged column density (in the 82” beam) raises by a factor of 3.5 for an X-ray
luminosity of 1032 erg s−1 with respect to no X-rays. Interestingly, for a luminosity
of 1030 erg s−1, the column density is ∼ 10% lower than without X-rays. The strong
drop in the SO abundance between 2 and 3·1016 cm occurs due to the different initial
abundances above and below 100 K.

For all other molecules, the change in column density due to X-rays is . 10%, even
though the abundance structure in the inner regions varies just as much for some of
the molecules (e. g. HCO+ and H2CO) as it does for SO. This is due to the fact that
for these molecules, the abundances in the outer regions that contribute mostly to
the beam-averaged column density are at most one order of magnitude lower than in
the region influenced by X-rays, whereas for SO the outer regions have an abundance
that is lower by 2-3 orders of magnitude. Therefore, the abundance variations in the
inner region become visible in the beam-averaged column density of SO.

Varying the inner FUV field has effects only on the innermost shell, it is thus negli-
gible in the large KOSMA beam.



54 6 CHEMICAL MODELING

Figure 20: Calculated abundances as a function of distance from the central source
for different outer FUV fluxes for the outer regions of the envelope. The solid line
corresponds to the later used model G0 = 100, the dotted line to G0 = 1, the dashed
line to G0 = 30 and the dash-dotted to G0 = 200.
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Figure 21: Calculated abundances as a function of distance from the central source
for different X-ray luminosities. The solid line corresponds to the best fit for SO,
Lx = 1 · 1032 erg s−1, the dashed line to Lx = 1 · 1030 erg s−1 and the dotted line to
no X-rays.
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Figure 22: Calculated abundances as a function of distance from the center of a clump
embedded in low-density interclump material at position (3’,4’) for different outer
FUV fields: G0 = 1 (dashed), G0 = 30 (dotted), G0 = 100 (solid) and G0 = 200
(dash-dotted line).
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In the (3’,4’) position only the outer FUV field is of interest at the moment, because
nothing is known about an embedded source at that location and scattering of UV
radiation originating in the IRS-cluster or other embedded sources has not yet been
implemented in the chemical model. Since the density of the interclump medium is
almost an order of magnitude lower than the density in the outer region of (0’,0’),
the FUV radiation can penetrate further (see figure 22, p. 56). It reaches the surface
of the high density material where it is quickly attenuated. Therefore, the effect of
the radiation would be different if there were many smaller clumps embedded in low
density material, rather than just one single large clump, and further penetration
would be possible. It must also be remembered that the clump and interclump
density at this position are not well constrained.

Of the measured molecules in this position, HCO+ varies most strongly with the
FUV field. A field of G0 = 200 lowers the column density by almost a factor 4 with
respect to G0 = 1. The CN column density drops by a factor of 2.5, HCN ∼ 40%,
C0 ∼ 30% and CS ∼ 10%.

6.4 Estimation of the cosmic ray ionization rate

The cosmic ray ionization rate can be estimated from the DCO+ and HCO+ mea-
surements using a steady-state model described in Caselli et al. (1998). In this
model, the cosmic ray ionization rate can be calculated analytically from the ratios
[DCO+]/[HCO+] and [HCO+]/[CO]. The abundance ratios are given by

RD ≡ [DCO+]

[HCO+]
=

1

3

kfx(HD)

kex(e) + δ
(32)

RH ≡ [HCO+]

[CO]
=

(ζ/n(H2))kH+

3

(βx(e) + δ)β′x(e)
(33)

The rate coefficients are defined in the following way (in units of cm3 s−1):

• kf = 1.5 · 10−9 is the forward rate coefficient for H+
3 + HD → H2D

+ + H2

• ke = (4.38 · 10−8 + 4.2 · 10−9 + 1.2 · 10−8)(̇T/300)−0.65 the dissociative recom-
bination rate of H2D

+

• β = 1.15 · 10−7(T/300)−0.65 the dissociative recombination rate coefficient of
H+

3

• β′ = 2 · 10−7(T/300)−0.75 the dissociative recombination rate coefficient of
HCO+

• kH+

3

= 6.56 ·10−10(T/300)−0.5 the rate coefficient for the reaction H+
3 +CO →

HCO+ + H2

• δ = δH2D+ ∼ δH+

3

= 6.5 · 10−13 is the destruction rate for H2D
+ and H+

3 due
to neutral species such as CO and O, if depletion is neglected.

