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Abstract

In this study, the potential of the OCS molecule was investigated as a tracer of tem-
perature and density in different astrophysical environments through modeling of its
rotational line emission using the non-LTE radiative transfer code RADEX. The work in-
cluded analysis of modeled line intensities, diagnostics based on previous observations,
and the development of a future observing proposal targeting the L1157 nebula. For
the observations, the IRAM 30m telescope is proposed with an estimated total telescope
time of 16 hours, and it aims to further test OCS as an environmental condition tracer in
shocked molecular regions. The results suggest that rotational transitions of OCS can be
used to constrain the kinetic temperature and density in molecular clouds, star-forming
regions, and the Galactic Center, and may also serve as a temperature probe in proto-
planetary disks. At temperatures and densities higher than ∼ 100 K and ∼ 106 cm−3,
the applicability of OCS is limited due to the lack of collisional rate coefficients and line
transitions exceeding critical densities. Nevertheless, OCS remains a promising candi-
date for constraining environmental properties and could provide further insight into the
conditions of the interstellar medium due to its unique property of having significantly
closer rotational energy levels than other interstellar molecules. To draw more rigorous
conclusions about OCS line diagnostics, additional observations across a broader range
of environments are encouraged. Future studies would also benefit from using advanced
radiative transfer codes like ProDiMo or LIME, which can account for three-dimensional
structures, as well as temperature and density gradients in the complex molecular re-
gions where OCS emission is modeled.
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Chapter 1

Introduction

The study of the interstellar medium (ISM) remains one of the most significant yet incompletely
understood areas of astrophysics. Understanding the ISM requires complex approaches, as it
contains various phases of matter, including atomic, molecular, and ionized gases, as well as dust,
which participate in different physical and chemical processes. The gas cycle within galaxies is
one such process that sets the environmental conditions for interstellar chemistry, star formation,
and the formation of planetary systems. Stars form in dark molecular clouds (MCs), evolve
through protostellar phases, and eventually give rise to planetary systems before ending their
life cycles. One of the main reasons for studying star formation is to understand how this gas
cycle works and how planetary systems develop and evolve. The characteristics of the ISM that
lead to the formation of these astrophysical objects, including background radiation, temperature,
and density, are important as they directly influence the properties of the observed evolutionary
stages. In this section, the importance of interstellar molecules in the study of the ISM and different
astrophysical regions is outlined, with a focus on OCS as a new candidate for temperature and
density diagnostics.

1.1. Molecules in the ISM

A common feature across stellar and planetary evolutionary stages is the presence of molecules.
Molecules have been identified in the interstellar medium since 1937, when the first interstellar
molecule, CH, was observed in the optical spectrum at 430 nm [1]. To date, more than 300
molecules have been detected in the ISM [2]. These interstellar molecules serve as essential tools
for probing the physical conditions and dynamics within these regions through their emission and
absorption lines at millimeter and submillimeter wavelengths.

As molecules can be dissociated via collisions and strong UV radiation (especially in photon-
dominated regions (PDRs)), their presence requires a relatively cold interstellar medium. Due
to the cold (∼ 10 − few 100 K) nature of these molecular environments, rotational transitions
dominate their spectra. This is because vibrational and electronic transitions require much higher
energies and consequently higher temperatures: electronic transitions happen at energies in the
eV range corresponding to UV/visible light, compared to vibrational transitions, which require
about 0.01 − 0.1 eV in the infrared range, and rotational transitions, which need only about
0.001−0.01 eV in the radio to far infrared wavelengths [3]. The energy levels involved in rotational
transitions are relatively closely spaced, making them sensitive to the low temperatures typical of
molecular regions. Some of the most important submillimeter observations of molecular regions
have been made by the Caltech Submillimeter Observatory (CSO), the Atacama Large Millimeter
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Chapter 1. Introduction

Array (ALMA), the Northern Extended Millimeter Array (NOEMA), and the 30m telescope of
the Institut de Radioastronomie Millimetrique (IRAM) [1].

Understanding the mechanisms behind rotational excitation and molecular line emission is
crucial to tracing physical properties such as temperature and density. Rotational transitions
can be induced by radiation or collisions with other molecules. As these molecular regions are
often not in local thermodynamic equilibrium (LTE) due to significant density variations, radiative
excitation becomes very important, especially in low-density regions. Under non-LTE conditions,
the intensity and profile of molecular lines can provide valuable information about the physical
conditions present.

The most important collision partner in the ISM and other molecular regions that can lead
to molecular excitation is molecular hydrogen (H2), as it is by far the most abundant molecule.
Since H2 has no permanent dipole moment and its rotational excitation requires high tempera-
tures of hundreds of Kelvins, it is not useful for probing molecular regions because it does not
emit detectable electromagnetic radiation [4]. The most abundant molecular species that can be
observed are constructed from the most common chemically reactive elements: H, O, C, N, and S,
which allow for a myriad of molecular combinations. Among them, sulfur-bearing molecules are
of special interest as a result of their observed underabundances in the gas phase.

1.2. Interstellar OCS

One such molecule is carbonyl sulfide (OCS), which has been detected in a wide variety of
astrophysical environments, including star-forming regions (SFRs), protoplanetary disks (PPDs),
and extragalactic starburst galaxies [5][6][7]. Its first observation in the ISM was made in 1977
by Hollis et al. [8] using the Green Bank Telescope (GBT), with the detection occurring in a
molecular cloud in the Taurus-Auriga complex. This was a pivotal discovery, as it marked OCS
as one of the first sulfur-bearing molecules detected in the ISM, providing insight into the sulfur
chemistry and molecular composition of interstellar clouds.

The interstellar sulfur cycle is not a fully understood process, as the amount of sulfur expected
and observed in different astrophysical regions does not match [9]. This discrepancy hints that
there is a gap between our understanding of how sulfur is cycled through different phases and
chemical forms in the ISM. OCS is one of the candidates that could explain this discrepancy, as a
large fraction of it is frozen out as ice, which is harder to observe than free molecules.

Since its first detection, OCS has been observed in the atmospheres of planets such as Venus
and Jupiter [10][11], and it is one of the only two sulfur-containing molecules (together with SO2)
detected in solid ices [12]. OCS helped trace the origin of cometary ices and contributed to our
understanding of the molecular composition of protoplanetary disks [6][13], and it also plays a
significant role in astrobiology due to its correlation with methanol (CH3OH), a simple organic
molecule that serves as a precursor to more complex organics [14].

Observations confirm that OCS can form through various chemical pathways in the ISM, in-
cluding reactions on the surfaces of dust grains and in the gas phase. Analyzing the abundances
and distributions of different molecules allows astronomers to infer the chemical networks and
pathways that govern interstellar chemistry. It has been demonstrated by Hawkins et al. [15]
that CO molecules can capture S atoms, resulting in one of the most common pathways for the
formation of OCS. This is generally considered to be the reaction involving the dissociation of
excited H2S into H and HS radicals, which is then further dissociated to obtain an S atom that is
captured by the CO molecule [16]:
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Chapter 1. Introduction

H2S → 2H + S

S + CO → OCS.

With sulfur contributing to more than 20 known interstellar molecules and CO being the second
most abundant molecule after H2 [17], OCS is a key tracer of interstellar sulfur chemistry in the
cold molecular gas.

Gas-phase OCS is mainly dissociated via collisions with CH, resulting in the production of CO
and HCS [18]. The approximate rate at which this reaction occurs at 150 K is 4×10−10 cm3 s−1 as
calculated by Lucas et al. [18], which implies that this form of OCS dissociation in cold environ-
ments is significantly more frequent than the average molecular dissociation rate of ≲ 10−15 s−1

expected from cosmic rays [19].

1.3. Environmental Diagnostics and the Potential of OCS

Although OCS is among the 20 most abundant interstellar molecules and has been identified in
many astrophysical regions [20], it has not been widely used to constrain the physical conditions
of these regions. In contrast to OCS, several other molecules are commonly used to investigate
physical parameters, which are listed in Table 1 together with the ranges of parameters they probe
and the environments in which they are most commonly used.

Table 1: Summary of the most abundant interstellar molecules that are used for probing envi-
ronmental conditions in different astrophysical regions.

Molecule Abund. (X/H2) Tkin [K] n(H2) [cm−3] Useful In Ref.

CS ∼10−9 10–100 104–106 Dense cores, PPDs, MCs [21]
N2H+ ∼10−10 10–30 104–106 Starless cores [22]
HCN ∼10−8 20–100 105–107 PDRs, dense clumps, PPDs [23]
HCO+ ∼10−9 20–100 104–106 Protostellar envelopes, PDRs [24]
CH3CN ∼10−10 50–300 105–107 Hot cores SFRs, disks [25]
CH3OH ∼10−8 10–200 104–107 Outflows, shocks [26]
H2CO ∼10−9 20–100 104–106 Dense cores, SFRs [27]

OCS exhibits a fractional abundance comparable to the molecules listed in Table 1, suggesting
its potential as a diagnostic tracer in various astrophysical environments [20]. Its dissociation
energies–3.73 eV for the C–S bond and 7.75 eV for the C–O bond [28]–are similar to those of
other interstellar molecules, indicating a reasonable level of stability against collisions and strong
background radiation [29][30].

It also shares a similar linear structure and chemical behavior with CO2, a molecule of central
interest in astrochemistry due to its role in the carbon and oxygen cycles and its presence in icy
grain mantles [31]. Although CO2 is significant for the study of chemical evolution and planet-
forming material, its lack of a permanent dipole moment makes it undetectable in the radio regime,
limiting our ability to study it in the gas phase. OCS, on the other hand, has a permanent dipole
moment and is readily detectable through its rotational transitions. Despite lacking hydrogen–a
common feature of many interstellar molecules–OCS is surprisingly abundant in a wide range of
astrophysical environments. These characteristics make OCS a valuable chemical and physical
proxy for CO2 in interstellar studies.
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Chapter 1. Introduction

OCS is a special molecule because its rotational energy levels are relatively close to each other
compared to those of other molecules due to its large mass. Most molecules used to trace environ-
mental conditions typically consist only of two atoms heavier than hydrogen (see Table 1), making
OCS a new type of candidate for astrophysical diagnostics. For OCS, higher rotational levels
are generally relatively easy to excite, which means that the neighboring line transitions usually
have similar intensities, making the molecular line emission especially sensitive to temperature
and density changes. This sensitivity could lead to robust estimates for temperatures and den-
sities, as significantly different measured intensities also indicate significantly different measured
line intensities.

1.4. New Collisional Data

Analyzing rotational transitions of OCS for temperature and density tracing requires knowledge
of the collisional excitation rate coefficients. As H2 is the most common collision partner in the
ISM, this is most important for the H2-OCS collisional system. The first set of collisional excitation
rate coefficients for OCS with H2 between 10 K and 100 K and up to J = 12 was calculated by
Green et al. [32], which has been used for collisional modeling with OCS since 1978. To reduce
the large amount of computation required to determine these collision coefficients ab initio (that
is, by solving quantum mechanical equations directly for the system), their calculations were
significantly simplified by using different scattering and classical mechanical approximations [32].
Extrapolation to higher levels up to J = 99 for temperatures between 100 K and 500 K was carried
out by Schöier et al. [33].

