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Abstract: We present the PRESTALINE package, a novel tool to simulate and analyse spectra of star forming objects.
PRESTALINE allows for a direct comparison of theoretical models with observations and simplifies an analysis of
observed spectra. This allows researchers to estimate physical conditions in a studied object and to interpret its chemical
composition in a quantitative way. The goal of the project is to set up a consistent framework which would bridge a gap
between theoretical studies and observations of star forming regions. In this paper, we present the results of applying

PRESTALINE to the test object DR21(OH) and discuss the project general possibilities.
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1 Introduction

Star-forming regions are tricky objects to study. Molecular
hydrogen, the main component of the regions, does not
emit in conditions of cold molecular clouds, which war-
rants a usage of other tracers to get the necessary informa-
tion, with admixture molecules being the most prominent
candidates.

Molecules in that regard have many positive features:
they emit multiple lines and provide information on kine-
matics and the temperature of the gas. Spectral surveys
allow us to conduct studies of large numbers of lines of
different molecules. Unfortunately, they are not uniformly
mixed with the gas so additional efforts are required to
make them a reliable diagnostic tool. That is where theoret-
ical astrochemistry, building chemical evolution models,
which connect chemical composition and characteristics
of the source, comes into play.

In order to apply theoretical models to observations
quantities for comparison are needed, identical for both the-
oretical studies and observations. Most often column den-
sity is used, as it is the direct output of the theoretical model
and can be computed for a large number of molecules. But
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deriving column densities from observations requires cer-
tain assumptions that may seriously compromise accuracy
in some cases. The better approach is to directly compare
line intensities of the real spectrum with the synthetic ones.
Line intensities can be obtained from observations directly
and are derived from chemical models by radiative trans-
fer calculations. The most significant shortcoming of that
approach is that it is limited by available molecular data
(term energies, statistical weights, etc.).

The package PRESTALINE presented here is able to pro-
vide the comparison in terms of both intensities and column
densities. The ability of PRESTALINE to create synthetic
spectra allows for a more direct comparison of theoreti-
cal models with observations. This way, the simplifications
needed to calculate the column densities from observations
are avoided. The goal of this project is to set up a consis-
tent framework which would allow evaluating different
models of star forming regions. Yet another possible appli-
cation of this tool would be to create an atlas of spectra for
a grid of objects with given parameters, to facilitate estimat-
ing specifics of studied objects. PRESTALINE does not only
model synthetic spectra, but allows analysing the observed
ones. As a separate branch of tools, PRESTALINE is able to
estimate the mean temperature of the object out of spectral
lines and to use this information to determine approximate
distributions of the species in the object.
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2 Package description

The basic PRESTALINE package consists out of 3 main com-
ponents. The first part is PRESTA, a chemical evolution
code. The second component uses RADEX, a radiative trans-
fer code, to simulate the flux of the modelled cloud. In the
visualisation part, the code creates a synthetic spectrum,
which is confronted with the observed spectrum. Additional
tools devoted to estimations of physical and chemical pa-
rameters of an obtained spectrum are discussed in section
4.

2.1 PRESTA

Calculations of the chemical evolution are performed with
PRESTA, a multi-point model of the chemical evolution of
prestellar and protostellar objects, which is being devel-
oped at the Institute of Astronomy of the Russian Academy
of Sciences (Kochina et al. 2013). Its current version enables
modeling of the collapse of a spherically symmetric core,
irradiated by both diffuse external radiation and a central
source (protostar) with specified parameters. The studied
region is divided into concentric cells, and in each cell the
dust temperature, gas temperature, density, and extinction
for external and internal radiation are specified. The distri-
butions of the temperature, density, and radiation field in a
spherically symmetric approximation, are calculated using
the radiative transfer model or set by hand. The physical
parameters are taken from literature for the studied region
or specified from some other considerations. The possibility
to take into account the warming up phase and evolution
of the density structure are present in the model as well
(Kochina & Wiebe 2015).