For the fractional abundance x(HD) a standard value of 3 · 10−5 was chosen. The
above ratios can now be solved for the ionization fraction x(e) and the ionization
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rate ζ to calculate these values at a given temperature and density:

x(e) =
1

ke

(

kfx(HD)

3RD
− δ

)

=

(

6.13 · 10−9

RD
− 2.66 · 10−7

)

T 0.65 (34)

ζ =
β′

kH+

3

(βx(e) + δ)x(e)n(H2)RH =

= (5.96 · 10−3T−0.9x(e) + 8.25 · 10−10 · T−0.25)x(e)n(H2)RH

(35)

Since most of the emission is bound to come from the regions of high density we
calculate the cosmic ray ionization rate within the clump of temperature 67 K and
density 7 · 105 cm−3. The temperature dependence of the rate coefficients is small
and therefore a lower temperature would have little effect. However, the cosmic ray
ionization rate is proportional to the density and would be more than an order of
magnitude smaller in the surrounding low-density region.

Using the HCO+ and DCO+ abundances derived with Model 3 in section 5.4.3 the
ratios are RD = 0.0226 and RH = 5.35 · 10−6. From these values we receive an
electron fraction of x(e) = 8 · 10−8, in good agreement with Bergin et al. (1999)
who constrained the electron abundance to lie within the range −6.9 < log x(e) <
−7.3. This results in a cosmic ray ionization rate of ζ = 1 · 10−16 s−1, a factor
of 2.5 higher than the ionization rate derived by van der Tak et al. (2000) from
H13CO+ measurements. A good agreement can be found if the density is lowered to
3.4 · 10−5 cm−3 and the temperature to 45 K, which is realistic if the outlying colder
and more diffuse medium is also considered to contribute in part to the emission. In
that case the cosmic ray ionization rate amounts to ζ = 3.7 · 10−17 s−1.

6.5 Fit of the cosmic ray ionization rate

To determine the cosmic ray ionization rate depending on the whole density and
temperature structure of Model 3 rather than for just one value as in the steady
state model, the chemical model was used to fit the cosmic ray ionization rate to
the observations. Chemical models were calculated for cosmic ray ionization rates of
7 · 10−18, 1 · 10−17, 2.7 · 10−17, 3.7 · 10−17 and 4.7 · 10−17 s−1. The outer FUV flux
and the X-ray luminosity were varied with the same values as in section 6.3.

Figure 24 (p. 60) shows the calculated abundance structure for all observed molecules
for different cosmic ray ionization rates. Except for CO, the abundances of all
molecules vary with the cosmic ray ionization rate outside a radius of ∼ 3 · 1016 cm.
The abundances are higher for a higher cosmic ray ionization rate for all observed
molecules except for CN and H2CO inside of 2 · 1017 cm.

The beam-averaged column densities were calculated for the 82” beam and compared
to the beam-averaged column densities of the constant abundance models fitted to
the observations. This approximation was necessary because the limited time did
not allow us to perform radiative transfer calculations with the abundance structure
of the chemical models to compare the resulting line fluxes directly. However, in
figure 24 (p. 60) the limits of this approximation become evident: while it is a
good approximation for HCN and HNC, where the abundance deviates from an
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almost constant value only in the innermost shell which does not contribute much
in the KOSMA beam, the abundance of CN is far from constant, with a much lower
abundance in high density regions, especially the clump. Therefore, the clump is
contributing much less to the column density of CN in the chemical model than in
the constant abundance model. This is also valid for HCO+, although to a lesser
extent. CS and SO are enhanced in high density regions and SO is enhanced by two
orders of magnitude in the inner region due to the X-rays.

Since the influence of the outer FUV flux is negligible and the X-ray flux only has a
significant effect on SO, the outer FUV flux was kept constant at G0 = 100 and the
X-ray luminosity was set to 1 · 1032 erg s−1 which improves the fit for SO. However
since this influences only a single molecule we cannot draw any conclusions about
the true X-ray luminosity.