Explicitly calculating the rate coefficients for the H2-OCS system is quite complex, since H2

is not a spherical collision partner. A common approach to overcome this complexity is to first
compute the rate coefficients assuming that helium is the partner instead of H2, which significantly
simplifies the problem. H2 and He differ in their collision physics, although their van der Waals
(VDW) radii are similar [34][35]. The most important distinction between H2 and He as collision
partners is their mass difference, which affects their collisional rate coefficients with OCS by
changing the thermal velocity distribution. Nevertheless, the similarity of their VDW radii suggests
that the energy dependence of their cross sections may be similar, as both particles are neutral.
Therefore, the 1978 He-OCS rate coefficients calculated from the interaction potential of the system
were rescaled by the corresponding reduced mass of the H2-OCS system in the study in Green
et al. [32]. This approximation was further supported by the fact that the ground state of the
hydrogen molecule with J = 0 behaves similarly to spherically symmetric collisional partners.

For the He-OCS collisional system, new collisional rate coefficients were provided by Denis-
Alpizar et al. [36] in 2023 via ab initio calculations between 10 K and 80 K and up to J = 40,
forming an ideal basis for new studies with OCS. The rescaling method remains a good approx-
imation for the H2–OCS system, with improved accuracy due to the use of quantum mechanical
calculations over classical approaches.

This research explores OCS as a potential new molecule for diagnostics in different astrophysical
regions using the new collisional data for the He-OCS system through this rescaling approach. For
the analysis, RADEX, a non-LTE radiative transfer code is used to solve the statistical equilibrium
and radiative transfer equations to model OCS line emission in different astrophysical environ-
ments. The original formulation of the code was developed by J. H. Black, with subsequent
modifications for easier usability and direct astrophysical applications implemented by F. F. S.
van der Tak (see the work of Van der Tak et al. [37] for details about the code).
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Chapter 2

Theory

Molecular rotational line emission is a complex process that depends on quantum mechanical
interactions, local thermodynamic conditions, and the background radiation field experienced by
the molecule. The combination of these effects leads to unique line spectra in different astrophysical
regions, which can be used to study the interstellar medium.

2.1. Rotational Energy Levels

OCS can be regarded as a linear rigid rotor, meaning that it is assumed to maintain its shape
during rotation. Since a linear rotor is symmetric about its internuclear axis, its energy levels can
be written as

EJ = BJ(J + 1), (2.1)

where J is the total angular momentum quantum number, and B is the rotational constant [3].
The spacing between adjacent rotational energy levels is then given by

FJ = EJ+1 − EJ = 2B(J + 1), (2.2)

indicating that the energy level spacing increases linearly with J . Consequently, the energy dif-
ference between rotational line transitions is

∆F = FJ+1 − FJ = 2B, (2.3)

resulting in a rotational spectrum that consists of evenly spaced lines separated by 2B.
Given that the rotational constant of OCS is B = 2.029 cm−1 [38], we can estimate the most

useful frequency range of its rotational transitions for this study. For example, the lowest transition
J = 1 → 0 occurs at approximately 12.16 GHz, and a high-J transition like J = 40 → 39 occurs
at around 474.04 GHz. Transitions at such high rotational levels are rarely observed due to the
low population of the corresponding energy states. For example, the J = 40 → 39 transition
requires an excitation energy equivalent to a kinetic temperature of nearly 500 K. Furthermore,
the new collisional de-excitation coefficients have only been determined via ab into calculations
up to J = 40, making the 10–500 GHz spectral window especially important for this study.
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Chapter 2. Theory

2.2. Radiative Transfer

The theory of radiative transfer provides the fundamental framework for understanding how
electromagnetic radiation propagates through astrophysical environments, where interactions with
matter occur through absorption, emission, and scattering processes. For interstellar molecules,
these radiative processes govern the population dynamics of molecular energy levels, making ra-
diative transfer essential for interpreting molecular line observations. The framework described in
this section for this theory was adopted from Wilson et al. [39].

2.2.1 Solving the Radiative Transfer Equation

The radiation field within a medium can be characterized by the specific intensity Iν , defined
as the energy dE flowing through an area element dσ per unit time dt, per unit solid angle dΩ,
and per unit frequency interval dν:

Iν =
dE

dt dσ cos θ dΩ dν
, (2.4)

where θ denotes the angle between the radiation propagation direction and the normal to the
surface element dσ. The competition between absorption and emission processes yields the fun-
damental equation of radiative transfer:

dIν
ds

= −κνIν + ϵν , (2.5)

where κν represents the frequency-dependent absorption coefficient, and ϵν represents the energy
emitted per unit volume per unit time per unit solid angle per unit frequency. Under conditions
of thermodynamic equilibrium, the intensity remains constant and equals the source function
Sν(T ) ≡ ϵν/κν . The emission and absorption coefficients can be expressed in terms of the Einstein
coefficients:

ϵν =
hν

4π
nuAulϕ(ν) (2.6)

κν =
hν

4π
(nlBlu − nuBul)ϕ(ν), (2.7)

where nl and nu represent the population densities of the lower and upper energy states, respec-
tively, Aul is the Einstein spontaneous emission coefficient, Blu and Bul are the absorption and
stimulated emission coefficients, and ϕ(ν) denotes the normalized line profile function that de-
scribes the frequency distribution of the spectral line. Using Eqs. 2.6 and 2.7, the source function
can therefore be expressed as

Sν =
Aulnu

Blunl −Bulnu

. (2.8)

It is convenient to reformulate the transfer equation using the optical depth τν , defined through
the differential relation dτν ≡ −κνds. This transformation allows us to solve Eq 2.5 for a medium
with total optical depth τ0 along the line of sight with the general solution of

Iν(τ0) = Iν(0)e
−τ0 +

∫ τ0

0

Sν(τν)e
−(τ0−τν)dτν , (2.9)

where Iν(0) represents the intensity of the background radiation incident on the medium.
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Chapter 2. Theory

To find the total intensity seen by the observer at the line frequency ν, one can explicitly solve
Eq. 2.9 by assuming the source function to be equal to the Planck function Bν at the so-called
excitation temperature of the line. The excitation temperature Tex is defined as the temperature at
which a Boltzmann distribution would produce the same relative level populations. It is important
to note that in a multilevel system, each transition can have its own unique excitation temperature.
By this definition, we can write Sν = Bν(Tex), so that the measured line intensity can be written
as

∆Iν = Itot,obs
ν − Ibg,obs

ν =
(
Bν(Tex)− Ibg,obs

ν

) (
1− e−τ0

)
. (2.10)

In case of a region where dust emission is non-negligible, both the CMB and dust (with temperature
Td) emission contribute to the background intensity as

Ibg,obs
ν = Bν(TCMB) +Bν(Td)(1− e−τ0). (2.11)

2.2.2 The Radiometer Equation

To be able to directly compare these intensities with measured antenna temperatures, the
Rayleigh-Jeans equivalent radiation temperature is typically used [39], given by

TR ≡ c2

2kν2
∆Iν . (2.12)

With this definition, the radiometer equation can be used as an easy tool to evaluate whether
a molecular line transition can be detected within certain observational limits. The equation
describes the RMS error in the measured antenna temperature σTA

based on the observed frequency
bandwidth ∆ν, the integration time τ , and the system temperature Tsys, as given by

σTA
=

2Tsys(ν)

ηspec
√

npolηtel∆ντ
, (2.13)

where npol is the number of polarizations the telescope uses, and ηspec and ηtel are the efficiencies
of the spectrograph and the telescope, respectively (for details, see Pety et al. [40]). The factor 2
in the equation appears for observations where position switching is used to reduce noise levels.

Using the definition of the signal-to-noise ratio (SNR) of an observation, we can rearrange
Eq. 2.13 to get

τ =
1

npolηtel

(
2

ηspecηb

)2

SNR2Tsys(ν)
2

T 2
R∆ν

(2.14)

for the observation time, where ηb is the main beam efficiency. For practical uses, the frequency
bandwidth of the line can be estimated from the line width in velocity units (∆V ) due to thermal
broadening and turbulence, and can be converted into a frequency bandwidth as

∆ν =
∆V

c
ν, (2.15)

where ν is the central frequency of the line transition. This conversion is useful as for line transi-
tions ∆V is often reported instead of ∆ν.
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Chapter 2. Theory

2.3. Level Populations

The intensity of a given molecular line transition is dependent on many factors, including
the background radiation field, the transition frequency, and the population of the energy lev-
els. Molecular rotational excitation can happen via two mechanisms: radiative excitation by the
background and local radiation fields through the absorption of a photon, and collisional excita-
tion when part of the kinetic or rotational energy of a collisional partner excites the molecule to
higher rotational energy levels. The competing processes are radiative and collisional de-excitation,
which, combined with the excitation processes, determine the population of a given energy level.
The formulation of the theory presented in this section is based on the detailed treatment provided
in the book by Tielens [41].

2.3.1 Radiative Excitation

The absorption process that promotes molecules from the lower level l to the upper level u
changes the number density of the lower level nl according to(

dnl

dt

)
l→u

= −nlBluJ̄ = −
(
dnu

dt

)
u→l

, (2.16)

where Blu is the Einstein absorption coefficient characterizing the transition probability, J̄ is the
profile-averaged mean intensity, and the second equality holds in equilibrium. The corresponding
emission processes depopulating the upper level–including both spontaneous emission with rate
coefficient Aul and stimulated emission with coefficient Bul–are the following:(

dnu

dt

)
u→l

= −nu(Aul +BulJ̄). (2.17)

Under equilibrium conditions where the excitation and de-excitation rates balance, we can
express the profile-averaged spectral energy density J̄ in terms of the Einstein coefficients and
level populations as

J̄ =
Aul

Bul

1(
Blu

Bul

nl

nu
− 1

) =
2hν3

c3
1(

gu
gl

nl

nu
− 1

) , (2.18)

where gu and gl denote the degeneracy of the upper and lower levels, respectively. In a non-LTE
system, the level populations can be given by the Boltzmann equation with the definition of the
excitation temperature as

nu

nl

=
gu
gl
e−hν/kBTex , (2.19)

which is equivalent to the previous definition that Sν = Bν(Tex).

2.3.2 Collisional Excitation

To include the effect of collisional excitation to reach the final form of the statistical equilibrium
equation, we can consider how the level populations can change due to collisions in the ISM. The
collision de-excitation rate from the upper energy level to a lower one is given by

Rul = nc⟨σv⟩ul ≡ nckul, (2.20)
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Chapter 2. Theory

where

kul ≡
∫ ∞

0

σul(v)vfvdv =

√
8

πµ(kBTkin)3

∫ ∞

0

σlu(E)Ee−E/kBTkindE (2.21)

is the collisional de-excitation rate coefficient, nc is the number density of the collision partner,
fv is the Maxwellian velocity distribution, and µ is the reduced mass of the collisional system.
The collisional excitation rate coefficient can be related to the de-excitation rate coefficient via
the principle of detailed balance in equilibrium conditions:

kulnu = klunl ⇒ klu = kule
−hν/kBTkin . (2.22)

Therefore, the rate of change of the population of the lower level due to radiative and collisional
excitation is given by(

dnl

dt

)
l→u

= −nl

(
BluJ̄ +Rlu

)
+ nu

(
Aul +BulJ̄ +Rul

)
= −

(
dnu

dt

)
u→l

(2.23)

in equilibrium (see the work of Jansen [42] for details).
To evaluate whether de-excitation is more likely to happen via radiative or collisional processes,

we can define a quantity called the critical density, ncrit. The critical density of a molecule for
a given line transition is the number density of the collisional partner at which the collisional
de-excitation rate equals the radiative de-excitation rate, which gives

ncrit ≡
∑

l<uAul∑
l ̸=u kul

, (2.24)

where the sums are over all possible radiative and collisional channels for the transition. As kul is a
temperature–dependent quantity, so is ncrit, and Eq. 2.24 means that radiative de-excitation only
dominates if n ≪ ncrit. The critical density is an important concept in a collisional system, as it
helps us to understand how line emission is affected by density for different molecular transitions.