The model takes into account cosmic-ray reactions,
two-body reactions, photoreactions (including cosmic-ray
induced photoreactions), dissociative recombination reac-
tions with electrons and charged and neutral dust grains
and reactions with the dust particles and surface chemistry.
Chemical equations are integrated in each cell up to a spec-
ified age. PRESTA works with different initial elemental
chemical composition sets for both low and high metallici-
ties (Kochina & Wiebe 2017). The rates of gas-phase reaction
can be calculated using either the UMIST database or the
chemical network from the work by Albertsson et al. (2014)
to include deuterated species.

The model may contain several dust populations. This
is implemented technically by creating analogs of the sur-
face components for each dust population. Surface reac-
tions on grains, accretion of gas-phase components onto
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grains, photodesorption, thermal desorption, and cosmic-
ray induced desorption were all taken into account. The
rates of surface reactions, as well as the accretion and des-
orption rates, were calculated separately for each dust pop-
ulation at each point of the cloud, taking into account the
grain temperatures and mass fractions. The temperatures
of the dust populations are computed using a radiative-
transfer model taking into account stochastic heating of
grains with various sizes and chemical compositions by the
external and internal radiation fields (Pavlyuchenkov et al.
2014).

In order to understand the chemical pathways and de-
termine the main factors influencing the chemical evolu-
tion, an analysing tool for chemical rates is used (Kochina
& Wiebe 2014). The analyser uses the network of reactions
and current abundances of species to determine the most
productive and destructive reactions for selected species
for any required moment in time and distance from the cen-
tre of the cloud. This way it provides sufficient information
for the understanding of the main factors influencing the
chemical evolution of the object. On the output, PRESTA
provides information on both relative abundances and col-
umn densities of every species for any moment.

As a part of the PRESTALINE package, PRESTA creates
files containing all the information needed by RADEX for
further calculations. These include kinetic temperature (the
average for the region), density of collision partners (cur-
rently only H, is considered), molecular column density
of the considered species. Being a one-dimensional model
and taking into account density and temperature distri-
bution, it is more accurate to divide the object into three
parts with different average physical parameters (density
and temperature) and provide three different input files for
RADEX to be calculated separately. These are the inner re-
gion (hot and dense), the medium region (much cooler and
dense) and the outer region (cold and less dense). Informa-
tion on averaged temperatures, densities of the collision
partner and column densities of the species of interest for
the regions are provided as separate RADEX input files for
the same output moment in PRESTA. As PRESTA does not
distinguishes ortho- and para- modifications of species, the
RADEX input of the column densities is manually divided
and considered to be 75% for para- and 25% for ortho-.

2.2 RADEX

The column densities provided by PRESTA are passed on
to the radiative transfer code RADEX, developed by van der
Tak et al. (2007). Level populations are calculated through
statistical equilibrium, which holds up in the low den-
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sity conditions of molecular clouds. Statistical equilibrium,
however, relies on the knowledge of collisional data. Cur-
rently PRESTALINE uses 50 species, including some iso-
topologues, from the LAMDA database (van der Tak et al.
2020). The selection of collisional data can strongly in-
fluence the final result of the simulation. Section 3 will
look at impact of including hyperfine structure in the col-
lisional data. For each of the species the intensities and
optical depths of their transitions are calculated. The tem-
perature of background radiation is taken to be the cosmic
microwave background radiation, and the line width is as-
sumed to be 0.1 km/s. The results are passed to the third
part of the code.

2.3 Visualisation

The visualisation module of PRESTALINE combines all ra-
diative transfer data created by RADEX into a single syn-
thetic spectrum. As mentioned before, PRESTA produces a
three layered model of the cloud. This accounts for varia-
tions of physical parameters and the fact that an outer layer
can obscure a deeper layer. These layers are combined by
comparing each transition to the optical depth of more out-
ward layers. If in a specific wavelength range the optical
depth is too large, the lower layers do not contribute to the
emergent spectrum.