The observed column densities lay in the range of calculated column densities from
the chemical models except for HCO+, CS and H2CO. The calculated column den-
sities for CS were a factor of 2-3 too low, for HCO+ a factor of 5-10 too high and for
H2CO more than one order of magnitude too high. If instead of HCO+ the column
densities of H13CO+ were multiplied with the standard 13C/12C fraction of 90 the
resulting column densities of HCO+ also lay within those calculated by the chemical
model.

Due to its large deviation, the values of H2CO were neglected in the fit. The fit was
performed by minimizing the quantity

χ2 =
1

n

∑

i

(

log(Ni,chem) − log(Ni,obs)

log(Ni,obs)

)2

(36)

where i runs over the different molecules and n is the total number of fitted molecules.
Because the error in the observed column density mainly comes from calibration
uncertainties that are similar for all molecules, it does not affect the fit and was not
included. The best fit for the cosmic ray ionization rate was ζ = 1 · 10−17 s−1, as
can be seen in figure 23. If H2CO is included in the fit or the actual column density
of HCO+ is used instead of H13CO+ then the lowest ionization rate is the better fit.
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Figure 23: χ2-value (goodness of fit) for different cosmic ray ionization rates at
(0’,0’). The best fit is ζ = 1 · 10−17 s−1.
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Figure 24: Calculated abundances as a function of distance from the central source
for different cosmic ray ionization rates. The solid line corresponds to the best fit
ζ = 1 · 10−17 s−1, the dotted line to 7 · 10−18 the dashed line to 2.7 · 10−17 and the
dash-dotted to 4.7 · 10−17 s−1.
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Figure 25: Calculated abundances as a function of distance from the center of a
clump embedded in low-density interclump material at position (3’,4’) for different
cosmic ray ionization rates: ζ = 7 · 10−18 s−1 (dashed), 1 · 10−17 (solid), 2.7 · 10−17

(dotted) and 4.7 · 10−17 s−1 (dash-dotted line).
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Figure 26: χ2-value (goodness of fit) for different cosmic ray ionization rates at
(3’,4’). The best fit is ζ = 7 · 10−18 s−1.

In the (3’,4’) position, obtaining a reliable fit is difficult, since only 4 molecules are
available and the density and temperature structure are poorly known. Calculations
were performed with the same values for the cosmic ray ionization rate as in the fit
at (0’,0’): an outer FUV field of G0 = 100 and no X-rays. In figure 25 (p. 61) the
calculated abundance structures are displayed. It can be seen that the two density
regions result in two different abundances for each molecule except for CO.

The only molecule where the span of calculated column densities included the ob-
served column density was CN. Here, a cosmic ray ionization rate of ζ = 7 ·10−18 s−1

provided the best fit. For HCO+ the calculated column densities were an order of
magnitude too high (similar as in (0’,0’)), for HCN ∼ 20%−100% too high and for CS
a factor 2-5 too low. Therefore the lowest value for ζ provides the best fit for HCO+

and HCN, the highest value for CS. In total, the best fit is ζ = 7 ·10−18 s−1, although
the fit for the cosmic ray ionization rate determined in (0’,0’), ζ = 1 · 10−17 s−1, is
not much worse (see figure 26). An outer FUV field of G0 = 200 would somewhat
improve the fit.

Table 11 lists the observed and calculated column densities in both positions for the
two models that provide the best fits, i. e. ζ = 1 · 10−17 s−1 and ζ = 7 · 10−18 s−1.

6.6 Column density ratios

Table 12 lists the column density ratios computed from the chemical models with
the two best-fitting cosmic ray ionization rates, in analogy to table 10 which shows
the abundance ratios for the best-fitting constant abundance models (where the
abundance ratios are equal to the column density ratios).