2.3.3 The Escape Probability Method

Solving Eq. 2.23 for statistical equilibrium between the upper and lower levels in a multilevel
system is complicated, as the radiation field and the level populations form a coupled system.
Therefore, it is often useful to decouple these equations using the so-called escape probability
method, which assumes that a fraction of the background radiation field is absorbed by the medium
surrounding the source; see the work of Van der Tak et al. [37] for more details. A simple
assumption is to write the profile-averaged intensity with the source function as J̄ = (1 − β)S̄,
where S̄ is the profile-averaged source function, and β acts like a measure of probability that a
photon can escape the cloud.

Another assumption we can make is that the line profile is very thin around the central fre-
quency, such that it can be approximated by a small rectangle, and hence the profile-averaged
source function will approximately equal the source function at the transition frequency (S̄ ≈ Sν).
This leads to a simplified version of Eq. 2.23 as(

dnl

dt

)
l→u

= −nlRul + nu(βAul +Rlu) (2.25)

11



Chapter 2. Theory

for a two-level system, which is independent of the background radiation field. A similar treatment
can be implemented for multilevel systems to solve the statistical equilibrium equations.

To determine an explicit value for β, three geometrical models are considered: a static homoge-
neous sphere, an expanding spherical shell–corresponding to the Sobolev or large velocity gradient
(LVG) approximation–and a plane-parallel static homogeneous slab. The corresponding escape
probabilities for these models have previously been derived and are given by

βsphere =
3

2τ0

[
1− 2

τ 20
+

(
2

τ0
+

2

τ 20

)
e−τ0

]
(2.26)

for a static homogeneous sphere [43],

βLVG =
1− e−τ0

τ0
(2.27)

for an expanding spherical shell [44][45], and

βslab =
1− e−3τ0

3τ0
(2.28)

for a plane-parallel slab [46]. These models require the knowledge of the optical depth τ0 of the
medium at the line frequency, which can be derived from Eq. 2.7 and 2.15, for a homogeneous
medium without a global velocity field, assuming a rectangular line profile:

τ0 =
Aulc

3

8πν3
ul

Nmol

∆V

[
xl
gu
gl

− xu

]
, (2.29)

where Nmol is the column density of the molecule, ∆V is the line width in units of km s−1, and xl

and xu are the fractional abundances of the lower and upper levels, respectively.
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Chapter 3

Methodology & Results

To investigate OCS as a tracer of temperature and density, first, its rotational line intensities
were modeled under non-LTE conditions in various environments using RADEX, and the resulting
outputs were used to identify the lines most likely to be prominent and detectable within certain
observational limits. These transitions were then used to constrain the analysis of line intensity
ratios over a grid of temperature and density values, allowing for the characterization of the
dependency on these parameters. The grid analysis was then applied to real observational data to
infer physical conditions across different regions. Finally, based on these findings, an observation
plan is proposed for L1157 to further evaluate the practical reliability of OCS as a condition tracer
in molecular environments.

3.1. Non-LTE Line Modeling with RADEX

To perform RADEX simulations for a given molecule, input data must include collisional de-
excitation rate coefficients, transition frequencies, and Einstein A-coefficients for spontaneous
emission corresponding to each molecular transition. Since RADEX is designed to work with molec-
ular data files structured according to the LAMDA database format, the BASECOL-style file
containing the updated collisional rate coefficients from Denis-Alpizar et al. [36] was first con-
verted to this format. Following the conversion, the coefficients were rescaled based on Eq. 2.21
using the reduced masses of the He-OCS and H2-OCS systems as:

kul(H2 − OCS) ≈

√
µ(He − OCS)
µ(H2 − OCS)

kul(He − OCS), (3.1)

where µ(He−OCS) = 3.75 amu and µ(H2 −OCS) = 1.95 amu, leading to a scaling factor of 1.39.
After the scaling was applied to the new collisional dataset, both the 1978 and 2023 datasets were
used to model the properties of OCS line transitions.

3.1.1 Program Inputs

Obtaining results for the non-LTE excitation of a molecule using RADEX requires the user to
first define several inputs that model the desired physical conditions. The details of these input
parameters are thoroughly described in the work of Van der Tak et al. [37]. Key parameters include
the conditions for the astrophysical environment being modeled, including the kinetic temperature
Tkin, H2 number density nH2 , molecular column density N(OCS), line width ∆V , background
radiation temperature Tb, and escape probability model β. For this study, the selected regions
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Chapter 3. Methodology & Results

Table 2: Parameter inputs for RADEX for the non-LTE OCS line analysis for different astrophysical region
models. The research papers used to estimate these values for a given region are referenced below.

Parameter MCa,b PSEc,d,e GCf,g PPDc,h,i,j,k (inner) PPD (outer)

Tkin [K] 20 80 100 500 50
nH2 [cm−3] 104 106 107 1010 108

N(OCS) [cm−2] 1013 1014 1015 1014 1012

∆V [km s−1] 1 5 20 3 0.5
Tb [K] 2.73 30 20 50 10
β βsphere βLVG βLVG βslab βslab

aHarada et al. [47]
bGoldsmith et al. [48]
cCrapsi et al. [49]
dSantos et al. [50]

eMcCutcheon et al. [51]
fGinsburg et al. [52]
gSolomon et al. [53]
hNomura et al. [54]

iDutrey et al. [55]
jKutner et al. [56]
kBoogert et al. [57]

for which the values were estimated to analyze OCS lines are as follows: molecular cloud (MC),
protostellar envelope (PSE), the Galactic Center (GC), and both the inner and outer regions of
protoplanetary disks (PPD); the values are presented in Table 2. The model parameters were
estimated from previous studies on the physical conditions of various astrophysical objects in the
corresponding model regions.

The modeled line transition frequency range for all regions was set to 10 − 500 GHz based
on the collisional rate coefficients available up to J = 40 in the new dataset, with an important
note that not all line transitions within this spectral range are observable for some of the regions.
The most critical inputs for the optical depth calculation, which significantly influence the line
intensities, are N(OCS) and ∆V , as shown in Eq. 2.29. Consequently, regions with substantially
different physical conditions but similar column density-to-line width ratios may exhibit similar
line behavior.

The applied escape probability models were selected based on the anticipated physical condi-
tions in these regions. For the molecular cloud model, a static sphere approximation was used
since no significant turbulence and outflows are expected within these regions. In contrast, for
the protostellar envelope and the Galactic Center region, an expanding spherical shell model was
chosen to represent the effects of stellar outflows and the substantial turbulence resulting in large
velocity gradients. For the protoplanetary disk models, the slab model was deemed appropriate,
as the large circular rings present in protoplanetary disks can be considered plane-parallel at great
distances.

3.1.2 Program Output and Line Analysis

Once the user inputs are provided, the code initiates the iterative calculation of the level
populations by making an initial estimate based solely on the background radiation field, i.e, in
the optically thin limit. The program’s final output is a file that includes key physical parameters
for each line transition: the upper state energy Eup, the excitation temperature Tex, the line optical
depth τ0, the Rayleigh-equivalent radiation temperature TR, as given by Eq. 2.12, and the line
flux. Although the Rayleigh–Jeans approximation may not be valid for all transitions, particularly
those at higher frequencies, the program still reports the equivalent radiation temperature for all
lines to maintain consistency with observationally derived quantities.
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Chapter 3. Methodology & Results

The RADEX results for the different model regions, using the input parameters listed in Table 2
for the 1978 and 2023 data, are shown in Fig. 1. Based on the calculated radiation temperatures,
certain line transitions are expected to be more prominent due to the substantial variation in
environmental conditions. For example, energy levels with Ju ≳ 15 are not significantly excited in
the molecular cloud model; the most prominent lines are expected to have Ju below this value.

In contrast, OCS in protostellar envelopes, Galactic Center regions, and the outer regions of
protoplanetary disks exhibit significant excitation across the full range of Ju and the frequency
values considered. Transitions with Ju > 20 become increasingly dominant in the warmest envi-
ronments, particularly in the inner regions of protoplanetary disks.

The modeled radiation temperatures vary between approximately 10−4 K and 0.5 K for the
PSE, GC, and PPD models for both collisional datasets, while for the MC model it drops to
approximately 10−14 K after dropping below 10−4 K at Ju ≈ 20. Within practical observational
limits, transitions with equivalent radiation temperatures as low as 10−4−10−3 K can be observed
by some radio telescopes; the detectability of these lines is explored in detail in section 3.1.4 for
all regions considered. Among the five models, the lowest intensities are generally observed in the
outer regions of protoplanetary disks, for which the modeled temperatures remain below 10−2 K.

(a): 1978 data (b): 2023 data

Figure 1: Figure (a) shows the radiation temperature (upper panel), opacity (central panel), and excitation
temperature (lower panel) of the line transition described by the upper J level and the corresponding frequency
ν for the 5 different regions considered using the 1978 collisional data. Figure (b) shows the same line
properties for the 2023 collisional data. The blue colour used for the excitation temperature is for the inner
PPD model.
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This is mainly due to the low molecular column density of 1012 cm−2 in this model, which leads
to a corresponding decrease in line intensities. Furthermore, protoplanetary disks are generally
very dense environments, with the modeled densities of 108 cm−3 and 1010 cm−3 for the outer and
inner regions respectively, exceeding the critical density of all line transitions considered. This
means that collisional de-excitation is favored over radiative processes, significantly reducing the
line intensity and, consequently, the equivalent radiation temperature.

The inner regions, however, exhibit the opposite behavior: OCS lines with Ju ≳ 20 are expected
to be prominent in the central regions of protoplanetary disks despite the high density, with
radiation temperatures reaching above 0.1 K. This is likely caused by the significantly stronger
background radiation considered, which increases radiative excitation for higher-level transitions.

The Galactic Center model exhibits excitation of nearly all transitions with radiation temper-
atures greater than 10−2 K, indicating the strong detectability of OCS in such regions. The high
molecular line intensities predicted for this model result from the combined effects of a large col-
umn density of 1015 cm−2, high kinetic temperature of 100 K, and strong background radiation
with equivalent blackbody temperature of 20 K. The similarity between the line behavior in the
Galactic Center and protostellar envelope models arises from comparable column density-to-line
width ratios, background radiation temperatures, and kinetic temperatures. The comparatively
lower radiation temperatures modeled for the protostellar envelope are likely attributable to its
reduced molecular column density and H2 number density.

The line optical depth τ0 depends on both the properties of the astrophysical environment
and the characteristics of the specific line transition, as described by Eq. 2.29. This makes its
connection to the radiation temperature somewhat complicated. Since τ0 ≪ 1 in all cases for
the line transitions considered in Fig. 1, radiative trapping can be assumed to be negligible. The
opposite behavior of the optical depth between the molecular cloud and the inner protoplanetary
disk models–i.e., relatively low TR but higher τ0 in the MC model, and the reverse in the inner
PPD model–can be explained by Eq. 2.10, which is particularly sensitive to small values of τ0.
Even a modest increase in optical depth in the optically thin regime can significantly reduce the
line intensity, as seen in the MC case. Conversely, the lower optical depth in the inner PPD allows
for stronger line emission. If both optical depths were much larger, the factor (1−e−τ0) in Eq. 2.10
would approach unity in both cases, and the lines would be optically thick. In that regime, the
intensity would depend primarily on the excitation temperature rather than on the optical depth.

The excitation temperature is useful for quantitatively assessing how close the physical condi-
tions in different regions are to the LTE conditions. For transitions with Ju ≲ 35 for the 2023
dataset, the GC, PSE, and PPD models show that the excitation and kinetic temperatures are al-
most the same, which is not the case for the MC model. This emphasizes that non-LTE conditions
and modeling are most important for this region.

3.1.3 The 2023 vs. 1978 Datasets

To compare the 2023 and 1978 collisional datasets used for the line modeling, the absolute and
relative differences for the modeled line properties were calculated and are shown in Fig. 2. The
most significant differences between the modeled radiation temperatures and optical depths were
observed in the MC and inner PPD models. The new collisional data predict significantly higher
values for both parameters for the MC model, with ∆TR and ∆τ0 reaching values above 0.2 K and
4 × 10−4 for transitions with Ju ≳ 35, with differences increasing at higher frequencies. For the
optical depth, this is likely due to its small absolute value for higher-lying transitions, which can
lead to significant differences more easily.
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Relative differences in excitation temperature values are more substantial for higher-lying tran-
sitions with Ju ≳ 35, which was also expected from Fig. 1, where excitation temperatures drop by
10-20% at frequencies above 400 GHz. An excitation temperature lower than the kinetic temper-
ature indicates that the level population is lower than expected under LTE conditions, implying
that these transitions are more difficult to populate through collisional and radiative processes.
This effect is particularly pronounced for the molecular cloud model, where the excitation temper-
ature remains below the kinetic temperature for most line transitions. In contrast, only the outer
protoplanetary disk region model exhibits an excitation temperature that remains nearly constant
across the entire frequency range considered, indicating that conditions in such regions are close
to thermal equilibrium and that line transitions generally follow LTE behavior.

The fact that the excitation temperatures are significantly lower than the kinetic temperature
by up to 15 K in most regions for transitions with Ju ≳ 35 means that the new collisional
data, which include proper quantum mechanical calculations, suggest these levels are harder to
populate through collisional excitation than previously expected. This is likely because collisional
cross sections are sensitive to fine details of the potential energy surface (PES) of the system. It
is therefore expected that the older model may have used simplified PES or averaged interaction
potentials that overestimated the coupling to high-J levels.

(a) (b)

Figure 2: Figure (a) shows the absolute difference between the radiation temperature (upper panel), optical
depth (central panel), and excitation temperature (lower panel) for the 5 different regions considered for the
1978 and 2023 data. Figure (b) shows the relative difference between the 1978 and the 2023 collisional data
for the same parameters.
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The differences in the collisional de-excitation rate coefficients not only lead to changes in
the modeled line properties but also affect the critical densities of the line transitions. This is
important because the critical density is a key concept that constrains the usability of molecular
lines for density tracing: if the density of the collisional partner significantly exceeds ncrit, the
line intensities become independent of density. The critical densities of several transitions were
calculated using both the old and new collisional data at some temperatures; the results are
presented in Table 3.

Table 3: Calculated critical densities for various OCS rotational line transitions at selected
temperatures for the 1978 and 2023 datasets.

Transition ncrit[cm−3] : 1978 data ncrit[cm−3] : 2023 data

10 K 40 K 80 K 10 K 40 K 80 K

2 → 1 9.2× 101 1.1× 102 1.1× 102 1.3× 102 2.1× 102 2.1× 102

10 → 9 5.4× 104 4.5× 104 4.6× 104 5.1× 104 5.8× 104 6.0× 104

20 → 19 5.0× 105 4.8× 105 4.6× 105 5.0× 105 5.4× 105 5.6× 105

30 → 29 1.9× 106 1.7× 106 1.6× 106 1.9× 106 1.9× 106 2.0× 106

40 → 39 5.1× 106 4.2× 106 4.0× 106 5.0× 106 4.9× 106 5.0× 106

The critical densities of most transitions with Ju ≳ 20 seem to slightly decrease with tempera-
ture for the 1978 dataset, while an opposite trend is observed for the 2023 one. Even though these
values are dependent on temperature, they remain the same order of magnitude for temperatures
up to 80 K. Beyond this temperature, the critical densities were only calculated for the 1978 data
(see the critical densities in Table 12 in Appendix A) due to the lack of available collisional rate
coefficients for the 2023 data. However, it is expected that for all temperature ranges considered
in this study (up to 500 K) the critical densities remain within the same order of magnitude based
on the extrapolated rate coefficients by Schöier et al. [33] for the 1978 dataset, which should still
indicate relatively accurate values even for the 2023 data. This means that the line intensity ratios
for the temperature–density diagnostics should behave quite accurately for all region models. As
the critical densities of the J = 40 → 39 transition vary around 5× 106 cm−3, we can expect line
intensities to saturate for densities significantly above this value, therefore mainly for the PPD
models.

3.1.4 Line Detectabilities

Based on the modeled radiation temperatures, the most prominent molecular lines for observa-
tional purposes were estimated using Eq. 2.13, which accounts for the characteristics and efficien-
cies of the telescopes in question. To assess the detectability of these lines, a selection of current
and upcoming radio telescopes–including the Next Generation Very Large Array (ngVLA)–was
considered; see Table 4.

The two key telescope-specific parameters that influence detectability are the system temper-
ature and the main beam efficiency, both of which are frequency dependent. Since the frequency
dependence is rather hard to accurately model, a conservative approach was taken: a lower es-
timate of the telescope efficiency (based on the aperture efficiency) and an approximate system
temperature value were adopted across the full operating frequency range of each telescope. This
ensures that the number of potentially detectable lines is not overestimated due to overly optimistic
assumptions.
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Table 4: Properties of current and future telescopes used
in the detectability analysis.

Telescope Freq. [GHz] ηtel Tsys [K] Ref.

GBT 0.3–115 0.6 100 [58]
ALMA 84–950 0.8 100 [59][60]
NOEMA 80–370 0.5 120 [61][62]
ngVLA 1–115 0.8 30 [63]

In addition to the unique characteristics of each telescope, several parameters were uniformly
applied across all instruments in the detectability analysis to ensure consistency. These include
a spectral efficiency of 0.8, a main beam efficiency of 0.75, a SNR requirement of 10, two polar-
izations, and a maximum integration time of 48 hours. These values reflect typical observational
configurations and performance expectations, providing an approximate but realistic basis for
comparison among both current and upcoming telescopes for OCS line transition detection.

Although the spectral, telescope, and main beam efficiencies can vary between instruments,
these values are not expected to constitute significant differences in the estimated detectable
line transition ranges, making them reasonable approximations for this analysis. Using these
standardized parameters, the most prominent lines in each region were identified, which guided
the selection of line transitions suitable for temperature and density diagnostics.

Using the calculated radiation temperatures and Eq. 2.14, the most prominent line transitions
for different telescopes were estimated, as summarized in Table 5. Overall, the MC and outer
PPD models appear to be the most limited in terms of OCS line detectability. For the molecular
cloud model, easily detectable transitions are expected to lie within the range Ju = 2−14, while
for the outer disk model, transitions around Ju = 5−21 are likely to be observable with current
(or future) telescopes.

For the molecular cloud model, transitions with Ju > 14 are unlikely to be useful for as-
trophysical diagnostics, as they are expected to be undetectable within practical observational
time frames. In contrast, for the protostellar envelope and the Galactic Center, the broader line
widths–and thus higher intensities–enable the detection of most transitions up to Ju = 40 within
the studied frequency range using ALMA, and transitions with Ju < 10 remain accessible also with
GBT. For the inner PPD model, it is also expected that most OCS line transitions are observable
with current operating telescopes. The transition ranges in Table 5 were further investigated for
temperature–density diagnostics.

Table 5: Detectable transitions with Ju ranges for different environ-
ments using current and future telescopes.

Telescope MC PSE GC PPD (inner) PPD (outer)

GBT 3–9 3–9 2–9 5–9 –
ALMA 7–14 7–40 7–40 7–40 9–21
NOEMA 7–13 7–30 7–30 7–30 12–17
ngVLA 2–9 2–9 1–9 3–9 5–9

Overall 2–14 2–40 1–40 3–40 5–21
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3.2. Line Ratio Behavior Across Temperature–Density Grids

For temperature and density diagnostics, a new Python script radex_grid.py was developed
(see Appendix D for the code). The user inputs for this script were designed to match those of
RADEX to construct a temperature–density grid for line transition ratios. To achieve this, additional
input parameters can be defined for the maximum and minimum temperature and density, along
with the number of grid points n for each parameter. This setup allows for the definition of a range
for both the kinetic temperature and H2 number density. The script executes RADEX n2 times–once
for every unique temperature–density pair–calculating the molecular line transition intensities in
the standard manner. The resulting output files (n2, equivalent to those of RADEX) are then used
to compute the line transition ratios for each point in the grid, which serve as diagnostic tools by
enabling the determination of the kinetic temperature and density by identifying their intercepts.
For consistency, the same input parameters were applied in all astrophysical regions as given in
Table 2, with the specific temperature and density ranges summarized in Table 6.

Table 6: Kinetic temperature and H2 number density ranges used for the grid
analysis of OCS line transition ratios for the different environment models.

Parameter MCa,b,c PSEd GCe PPDf (inner) PPD (outer)

Tkin [K] 5–30 10–300 30–200 100–500 5–100
nH2 [cm−3] 102–106 104–108 104–107 108–1012 106–1010

aVázquez-Semadeni et al. [64]
bLoren et al. [65]

cRowan-Robinson [66]
dTakakuwa et al. [67]

eGinsburg et al. [68]
fNomura et al. [69]

To analyze the behavior of line transition ratios in models of different astrophysical environ-
ments, n = 100 was selected to ensure that the resolution is high enough such that the uncertainties
corresponding to unique combinations of temperature and density for a given line ratio contour
line are minimized. Then, the pixel-wise distances between the ratio images were calculated to
identify those six (for each region) that exhibit the most distinct line behavior relative to each
other. Subsequently, contours for all regions were plotted for different transition ratios at levels
of 20%, 40%, 60%, and 80% relative to the maximum visible value.

3.2.1 Molecular Cloud

For the molecular cloud model, the six line transition ratios exhibiting the most distinct be-
havior across the specified temperature–density grid are shown in Fig. 3. The most notable
characteristic of this region, based on the line transition ratios, is that in low-density regions with
nH2 ≲ 104 cm−3, the ratios are highly sensitive to changes in density, whereas in high-density
regions with nH2 > 104 cm−3, the contour values primarily respond to variations in the kinetic
temperature of the cloud. This suggests that the model effectively traces the line-ratio behavior
around the critical density of the transitions. Specifically, for lines in regions with nH2 ≫ ncrit, col-
lisional de-excitation dominates over radiative de-excitation, which depends mainly on the kinetic
temperature through the collisional de-excitation rate coefficient. Conversely, in regions where
nH2 ≪ ncrit, collisional de-excitation is less significant, so even subtle changes in density can cause
substantial differences in line intensities and their ratios.

We can also see that, where the critical density of the transitions is not yet reached, the
line transition ratios increase with density. This is especially clear for the 4 → 3/3 → 2 and
4 → 3/2 → 1 ratios, where the contour lines are almost vertical for nH2 < 104 cm−3. As the
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Figure 3: The six most distinct line transition ratio patterns across the modeled temperature–density
map for the molecular cloud model within the range of the expected most prominent transitions.

density increases, the frequency of collisions rises, leading to greater population differences and
causing the line-ratio values to begin increasing below the critical density.