The CN/HCN ratio matches well with the previously derived ratio from the observa-
tions, it shows the same increase by a factor of 3 from (0’,0’) to (3’,4’). However, it is
interesting to note that varying the outer FUV field between G0 = 1 and G0 = 200
has little effect on this ratio in (3’,4’), a stronger field actually decreases the ratio
because CN is affected more strongly by the radiation in our model. This is mainly
due to the fact that the molecular density of HCN in the interclump medium is by
at least two orders of magnitude lower than in the clump, no matter how strong the
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Pos. Molecule Nobs [cm−2] Nmod [cm−2] Nmod [cm−2]
ζ = 1 · 10−17 s−1 ζ = 7 · 10−18 s−1

(0’,0’) HCO+ 4.4 · 1013 3.1 · 1014 2.5 · 1014

H13CO+ 2.8 · 1012 3.5 · 1012 2.7 · 1012

CS 1.5 · 1014 5.9 · 1013 4.9 · 1013

CN 1.4 · 1014 1.1 · 1014 8.4 · 1013

HCN 1.5 · 1014 1.3 · 1014 1.1 · 1014

HNC 6.9 · 1013 9.4 · 1013 6.6 · 1013

SO 3.4 · 1014 3.3 · 1014 3.2 · 1014

H2CO 8.2 · 1013 8.8 · 1014 7.7 · 1014

(3’,4’) HCO+ 3.1 · 1012 2.3 · 1013 1.8 · 1013

HCN 8.1 · 1012 1.2 · 1013 9.8 · 1012

CS 1.8 · 1013 4.9 · 1012 3.8 · 1012

CN 2.5 · 1013 2.9 · 1013 2.3 · 1013

Table 11: Comparison of observed and modeled beam-averaged column densities for
the best-fit cosmic ray ionization rates in (0’,0’) and (3’,4’). The modeled column
densities of H13CO+ were obtained by dividing the column densities of HCO+ by a
factor of 90.

radiation field. Thus, most of the column density of HCN actually comes from within
the clump, where the FUV radiation is completely shielded off. Contrary to HCN,
the CN abundance is lower in the clump than in the interclump medium (see figure
22), making the interclump medium an important contributor to the column density.
Increasing the clump filling factor would lower the CN/HCN column density ratio.
Therefore, this ratio must be considered uncertain in the case of a clumpy medium
and the constant abundance assumption made in section 5.6 breaks down.

The HNC/HCN ratio is similar as in the constant abundance models which can be
ascribed to the fact that for these two molecules, a constant abundance is a good
approximation in the KOSMA beam. The other ratios however differ strongly, mainly
due to the underestimation of CS and overestimation of HCO+ by the chemical model
(or, in the case of HCO+, the underestimation in the observations due to optical
depth effects). Therefore, no conclusions can be drawn from these ratios.

Ratio (0’,0’) (3’,4’) (0’,0’) (3’,4’)
ζ = 1 · 10−17 s−1 ζ = 7 · 10−18 s−1

CN/HCN 0.85 2.42 0.76 2.35
CN/CS 1.86 5.92 1.71 6.05

CN/HCO+ 0.35 1.26 0.34 1.28
CS/HCN 0.45 0.41 0.45 0.39

CS/HCO+ 0.19 0.21 0.20 0.21
HCN/HCO+ 0.42 0.52 0.44 0.54
HNC/HCN 0.72 0.60

Table 12: Column density ratios derived from the chemical model in (0’,0’) and
(3’,4’) for an outer FUV field G0 = 100, an X-ray luminosity of 1032 erg s−1 and two
cosmic ray ionization rates.
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7 Conclusion and Outlook

We have performed observations of S140 with the KOSMA telescope at six positions
along a cut from the south west to the north east. Molecules that are sensitive to
UV- and X-ray radiation and cosmic rays were observed: CN(2-1) and (3-2) including
several hyperfine structure lines, CS(5-4) and (7-6), HCN(3-2) and (4-3), HNC(4-3),
SO(8(8)-7(7)), H2CO(5(15)-4(14)), HCO+(3-2) and (4-3), H13CO+(3-2) and (4-3)
and DCO+(3-2), additionally 13CO(2-1) and (3-2) for density and temperature esti-
mations. Only the two transitions of 13CO were detected at all six positions, whereas
all mentioned transitions were found in (0’,0’), the position of the IRS cluster. The
lower transitions of CS, CN and HCN showed a significant detection in (3’,4’) and
a tentative detection in (5.5’,7’). Additionally, previous measurements of HCO+ in
these two positions were available. Due to the high critical densities of the transi-
tions, the line strengths are very weak in the lower density regions away from the
central position and they are on the limit of detection with the KOSMA telescope.