For this model, the line ratios appear to peak at the ratio of 11 → 10/2 → 1 with values
reaching up to around 8. Ratios involving transitions with higher Ju start to have lower and lower
values, which is especially prominent for the 14 → 13/8 → 7 line combination, having values below
unity for the entire analyzed grid. This trend can be explained by looking at the behavior of the
radiation temperature of the transitions for the MC regions in Fig. 1, which peaks around Ju = 9,
and decreases rapidly for higher values.

For ratios involving low-lying transitions, the line transition ratios peak at a given density at
temperatures above around 15 K, after which the ratios decrease. For example, the 4 → 3/2 → 1
ratio reaches a maximum around 5×103 cm−3 for temperatures above 15 K and then decreases with
increasing density. The underlying reason for this is that higher-J transitions generally possess
higher critical densities, causing collisional de-excitation to dominate at higher densities. As the
density reaches the critical density, the intensity of the higher-J line begins to drop rapidly as
collisional de-excitation becomes dominant. If this decline occurs more dramatically than for the
lower-J transition–which is expected due to the higher critical density–then the resulting line ratio
decreases accordingly, leading to a peak for the ratio at a given density. This happens only above
a given temperature threshold because the upper energy level has to be sufficiently populated for
this peak to occur.

Beyond the critical densities of line transitions where line intensities become primarily depen-
dent on temperature, the line ratio values eventually level off at higher and higher densities for

21



Chapter 3. Methodology & Results

transitions with higher Ju values. This shift in the plateau occurs because the critical density
increases with Ju, as transitions take place at higher frequencies that increase the Einstein Aul

coefficient for spontaneous emission. Consequently, the densities at which these line ratios flatten
shift to higher values. This effect is clearly visible across the six panels in the referenced figure.

3.2.2 Protostellar Envelope

The contours of the calculated OCS line ratios behave quite similarly for the protostellar en-
velope model shown in Fig. 4. For regions with nH2 ≲ 106 cm−3, most line ratios increase with
increasing density until the critical densities of the transitions are reached, after which the values
are essentially only affected by the kinetic temperature. We can also see that transitions that
lie far apart energetically from each other, such as the 22 → 21 and 2 → 1 transitions, result in
stronger diagnostic power, as these line ratios can reach values up to ∼ 50 − 60, which makes it
significantly more useful than closely lying ones such as the 10 → 9 and 9 → 8 transitions.

For the 20 → 19/19 → 18 ratio, we can see that below a threshold kinetic temperature of
around 30 K, the line transition ratios exhibit the opposite behavior: their values decrease with
the increase of density. Although this behavior is only clearly visible for one of the ratios presented
for this model, other line transition combinations also had a similar behavior. This is likely due to
the strong background radiation field with an equivalent blackbody temperature of 30 K, which
affects different molecular lines differently. Below Tkin ∼ 30 K, the energy distribution of the
molecules is likely such that most of them do not have enough kinetic energy to excite many other

Figure 4: The six most distinct line transition ratio patterns across the modeled temperature–density
map for the protostellar envelope model within the range of the expected most prominent transitions.
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molecules collisionally. Thus, radiative excitation by the background radiation field dominates the
excitation processes.

For a blackbody temperature of 30K, the frequency at which the maximum intensity occurs is
ν ≈ 1800GHz, which is significantly higher than the frequency range of 10 − 500GHz analyzed.
As higher line transitions occur at higher frequencies, this background radiation field favors radia-
tive excitation for transitions with higher Ju. This means that, in low-temperature regions, the
line-transition ratios decrease with increasing density because the lower-lying transition is more
strongly influenced by collisional excitation than by radiative processes. As a result, its inten-
sity increases, which lowers the ratio as the density increases. This behavior becomes negligible at
higher temperatures as collisional excitation starts to dominate for higher energies, and we recover
the usual line-transition behavior also found for the MC model.

Another contribution leading to the same results is that, as higher-level transitions have higher
critical densities, radiative de-excitation dominates collisional de-excitation, meaning that these
transitions will have higher intensities. As the density increases, collisional de-excitation starts to
balance radiative excitation, which leads to a balance in the line ratio values (as the lower transition
is more dominated by collisional de-excitation than radiative one for the same densities), and the
level populations become independent of the kinetic temperature.

Figure 5: The six most distinct line transition ratio patterns across the modeled temperature–density
map for the protoplanetary disk model (3-3 for both inner and outer regions) within the range of the
expected most prominent transitions.
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3.2.3 Protoplanetary Disk

Generally, protoplanetary disks have significantly higher densities compared to the other regions
considered in this study. As a result, the densities lie well above the critical densities of the analyzed
line transitions, even for the J = 40 → 39 transition. Under these conditions, the intensities of the
transitions become insensitive to changes in density and instead depend primarily on temperature.
This behavior can be clearly observed in Fig. 5, where both the inner and outer regions of the disk
show minimal variation in line ratios with density. Consequently, OCS transitions are not suitable
for tracing density in high-density environments such as protoplanetary disks, as they primarily
respond to changes in temperature.

3.2.4 Galactic Center

The OCS line ratio contours for the GC model can be seen in Fig. 6. The line ratio behavior
for this model is similar to that of the molecular cloud and protostellar envelope models. This
similarity can be attributed to the fact that the density ranges for which the line transitions are
modeled and the molecular column density-to-line width ratios of these models are fairly similar.
The latter determines the opacity and hence the line intensity, which explains the similarities
between the two models. Below the critical densities at a given temperature, the line ratios
increase with density, which can again be attributed to the fact that molecules with higher kinetic
energies favor excitation to higher energy levels. This causes an increase in the population for
higher energy levels, leading to higher ratio values for higher densities.

Figure 6: The six most distinct line transition ratio patterns across the modeled temperature–density
map for the Galactic Center model within the range of the expected most prominent transitions.
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A significant difference between the Galactic Center and the molecular cloud model is not the
general behavior but the values of the line transition ratio contours. For example, the 11 →
10/2 → 1 line ratio has a value of around 7.4 for the 80% contour line for the molecular cloud
model, while the 11 → 10/2 → 1 transition (similar enough for comparison) has a value of 14.9 for
the same contour. The generally higher ratio values can be explained by the significantly larger
line width for the GC model, which was chosen because of the turbulent properties of the region.

3.3. Temperature–Density Diagnostics

For environmental diagnostics, real observational data with reported antenna temperatures
are required. If molecular lines are observed with the same telescope, the ratios of antenna
temperatures correspond directly to the radiation temperature ratios used in the models. By
plotting these ratios as contour lines on the temperature–density grids, intersections of the contours
can be identified to constrain the physical conditions of the environment. It is important to note
that different line transitions are affected differently by the input parameters; therefore, linear
combinations of the same line ratios might lead to different results.

To apply this approach using radex_grid.py, observational data of OCS transitions–including
antenna temperatures and intensities–were used for Sagittarius B2, DM Tau, and the ridge,
plateau, and core regions of Orion KL. These observations were analyzed through the MC, outer
PPD, PSE, and Galactic Center models. The Galactic Center model is particularly suitable for
the Orion KL plateau due to its ability to represent the large linewidths caused by turbulence from
massive star formation, even though Orion KL does not lie close to the Galactic Center. By calcu-
lating the ratios of reported antenna temperatures for different line transitions and mapping these
onto the modeled temperature–density grids, the intersecting contour lines provide approximate
constraints on the temperature and density ranges in these astrophysical environments.

3.3.1 Sagittarius B2

The first region considered is near the Galactic Center in the Milky Way, specifically the
Sagittarius B2 giant molecular cloud. Therefore, the analysis for this region utilized the molecular
cloud model previously analyzed. Although this cloud is part of the Galactic Center, its conditions
are better represented by the MC model than the GC model, primarily due to the temperature
ranges considered.

To constrain the environmental conditions for this region, observed OCS lines and their mea-
sured antenna temperatures were used as reported by Goldsmith et al. [48], see Table 7. Various
combinations of observed line transitions were analyzed, however, not all combinations of line
transition ratios had intercepts at a given temperature and density combination.

Table 7: OCS transitions and their reported antenna temperatures from Goldsmith et al. [48]
measured in Sagittarius B2 using the Five College Radio Astronomy Observatory.

Transition TA [K]

7 → 6 0.70± 0.2
8 → 7 0.85± 0.15
9 → 8 0.70± 0.15
12 → 11 0.45± 0.2
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The combinations that yielded results are presented in Table 8, along with the corresponding
approximate temperatures and H2 number densities (see Fig. 10 for the plots in Appendix B).
The fact that not all ratio combinations led to intercepts was expected from the non-LTE analysis
of the line behavior. Since excitation temperatures are neither constant nor equal to the kinetic
temperature of the gas, not all combinations of line transition ratios correspond to the same
parameters. The models also assume isothermal and homogeneous conditions, which are rarely met
in practice. Sagittarius B2 is a highly turbulent molecular cloud, implying significant variations
in density and temperature.

Table 8: Identified line transition ratio intercepts for Sagittarius B2 and the
corresponding modeled kinetic temperature and H2 number density values.

Line transition ratios Tkin [K] nH2 [cm−3]

12 → 11/7 → 6 & 12 → 11/9 → 8 ∼20 ∼105

12 → 11/7 → 6 & 9 → 8/7 → 6 ∼20 ∼105

12 → 11/8 → 7 & 9 → 8/7 → 6 ∼30 ∼104

12 → 11/9 → 8 & 9 → 8/7 → 6 ∼20 ∼105

The strong agreement between the derived temperature and density values suggests that the
observed OCS transitions likely probe similar regions within the cloud. Furthermore, the reliability
of these values depends on the local density being comparable to the critical densities of the
transitions. The inferred density for Sagittarius B2 is close to the critical densities of the relevant
transitions (see Table 3 for all values in Appendix A), indicating that the corresponding line ratios
are well-suited for constraining both temperature and density in this region.

This interpretation is consistent with the similarity of the derived physical parameters. Thus, we
conclude that the region of Sagittarius B2 probed by the observed OCS transitions is characterized
by a kinetic temperature of Tkin ≈ 20 − 30 K and a molecular hydrogen density of nH2 ≈ 104 −
105 cm−3. These values are in fairly good agreement with the cold and dilute regions within the
molecular cloud, which have Tkin ≈ 20− 60 K and nH2 ≈ 104 − 106 cm−3 [70][71].

3.3.2 Orion KL

Orion KL is a well-known star-forming region characterized by active chemistry and a rich
molecular inventory [72]. Numerous molecular species have been detected in this region, including
OCS, for which a relatively large number of antenna temperatures have been reported by Tercero
et al. [73] (see Table 9). These observations were used to estimate the physical conditions in the
ridge, plateau, and hot core components of the nebula. The ridge typically refers to a dense,
elongated structure within the molecular cloud, commonly associated with regions of active star
formation and high turbulence. In contrast, the plateau encompasses a broader and more extended
region, often featuring a flatter density profile and including material outflowing from embedded
young stellar objects. The hot core refers to the hottest and densest central regions of Orion KL.

For the ridge component, the protostellar envelope model was adopted, as it is representative of
turbulent star-forming regions. The observed OCS line transitions produced multiple line intensity
ratios, leading to intercepts on the modeled temperature–density grid, as shown in Fig. 7 (a). Out
of approximately 3000 possible line ratio combinations, around 80 produced valid intersecting
solutions. The physical conditions derived from these intercepts indicate a temperature range
of Tkin ≈ 60 − 200K and a H2 number density range of nH2 ≈ 104 − 106 cm−3. Most of the
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Table 9: Measured OCS line transition antenna temperatures in Orion KL from
Gaussian fits reported by Tercero et al. [73] using the IRAM 30m telescope.

Transition Ridge TA [K] Plateau TA [K] Hot Core TA [K]

7 → 6 2.30 0.49 1.02
8 → 7 3.56 0.85 1.68
9 → 8 3.85 1.08 2.29
11 → 10 4.36 1.80 2.53
12 → 11 6.63 3.29 2.82
13 → 12 5.32 2.67 4.16
14 → 13 3.70 - -
17 → 16 4.18 2.83 5.83
18 → 17 4.47 3.06 4.77
19 → 18 3.57 4.39 6.14
20 → 19 3.24 2.75 5.10
21 → 20 4.68 1.46 2.99
23 → 22 4.34 3.09 2.62

solutions cluster within Tkin ≈ 60 − 120K and nH2 ≈ 105 − 106 cm−3, which is consistent with
previous studies of Orion KL, which report a temperature range of Tkin ≈ 50− 300K, and nH2 ≈
105 − 106 cm−3 [74][75].

A particularly notable aspect of this region is the observed trend in which specific line transitions
are more effective for diagnosing environmental conditions. As illustrated in Fig. 7 (a), several
prominent transitions have been highlighted. Among these, the J = 7 → 6 transition seems to be
the most diagnostically valuable, appearing in the upper level of around 40 distinct combinations
of line intensity ratios.

(a) (b)

Figure 7: Found line ratio intercepts for the Orion KL ridge (a) and plateau (b) regions based on the
antenna temperatures reported by Tercero et al. [73]. Specific transitions that led to a relatively high number
of intercepts for the ridge region are marked with colours.
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It is also important to note that no transition ratio combinations are found to trace densities
significantly exceeding 106 cm−3. This is expected, as these densities surpass the critical densities
of all considered transitions, resulting in contour patterns similar to those seen in the protoplan-
etary disk model. In such regimes, the line ratios become insensitive to density variations and
are primarily governed by temperature, preventing any meaningful diagnostic intercepts for den-
sity. This reinforces the conclusion that OCS line ratios are not suitable for probing high-density
environments.

A similar limitation applies at the opposite end of the parameter space, specifically at low
densities and high temperatures. In these conditions, collisional excitation is inefficient due to
insufficient collision rates, and the molecular level populations are primarily influenced by the
background radiation field. Consequently, the sensitivity of line ratios to temperature variations
is significantly diminished, making reliable temperature diagnostics challenging. Therefore, no
intercepts were expected–nor found–for line ratios in regions of low density and high temperature.

For the plateau component, the Galactic Center model was adopted, which captures the highly
turbulent conditions with strong background radiation present in that part of Orion KL. The
line-ratio intercepts for this component are presented in Fig. 7 (b). For this model, no trend was
found that would highlight the importance of transitions with Ju < 10 as for the plateau regions,
but similar temperature and density ranges have been traced.

For the hot core, no intercepts were found with the protostellar envelope or model, indicating
that the extreme physical conditions present in that region could not be well approximated.

3.3.3 DM Tau

In the case of the protoplanetary disk DM Tau, the line analysis was simplified by the fact
that the disk’s density modeled across the range given in Table 6 for the outer PPD region is
significantly higher than the critical densities of the observed OCS transitions. As a result, the
molecular line ratios are primarily sensitive to temperature with negligible dependence on density.
This implies that, rather than requiring a temperature–density intersection for diagnostics, the
kinetic temperature can be estimated using a single line ratio. More observed molecular lines
would trace similar temperatures as the system is collisional due to the large densities, therefore,
the recently observed OCS transitions of J = 12 → 11 and J = 18 → 17 in this protoplanetary
disk by Semenov et al. [76] allow an approximate determination of the system’s temperature. The
peak values determined for the measured line intensities are given in Table 10.

Table 10: Peak intensities of OCS transitions observed by the
ALMA observatory in DM Tau reported by Semenov et al. [76].

Transition Ipeak [mJy]

12 → 11 ≤ 130
18 → 17 ≤ 10

Applying the outer protoplanetary disk model, the derived kinetic temperature falls within the
range Tkin ≈ 10− 20 K for the maximum threshold intensities given in Table 10 (also see Fig. 11
in Appendix B), assuming a 50% uncertainty in the intensity values. This rough estimate is in
good agreement with the previously derived temperature of Tkin = 13− 20 K for the outer layers
based on CO observations [77].
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3.4. Observing Proposal for L1157

To further support the potential of OCS as a reliable temperature and density tracer, an
observation is proposed for the star-forming region L1157, which is known for its active molecular
chemistry [78]. OCS lines have been detected and identified in this region, although their antenna
temperatures have not been reported [79]. Due to its rich chemical activity, L1157 is a promising
candidate for future temperature–density diagnostics and may support our hypothesis that OCS
can serve as a reliable tracer of physical conditions in diverse astrophysical environments.

For this proposal, the IRAM 30m telescope was selected due to its capability to observe in
two frequency bands simultaneously, significantly reducing the required observation time. The
telescope is equipped with the EMIR (Eight Mixer Receiver) system, which supports simultaneous
observations in the 3 mm, 2 mm, 1.3 mm, and 0.9 mm atmospheric windows–corresponding to
the E090, E150, E230, and E330 bands, respectively [40]. The coordinates of the central protostar
in L1157 are RA (J2000) = 20h39m06s and Dec (J2000) = +68◦02′16′′ [80], placing it within
the circumpolar region for the telescope. This significantly simplifies scheduling for extended
observations, as the source remains continuously visible and can be observed within a single time
slot. The proposed observations are planned for the winter season to minimize atmospheric noise.

To use L1157 for further testing of OCS, first, the line transitions to be used for the diagnostics
had to be selected based on several criteria. Since frequencies below 80 GHz are inaccessible to
IRAM, the J = 7 → 6 transition is the lowest that could be considered. To construct an efficient
observing plan, Eq. 2.13 was used to estimate which OCS transitions could be observed with
the shortest integration times, based on the line intensities modeled with RADEX. This estimation
required knowledge of the radiation temperatures and a target signal-to-noise ratio.

For the radiation temperature modeling, RADEX was used with input parameters estimated from
previous observations of L1157 based on the work of Burkhardt et al. [79]. The values adopted
were Tkin = 60K, N(OCS) = 1014 cm−2, nH2 = 105 cm−3, Tb = 2.73K, ∆V = 3 km s−1, and
an optical depth model of βsphere. As there are large temperature and density gradients in the
outflows of L1157, these values serve only as rough estimates. The SNR was selected based on
the prior diagnostic analysis for Sagittarius B2 and Orion KL, which demonstrated that accurate
intercepts for distinct temperature and density combinations require relatively low uncertainties
in the antenna temperatures. Hence, a SNR of 20 was adopted. Using the results of the RADEX
modeled radiation temperatures, transitions with Ju between 7 and 17 produced the shortest
integration times (approximately between 1 and 5 hours) based on Eq. 2.14, and were therefore
selected for further analysis. Transitions beyond this range were excluded due to the significantly
longer telescope time required.

Combining the E090 and E150 bands provides broad and efficient coverage of the desired
transition range starting from the J = 7 → 6 line. Since only two frequency bands can be observed
simultaneously, transitions beyond J = 13 → 12 were excluded to keep the total observation time
realistic and to avoid the need for repeated observations with different band settings. Furthermore,
the J = 11 → 10 transition falls outside the observable frequency range due to atmospheric
absorption. Consequently, the final set of selected transitions includes J = 7 → 6, J = 8 → 7,
J = 9 → 8, J = 10 → 9, J = 12 → 11, and J = 13 → 12.

After finalizing the desired line transition range, the required telescope times for each line were
estimated using the IRAM 30m time/sensitivity estimator1. The estimator requires specification
of the observed frequency, the RMS noise σTA

, the spectral resolution, and the average elevation
1Link to the estimator: https://oms.iram.fr/tse/
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of the target. The frequencies are determined by the selected transitions, and the values for σTA

were calculated from the predefined SNR and the modeled TR values, incorporating the telescope’s
main beam efficiency. The spectral resolution was chosen to be the largest value that still allows
the expected line widths to be resolved. Since the precise shape of the lines is not critical for
this study and higher spectral resolution (i.e., smaller values) significantly increases telescope
time, a resolution of 0.5 km s−1, was selected, based on typical line widths (1-5 km s−1,) of other
molecules observed in L1157 [79]. Since L1157 is circumpolar for the IRAM 30m telescope, its
average elevation approximately equals the latitude of the observatory, which is +37◦03′58′′ N.

With the parameters defined, the estimator calculates both the off-source and on-source times
required for the observation and estimates the total telescope time to be proposed, for which the
choice of the tracking method is crucial. For this study, position switching was chosen, as it is
more reliable than other tracking methods available for the telescope when lines are broadened
by turbulence and outflows [40], which is expected in L1157. The total time estimates for each
line transition are given in Table 11 based on the RMS uncertainty in the modeled radiation
temperatures.

Table 11: Modeled radiation temperatures, estimated antenna tempera-
ture uncertainties, and the corresponding required telescope times for OCS
line transitions with the shortest expected observation durations.

Transition Freq. [GHz] TR [K] σTA
[mK] Time [h]

7 → 6 85.1 0.236 8.25 3.2
8 → 7 97.3 0.285 9.97 2.0
9 → 8 109.5 0.330 11.54 2.0
11 → 10 133.8 0.397 13.88 1.5
12 → 11 145.9 0.415 14.52 1.4
13 → 12 158.1 0.422 14.75 1.8

To study temperature and density variations across the shocked regions within the two jets, 5
different regions is proposed for observing L1157: 1-1 outer and 1-1 inner regions in the two jets,
and 1 central observation to observe part of the protostellar envelope perpendicular to the jets.
These regions were selected based on previous molecular studies of CO emission of the J = 2 → 1
line transition from L1157 (see Fig. 8), which was also used to estimate the spatial extent of the
regions where significant OCS emission could be observed. The four regions planned in the bipolar
jet correspond to the B1 & B2 and the R0 & R1 outflows, where significant OCS molecular line
emission is expected from the CO study by Bachiller et al. [78].

Overall, an estimated 5 × 3.2 = 16 hours of observing time is required for all lines to be
detected within the 5 selected regions with the required SNR under average winter conditions,
including the time required for tuning. The proposed observing regions are marked by green
circles in Fig. 9. Each green circle has a diameter equal to the spatial resolution of the beam:
15.6" at the highest frequency of 158.1 GHz, corresponding to the highest resolution to ensure
that all frequencies capture the entirety of the considered areas.

As the approximate temperatures and densities of the jets in L1157 are quite well known (see
Burkhardt et al. [79]), this proposal would serve as a base for drawing more rigorous conclusions
about the reliability of OCS as condition tracer rather than expecting an improvement for these
values based on the OCS line emission observations.
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Figure 8: CO molecular line emission map of
L1157; the black star denotes the position of the
central protostar. The R and B labels indicate the
red- (R) and blueshifted (B) lobes of the bipolar
outflow, while the numbers (e.g., B0-B3, R0-R3)
correspond to distinct shock events from episodic
ejections. Image taken from the study of Bachiller
et al. [78].

Figure 9: Infrared image of the L1157 outflow by
the Spitzer Space Telescope’s Infrared Array Cam-
era (IRAC). The Spitzer image has infrared light
of 8 microns colored red, 4.5-micron infrared light
colored green, and 3.6-micron infrared light col-
ored blue. The green circles mark the approxi-
mate position of the five selected regions for obser-
vation within the nebula, and the green arrow de-
notes the position of the central protostar. Image
credit: NASA/JPL-Caltech/Harvard-Smithsonian
CfA [81].
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Discussion

4.1. Non-LTE Line Modeling

The line analysis of OCS presented in this study offers valuable insights for tracing low-
temperature and low-density regions, however, it is important to carefully consider several factors
that may affect the interpretation of the results.