Radiative transfer calculations based on the Monte Carlo method showed that the
density and temperature model by van der Tak et al. (2000) cannot reproduce the
observed line strengths in (0’,0’) for constant and jump abundance assumptions.
Either the line strengths are by more than an order of magnitude too low or strong
self-absorption occurs, which is not in accordance with the measured Gaussian line
profiles. A region of high density as a one-dimensional approximation of a clumpy
structure is necessary in the outer part of the KOSMA beam to account for the
measured line strengths and line ratios. Additionally, the temperature on the outer
edge of the model cannot drop below 30 K, which can be explained by external
heating. In the (3’,4’) position, both a homogeneous model and a structure consisting
of a high density clump surrounded by low-density interclump material are able to
reproduce observations. However, the calculated abundances and the cloud diameter
are more realistic for the clumpy structure.

Column densities were also calculated with the chemical model by Stäuber et al.
(2005), which determines the abundance structure of the envelope by solving the
equations of chemical evolution. A fit of the calculated column densities to those
derived from observations resulted in a cosmic ray ionization rate ζ = 1 · 10−17 s−1

in (0’,0’) and ζ = 7 · 10−18 s−1 in (3’,4’). An analytic estimation of the cosmic ray
ionization rate from the DCO+/HCO+ ratio using a steady-state model provided a
value of ζ = 1 · 10−16 s−1 assuming an H2-density of 7 · 105 cm−3 as in the clump
assumed in our model. Since ζ is proportional to the density, assuming a lower
density, i. e. an average of clump and interclump medium, would result in a lower
cosmic ray ionization rate.

The influence of X-ray and FUV radiation is small for observations with the KOSMA
beam. X-rays strongly affect most molecules within a radius of 3 · 1016 cm of the
central source. However, the effect on the beam-averaged column density is measur-
able only for SO. The internal FUV radiation is completely negligible. The external
FUV field affects only the outermost region beyond 1018 cm distance from the central
source. In this region, we do not know enough about the density structure to draw
a meaningful conclusion. The same is true in (3’,4’). The CN/HCN ratio which is
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sensitive to external FUV radiation highly depends on the clump size and the volume
filling factor.

Clearly the clumpiness cannot be neglected when observing positions away from the
dense core, and even for the center position it has to be taken into account in a large
beam such as KOSMA. The one dimensional models applied in this thesis can only
provide a first estimation of the molecular abundances. To find out how much the
external radiation affects the surrounding cloud, and what part the internal radiation
plays, it will be necessary to properly include clumps, scattering and outflow cones.
A first step would be to combine the chemical model of Stäuber et al. (2005) with
a two or three dimensional PDR model such as the one used by Poelman & Spaans
(2006) and later add outflow.

The radiative transfer calculations might also be improved by adding mactroturbu-
lences. Poelman & Spaans (2006) reported that self-absorption in their models of
water lines was significantly reduced when they added different macroscopic veloc-
ity components such as a velocity gradient due to outflow. Some of our observed
lines, e. g. HCN, show a large line width of more than 4 km/s, but the line shape
remains Gaussian. This cannot be reproduced with our current models that do not
include velocity fields. The spherical symmetry is another assumption that does not
hold in S140. Clearly there is a quick drop-off towards the PDR that lies within
the KOSMA beam, and there are three central sources, not one. However, radiative
transfer calculations for a two dimensional model would have been over the scope of
this thesis.

To study the influence of X-rays on the envelope, a smaller beam than that of
KOSMA is necessary. A proposal for observations of S140 at the JCMT telescope on
Mauna Kea, Hawaii, has been accepted and observations are likely to take place this
summer. With the JCMT beam, it will be possible to see more of the inner part of
the envelope that is mainly affected by X-rays. Additionally to the same transitions
as observed at KOSMA, HNC(3-2) and N2H+ will also be measured. N2H+ will be
used for a better constrain of the cosmic ray ionization rate. For some molecules it
might be prudent to observe isotopomers such as H13CO+ or H13CN to avoid optical
depth effects. However, since isotopes are not included in the chemical models, the
assumed isotope ratio would add another uncertainty.