A key limitation in this study stems from the restricted availability of collisional rate coefficients
at higher temperatures and for transitions involving large J values. The 1978 dataset provides
rates up to 100 K for J ≤ 12 (not including the extrapolation by Schöier et al. [33]), while the
more recent 2023 dataset extends to 80 K for J ≤ 40. Beyond these temperature ranges, RADEX
does not perform extrapolation–instead, it defaults to using the downward rate coefficients at 80 K
for higher temperatures in the case of the 2023 data. This introduces increased uncertainties in
modeling warmer regions, such as protostellar envelopes and the inner regions of protoplanetary
disks.

To quantify the impact of this limitation, the 2023 de-excitation rate coefficients were linearly
extrapolated up to 500 K (the highest temperature considered in this study) using the rates
at the two highest available temperature points, 60 K and 80 K (see Fig. 12 in Appendix C).
Linear extrapolation appeared to provide a reasonable upper estimate of the impact, given that
the temperature dependence of the rate coefficients decreases with increasing temperature. The
extrapolated values were then compared with those at 80 K to assess the uncertainty associated
with the use of constant coefficients above this threshold by RADEX. The resulting deviations for the
rate coefficients remained within 30% for all transitions between 2 → 1 and 40 → 39, suggesting
that the use of 80 K rates above this temperature still produces reasonably accurate results.
Nevertheless, the need for reliable OCS collisional rate coefficients at higher temperatures remains
evident.

The extrapolation method used by Schöier et al. [33] for the 1978 dataset is valid primarily in
the regime where the kinetic energy of the colliding molecules greatly exceeds the energy spacing
between rotational levels. As a result, the polynomial fitting approach applied in that work is ex-
pected to perform well for the H2-OCS system, given the relatively small rotational energy splitting
of OCS compared to other molecules commonly used in astrophysical diagnostics. However, this
method still introduces uncertainties of up to 50% in many of the calculated rate coefficients [33].
The largest discrepancies reported in their study occurred in regions where extrapolation was ap-
plied in both temperature and energy levels. Consequently, uncertainties in the 1978 dataset are
likely to be more significant than in the 2023 dataset, where extrapolation was only required for
temperatures beyond the available data.
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Additionally, this study focused solely on collisional excitation involving the H2-OCS system,
which simplifies the complex composition of astrophysical environments. In reality, other collisional
partners–such as helium–can also play a non-negligible role in affecting line intensities. Including
collisions with He would already improve the accuracy of line analysis, as H2, although dominant,
is not the only relevant species. As a first-order approximation, the contribution of helium can be
accounted for by scaling the H2 density by a factor of 1.14, assuming a typical He abundance of
20% relative to H2 [33]. This scaling was not performed in this research, but should be accounted
for in later studies.

Another important limitation was the use of fixed input parameters to model diverse astrophys-
ical regions. Since these simplified models cannot fully describe the complexity and variability of
real environments, their results should be viewed as general trends rather than precise templates.
To improve the accuracy of diagnostics, observational constraints on column density and linewidth
should be obtained for each specific region. These values could then be used as inputs to create
more accurate RADEX models, enabling more robust constraints on the kinetic temperature and
the H2 number density.

In the case of the inner and outer protoplanetary disk models, the substantial radial and
azimuthal variations were also neglected in this analysis. Protoplanetary disks are complex systems
with strong gradients in temperature, density, and chemical composition both radially–from the
hot, dense inner disk to the cooler outer regions–and azimuthally, due to structures like spiral
arms and gaps. These spatial variations strongly influence molecular excitation and line emission.
Proper interpretation of observations therefore requires more sophisticated modeling approaches
that explicitly account for such spatial diversity. This could be achieved for example with ProDiMo
(Protoplanetary Disk Model), which is a scientific software package used to model UV-photo-
chemistry, ice formation, gas heating, disk structure, and radiative transfer in protoplanetary
disks, developed by Woitke et al. [82]. Specifically for protoplanetary disks, ProDiMo would have
the advantage compared to RADEX that it could be used to model a disk in 3D, which could allow
for discovering the differences in molecular line emission in both radial and azimuthal directions.

4.2. Line Ratio Analysis

For the line ratio analysis across temperature–density grids, the selected useful lines were chosen
based on approximate detectability, which depends on telescope-specific parameters such as system
temperature and efficiencies. These parameters vary with observing frequency, but here were
approximated using conservative estimates rather than frequency-dependent functions. As a result,
the identified usable transition ranges may not be fully accurate. To avoid proposing observations
of transitions that are undetectable within practical observational limits or underestimate the
required integration times, future analyses should incorporate frequency-dependent instrumental
characteristics from telescope manuals. This will ensure more reliable observational planning and
more accurate determination of useful line transitions for temperature–density diagnostics.

The chosen temperature and density ranges also restrict the applicability of the analysis. Not
all relevant astrophysical objects fall within the selected parameter space, even if they belong to
the same category, such as star-forming regions. Although the five simplified models provide useful
general trends, precise conclusions for specific regions require detailed, region-specific modeling.

The small energy spacing between adjacent rotational levels of OCS results in line ratios that
change only subtly across the modeled temperature and density ranges. This characteristic re-
quires precise measurements of line intensities for effective diagnostics. At the same time, it
emphasizes the robustness of OCS as a tracer: significant variations in line ratios are likely to
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indicate truly different physical conditions rather than measurement noise or modeling artifacts.
Additionally, the close spacing of energy levels enhances temperature sensitivity, making OCS
transitions particularly valuable for accurate temperature estimates.

Furthermore, because these lines lie close in frequency, it is generally possible to observe multiple
rotational transitions within the same frequency band, more so than for many other molecules.
This increases the number of observable lines and improves the reliability of temperature and
density measurements. The presence of many closely spaced transitions is especially beneficial
under non-LTE conditions, where level populations deviate from a single-temperature Boltzmann
distribution. Different transitions respond in distinct ways to changes in temperature and density,
so analyzing multiple lines together provides a more complete diagnostic of the underlying physical
conditions.

4.3. Temperature–Density Diagnostics

For the temperature–density diagnostics, the same environmental models used in the line anal-
ysis were applied to observational data from Sagittarius B2, Orion KL, and DM Tau. However,
these models do not reflect the full range of temperature and density variations within these
regions. Since RADEX assumes uniform physical conditions throughout the source, intercepts in-
dicating multiple parameter values must be interpreted cautiously, understanding that different
rotational levels may be excited under different conditions within the same astrophysical object.
In practice, many astrophysical regions show wide ranges of temperature and density due to turbu-
lence, stellar feedback, and localized heating or cooling. For example, Sagittarius B2 is a molecular
cloud in the Galactic Center subject to conditions significantly different from typical molecular
clouds. Furthermore, it was not explored whether a Galactic Center or molecular cloud model
better represents Sagittarius B2, and different model choices could produce different diagnostic
outcomes.

The results from Orion KL suggest that OCS can be a feasible diagnostic tool in relatively low-
temperature and low-density environments, specifically where Tkin ≲ 200 K and nH2 ≲ 106 cm−3.
In the analysis, not all line ratios produced unique combinations of physical parameters–fewer
than 80 useful intercepts were identified from over 3000 possible transition combinations. Some
combinations yielded multiple intercepts, which were excluded from the results. The derived tem-
perature–density intercepts span a broad range, reducing their diagnostic precision, though this is
expected given that RADEX assumes a homogeneous medium with uniform temperature and den-
sity. Interestingly, lower-lying transitions appear more effective in probing the physical conditions
in star-forming regions, though this trend may partly reflect the limited data availability rather
than intrinsic properties. Nonetheless, these findings suggest that prioritizing such transitions in
future observations could enhance the likelihood of obtaining interpretable diagnostic results.

It is also important to note that the regions for which OCS was useful as a diagnostic tool were
not the only ones considered. Additional regions, such as W51 and the Orion KL hot core sub-
region, were examined using available antenna temperatures. For W51, the low number of reported
antenna temperatures limited the ability to find temperature–density intercepts. In the Orion KL
hot core, despite numerous antenna temperatures and many tested transition combinations, no
intercepts were found. This likely results from the hot core having densities above the critical
densities of the observed transitions, making these lines unsuitable tracers of the local physical
conditions.

The relatively low critical densities of OCS transitions, ranging from approximately 102 cm−3

to 106 cm−3 for the frequencies considered in this study, mean that OCS primarily traces diffuse to
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moderately dense regions. For instance, in the Orion KL models, line ratios became insensitive to
density above 106 cm−3, likely indicating saturation at these higher densities. While OCS remains
useful for constraining conditions in many molecular clouds and star-forming regions, its usefulness
may be greater as a complementary tracer rather than a standalone diagnostic.

Besides ProDiMo, another radiative transfer code, LIME (Line Modeling Engine) could be used to
model not only protoplanetary disks, but any 3D astrophysical objects, including molecular clouds,
outflows, and envelopes. LIME was developed by Brinch et al. [83], and has the advantage that it
is not constrained by cylindrical or spherical symmetries; it can handle asymmetric input models.
Using these codes could be better used for astrophysical diagnostics with OCS line transitions, as
they can account for the 3D complexity of these objects.

Based on the observing proposal for L1157, achieving sufficiently high SNRs for even a lim-
ited number of OCS transitions will require significant telescope time. Based on the analysis of
Sagittarius B2, well-defined temperature–density intercepts only appear for some regions when
uncertainties in line intensities (antenna temperatures) are kept very low. Achieving these low
uncertainties demands high SNRs, which in turn require long integration times and increased
observation costs.
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Conclusion

This study employed RADEX to model the properties of OCS line transitions, providing valuable
insights into the molecule’s potential as a tracer of temperature and density across various astro-
physical environments, including molecular clouds, protostellar envelopes, star-forming regions,
and the Galactic Center. Modeling molecular line intensities enabled diagnostics of sources such
as Sagittarius B2, Orion KL, and DM Tau, demonstrating the usability of OCS as a tracer of
environmental conditions. The critical densities of the examined transitions constrain the appli-
cability of OCS to environments with densities below ∼106 cm−3. Furthermore, since RADEX does
not accurately approximate collisional data at significantly higher temperatures, OCS is expected
to be a reliable tracer for regions with temperatures below ∼ 100 K for the explored frequency
range. Consequently, OCS is expected to be most useful for diagnostics in regions such as molecu-
lar clouds, star-forming regions, and the Galactic Center, where physical conditions remain within
these approximate thresholds.

Temperature tracing at higher densities, such as those found in protoplanetary disks, remains a
promising direction for future studies. However, tracing these environments using molecules under
non-LTE conditions poses additional challenges because of the sensitivity of line transitions to
background radiation. This often limits the accuracy of the determination of physical parameters,
allowing only approximate estimates within certain ranges.

OCS appears to be a promising candidate for constraining physical conditions in various in-
terstellar environments. Although this study is somewhat restricted by the explored parameter
space and the limited availability of reported antenna temperatures for its line transitions, the
adopted approach successfully demonstrated the molecule’s potential as a diagnostic tool. Further
testing through the proposed observations of L1157 could enable more rigorous conclusions about
its effectiveness as a tracer of environmental conditions.

For future work, it is recommended that the astrophysical objects for which diagnostics are
desired be explicitly modeled, rather than basing the diagnostics on simplified models. This could
be done, for example, using 3D modeling with ProDiMo and LIME, which allow for more complex
representations of protoplanetary disks and asymmetric molecular regions such as star-forming
regions and outflows, including temperature and density gradients that are significantly harder to
account for using RADEX. Solving the radiative transfer equations with such 3D modeling would
lead to significantly more precise diagnostics using observed OCS line transitions.
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Declaration on Generative AI Use

This study was conducted using various generative AI models, including ChatGPT, DeepSeek,
and Mistral AI. These models assisted in developing the Python script radex_grid.py and opti-
mizing code for data analysis. This included generating code to efficiently create the line analysis
plots and diagnostic plots to identify unique temperature–density intercepts from line intensity ra-
tio contours. Additionally, these AI models were employed to correct grammatical and structural
errors in the text. However, it is important to note that these models were not used to generate
the text of this thesis. They were also not involved in the development of the research ideas or in
explicitly providing data or scientific information. For efficiently finding relevant research papers,
the AI model Elicit was used.
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Appendix A: Critical Densities

Table 12: Calculated critical densities for various OCS rotational line transitions
at selected temperatures using the 1978 dataset.

Transition Upper Lower 10 K 100 K 500 K

1 2 1 9.2e+01 1.1e+02 1.1e+02
2 3 2 6.2e+02 5.5e+02 5.4e+02
3 4 3 1.8e+03 1.7e+03 1.7e+03
4 5 4 4.9e+03 4.4e+03 4.2e+03
5 6 5 8.3e+03 8.2e+03 8.1e+03
6 7 6 1.5e+04 1.4e+04 1.4e+04
7 8 7 2.3e+04 2.1e+04 2.0e+04
8 9 8 3.8e+04 3.1e+04 3.1e+04
9 10 9 5.4e+04 4.5e+04 4.4e+04
10 11 10 7.5e+04 6.2e+04 6.0e+04
11 12 11 9.9e+04 8.1e+04 7.7e+04
12 13 12 1.3e+05 1.0e+05 9.8e+04
13 14 13 1.6e+05 1.5e+05 1.4e+05
14 15 14 1.9e+05 1.9e+05 1.7e+05
15 16 15 2.4e+05 2.3e+05 2.1e+05
16 17 16 3.0e+05 2.8e+05 2.6e+05
17 18 17 3.5e+05 3.4e+05 3.1e+05
18 19 18 4.2e+05 4.0e+05 3.7e+05
19 20 19 5.0e+05 4.8e+05 4.4e+05
20 21 20 5.9e+05 5.6e+05 5.1e+05
21 22 21 6.8e+05 6.5e+05 5.9e+05
22 23 22 8.0e+05 7.5e+05 6.8e+05
23 24 23 9.1e+05 8.5e+05 7.8e+05
24 25 24 1.1e+06 9.7e+05 8.8e+05
25 26 25 1.2e+06 1.1e+06 1.0e+06
26 27 26 1.4e+06 1.2e+06 1.1e+06
27 28 27 1.5e+06 1.4e+06 1.2e+06
28 29 28 1.7e+06 1.5e+06 1.4e+06
29 30 29 1.9e+06 1.7e+06 1.5e+06
30 31 30 2.2e+06 1.9e+06 1.7e+06
31 32 31 2.4e+06 2.1e+06 1.9e+06
32 33 32 2.7e+06 2.3e+06 2.1e+06
33 34 33 2.9e+06 2.5e+06 2.3e+06
34 35 34 3.2e+06 2.8e+06 2.5e+06
35 36 35 3.5e+06 3.0e+06 2.7e+06
36 37 36 3.9e+06 3.4e+06 3.0e+06
37 38 37 4.2e+06 3.7e+06 3.2e+06
38 39 38 4.7e+06 4.0e+06 3.5e+06
39 40 39 5.1e+06 4.3e+06 3.8e+06

43



Table 13: Calculated critical densities for various OCS rotational line transitions
at selected temperatures using the 2023 dataset.

Transition Upper Lower 10 K 40 K 80 K

1 2 1 1.6e+02 2.1e+02 2.1e+02
2 3 2 5.8e+02 8.1e+02 8.5e+02
3 4 3 1.7e+03 2.1e+03 2.2e+03
4 5 4 4.0e+03 4.6e+03 4.8e+03
5 6 5 8.2e+03 9.3e+03 9.5e+03
6 7 6 1.5e+04 1.7e+04 1.7e+04
7 8 7 2.3e+04 2.7e+04 2.8e+04
8 9 8 3.5e+04 4.0e+04 4.2e+04
9 10 9 5.0e+04 5.8e+04 6.0e+04
10 11 10 6.8e+04 7.9e+04 8.2e+04
11 12 11 9.0e+04 1.1e+05 1.1e+05
12 13 12 1.2e+05 1.4e+05 1.4e+05
13 14 13 1.5e+05 1.7e+05 1.8e+05
14 15 14 1.8e+05 2.1e+05 2.3e+05
15 16 15 2.3e+05 2.6e+05 2.8e+05
16 17 16 2.8e+05 3.2e+05 3.4e+05
17 18 17 3.3e+05 3.8e+05 4.0e+05
18 19 18 4.0e+05 4.5e+05 4.8e+05
19 20 19 4.7e+05 5.4e+05 5.6e+05
20 21 20 5.5e+05 6.4e+05 7.0e+05
21 22 21 6.5e+05 7.2e+05 7.6e+05
22 23 22 7.5e+05 8.3e+05 8.8e+05
23 24 23 8.6e+05 9.5e+05 1.0e+06
24 25 24 9.9e+05 1.1e+06 1.1e+06
25 26 25 1.1e+06 1.2e+06 1.3e+06
26 27 26 1.3e+06 1.4e+06 1.5e+06
27 28 27 1.4e+06 1.6e+06 1.6e+06
28 29 28 1.6e+06 1.7e+06 1.8e+06
29 30 29 1.8e+06 1.9e+06 2.0e+06
30 31 30 2.1e+06 2.2e+06 2.2e+06
31 32 31 2.3e+06 2.4e+06 2.5e+06
32 33 32 2.6e+06 2.6e+06 2.7e+06
33 34 33 2.8e+06 2.9e+06 3.0e+06
34 35 34 3.1e+06 3.2e+06 3.3e+06
35 36 35 3.5e+06 3.5e+06 3.6e+06
36 37 36 3.8e+06 3.8e+06 3.9e+06
37 38 37 4.2e+06 4.2e+06 4.3e+06
38 39 38 4.6e+06 4.5e+06 4.7e+06
39 40 39 5.0e+06 4.9e+06 5.0e+06
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Appendix B: Diagnostic Plots for Sagittarius B2 &
DM Tau

Diagnostic Plots for Sagittarius B2

Figure 10: Diagnostic plots for Sagittarius B2 using the molecular cloud model. The contour
lines represent the ratio of antenna temperature values reported by Solomon et al. [53].
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Diagnostic Plot for DM Tau

Figure 11: Diagnostic plot for DM Tau using the outer PPD model. The contour lines
represent the ratio of the two antenna temperatures reported by Semenov et al. [76].

Appendix C: Extrapolated Rate Coefficients

Figure 12: De-excitation rate coefficients from the 2023 dataset for some OCS transi-
tions from Denis-Alpizar et al. [36] shown as empty triangles, with linear extrapolations
up to 500 K based on the coefficients at 60 K and 80 K indicated by filled triangles.
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Appendix D: Source Code for radex_grid.py

1 import numpy as np
2 import os
3 import subprocess
4
5 def read_input_file ():
6 base_path = "/Users/DELL/AstroThesis/radex/data/"
7 file_name = input("Enter the molecular data filename (

e.g., OCS.txt): ")
8 return os.path.join(base_path , file_name)
9

10 def get_user_inputs ():
11 print("Please provide the following inputs:")
12 num_partners = int(input("Number of collisional

partners: "))
13 partner_name = input("Name of collisional partner (e.g

., H2): ")
14 background_temp = float(input("Background temperature

(K): "))
15 column_density = float(input("Molecular column density

(cm^-2): "))
16 line_width = float(input("Line width (km/s): "))
17
18 # Frequency range inputs
19 freq_low = float(input("Lower bound for frequency (GHz

): "))
20 freq_high = float(input("Upper bound for frequency (

GHz): "))
21
22 # Temperature grid inputs
23 T_low = float(input("Lower bound for temperature (K):

"))
24 T_high = float(input("Upper bound for temperature (K):

"))
25
26 # Number density grid inputs
27 n_low = float(input("Lower bound for number density (

cm^-3): "))
28 n_high = float(input("Upper bound for number density (

cm^-3): "))
29
30 # Number of grid points (same for both temperature and

density)
31 grid_points = int(input("Number of grid points (used

for both T and n): "))
32
33 return num_partners , partner_name , background_temp ,

column_density , line_width , freq_low , freq_high ,
T_low , T_high , n_low , n_high , grid_points

34
35 def generate_grid(T_low , T_high , n_low , n_high ,

grid_points):
36 """
37 Generate a grid of temperature and number density

values.
38 """
39 temperatures = np.linspace(T_low , T_high , num=

grid_points) # Temperature grid
40 densities = np.logspace(np.log10(n_low), np.log10(

n_high), num=grid_points) # Density grid (log scale)
41 return [(T, n) for T in temperatures for n in

densities]
42
43 def compute_line_intensities ():
44 print("Starting computation ...")
45 input_file = read_input_file ()
46 results_dir = "/Users/DELL/AstroThesis/radex/results"

# Results folder

1 # Get user inputs
2 num_partners , partner_name , background_temp ,

column_density , line_width , freq_low , freq_high ,
T_low , T_high , n_low , n_high , grid_points =
get_user_inputs ()

3
4 # Generate the grid
5 grid = generate_grid(T_low , T_high , n_low , n_high ,

grid_points)
6
7 # Ensure the results directory exists
8 os.makedirs(results_dir , exist_ok=True)
9

10 flow = freq_low
11 fupp = freq_high
12
13 for T, n in grid:
14 output_file = f"results_T{T:.1f}_n{n:.1e}.txt"
15 output_file_path = os.path.join(results_dir ,

output_file)
16
17 radex_input = f"""
18
19 {input_file} # Molecular data file
20 {output_file_path} # Output file name
21 {flow} {fupp} # Min and max output frequencies in

GHz
22 {T} # Kinetic temperature
23 {num_partners} # Number of collision partners
24 {partner_name} # Type of collision partner
25 {n} # Density of collision partner
26 {background_temp} # Background temperature
27 {column_density} # Molecular column density
28 {line_width} # Line width
29 0 # Another calculation [0/1]
30 """
31 input_path = "C:/Users/DELL/AstroThesis/radex/bin/

radex_input.txt"
32 with open(input_path , "w") as f:
33 f.write(radex_input)
34
35 radex_exe = r"C:/Users/DELL/AstroThesis/radex/bin/

radex.exe"
36
37 with subprocess.Popen([ radex_exe], stdin=

subprocess.PIPE , stdout=subprocess.PIPE , stderr=
subprocess.PIPE) as proc:

38 proc.communicate(input="\n".join([
39 input_file ,
40 output_file_path ,
41 f"{flow :.3E} {fupp :.3E}",
42 str(T),
43 str(num_partners),
44 partner_name ,
45 str(n),
46 str(background_temp),
47 str(column_density),
48 str(line_width),
49 "0"
50 ]).encode ())
51
52 print("Computation finished. Results saved in:",

results_dir)
53
54 if __name__ == "__main__":
55 compute_line_intensities ()
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