Besides the observations of the IRS cluster, the same transitions will also be mea-
sured along the cut. An additional position was chosen inside the PDR, where the
KOSMA beam is so large that it would also encompass the central position. In
the smaller JCMT beam, these positions can be separated and the effect of the UV
radiation can be better constrained. For the positions beyond the IRS cluster, no
strong improvement can be expected from the JCMT beam since beam dilution does
not play a role for unresolved sources. To achieve a good signal-to-noise ratio the
integration times would have to be longer than available if all transitions shall be
measured at all positions. A concentration on the PDR, the cluster and one position
in the cloud might therefore be advisable. Additionally it would be necessary to
obtain better density information, e. g. from SCUBA continuum emission data, for
a density model at the PDR and the cloud position.
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For a more comprehensive fit of the chemical model to observations, more molecules
and transitions will have to be measured. High-frequency lines that can trace the
inner part of the envelope are required, some of these might partly be measurable
with ground-based telescopes such as SMA or APEX. The high-energy radiation
sensitive hydrides such as CH and CH+ will be observable as soon as Herschel is
launched.
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A Calculation of critical densities

In the interstellar medium, the level populations of an atom or molecule are in-
fluenced by emission or absorptions of photons and excitement and deexcitement
by collisions. Ignoring radiation fields and optical depth effects, we can write the
statistical equilibrium equation for a two-level system,

nlnγlu = nunγul + nuAul (37)

where n is the density of the collision partner (because of its high abundance in molec-
ular clouds, we only consider H2), Aul is the Einstein-A-coefficient for spontaneous
absorption and γul and γlu the collisional rate coefficients.

Because of detailed balance, the rate coefficients are related by

γlu =
gu

gl
γul exp(−Eul/kT ) (38)

where gu and gl are the statistical weights of the levels and Eul is the energy difference
between the levels.

The ratio for the number densities of the level population can then be written as

nu

nl
=

(gu/gl) exp(−Eul/kt)

1 + (ncr/n)
(39)

where the critical density ncr is defined as the ratio of the emission coefficient and
the collision rate:

ncr =
Aul

γul
(40)

At densities higher than the critical density, the collisional deexcitement dominates
over spontaneous emission. The level populations depend only on collisions and we
recover LTE. At densities lower than the critical density, spontaneous emission is
faster than collisional deexcitement and the system is not in LTE.

To obtain critical densities for rotational transitions in molecules, we need to general-
ize this result to multilevel systems. In this case, the statistical equilibrium equation
looks as follows:

∑

j 6=i

nnjγji +
∑

j>i

njAij =
∑

j 6=i

nniγij +
∑

j<i

niAij (41)

For the critical density we now we need to include the radiative transitions to all
lower levels and collisional rates to all levels:

ncr =

∑

j<i Aij
∑

j 6=i γij
(42)

Critical densities were calculated for most observed transitions and can be found in
table 13 (p. 69). The Einstein coefficients, collisional rates and energies of the levels
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were taken from LAMDA, the Leiden Atomic and Molecular Database (Schöier et
al. 2005). However, only the Einstein coefficients Aij with j = i − 1 were available
and therefore the critical density has to be seen as a lower limit. For molecules with
fine- and hyperfine structure, the critical densities were not calculated.

Molecule Trans. ncrit [cm−3]
13CO (2-1) 3.9 · 103

(3-2) 1.3 · 104

HCO+ (3-2) 1.4 · 106

(4-3) 3.3 · 106

H13CO+ (3-2) 1.3 · 106

(4-3) 2.9 · 106

CS (5-4) 2.3 · 106

(7-6) 6.1 · 106

HCN (3-2) 7.2 · 106

(4-3) 1.6 · 107

HNC (4-3) 3.3 · 106

DCO+ (3-2) 1.6 · 106

Table 13: Critical densities at 20 K for all observed transitions except for fine- and
hyperfine transitions.
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