The selected line is then modelled by a Gaussian, as
Doppler broadening is assumed to be the primary form of
line broadening. The integrated intensity of this line cor-
responds to the flux calculated by RADEX. To ensure that
each line is rendered properly, PRESTALINE models a sec-
tion around the central frequency based on the line width.
These sections are then combined to form a full spectrum.
At frequencies where lines overlap, their flux is combined
to handle any line blending.

The combined spectrum is saved as a text file to easily
create and manipulate graphical representations. Addition-
ally PRESTALINE keeps track of each line and the corre-
sponding levels, which allows for easy identification of the
different spectrum sections.

In order to visually assess the quality of the modelled
spectrum, PRESTALINE calculates an upper and lower
boundary. The upper boundary is represented by multi-
plying the column densities by 5 and the lower boundary
is obtained by dividing the column densities by 5.

The quality of a model compared to an observation,
needs to be quantified in order to select the best model. To
this end, PRESTALINE calculates the mean absolute error
(MAE) between the model and the observation. The mod-
elled spectrum is made in such a way that a resolution is
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high around lines, but there are no points in the rest of the
spectrum. This allows the error to focus only on the mod-
elled lines and does not add any penalty for areas for which
no molecular data files are available.

3 DR21(OH): modelling the
synthetic spectrum

As a test object to which PRESTALINE is applied DR21(OH)
was chosen. DR21(OH) is the region of massive star forma-
tion located in a giant molecular cloud in the Cygnus-X
complex at a distance of ~2 kpc from the Sun. Evidence
of active star formation in DR21(OH)M is provided by the
existence of powerful OH, H, 0, and CH30H masers (Norris
et al. 1982; Genzel & Downes 1977; Batrla & Menten 1988,
see). The absence of compact HII regions indicates that
the stages of evolution of the protostars in the region are
very early. PRESTA has already been used to model the
object successfully in Kochina et al. (2013), which deter-
mined the choice. The spectrum (Kalenskii & Johansson
2010) of DR21(OH) was kindly provided by Sergei Kalenskii.
Same physical structure as in Kochina et al. (2013), but an
upgraded chemical network, were applied for modelling.

The synthetic spectrum covers a frequency range from
83 GHz to 116 GHz. Due to this large range, a single figure
would be illegible. A first section of interest to focus on is
line blending. Figure 1 shows how overlapping lines are
combined into a smooth spectrum.
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Figure 1. Example of multiple lines blending together.

A particular case of line blending is represented by tran-
sitions with hyperfine splitting. This effect can be taken into
account if the corresponding collisional data are available.
An example of such a line is the HC5N transition at 109.17
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Figure 2. Example of a transition without hyperfine structure.
Note: at this scale the upper and lower limit coincide with the
synthetic spectrum.
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Figure 3. Example of a transition with hyperfine structure.
Note: due to the large column density of the upper limit, the line
becomes optically thick, blocking its own signal.

GHz. Figure 2 shows this line when the hyperfine structure
is not present. Modelling the same transition taking into
account the hyperfine structure, results in Figure 3. Even
though the individual transitions are not resolved, it is clear
that the blended line fits the observed spectrum much bet-
ter.

4 Parameter estimator

Star forming regions come in a wide variety of evolutional
stages, each with their own set of physical parameters. For
this reason, in addition to creating synthetic spectra, PRE-
STALINE includes tools to estimate parameters from an
observed spectrum. These tools can be used on their own to
analyse observations or in combination with the package
described in section 2. In the latter case, estimating the pa-
rameters of a real object can reduce the number of possible
input parameters, when trying to recreate the spectrum.
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4.1 Temperature

The first parameter is the temperature of the molecular
cloud. The rotation temperature can be derived using a
rotation diagram, which is described in detail in Kalenskii
& Johansson (2010). This method makes use of optically
thin lines, to relate the intensity of a transition to its energy
through following relation (equation 3 from Kalenskii &
Johansson (2010)):

Nul _ 3kW
log (gT) = log <8ﬂ3V05}4231gk> M

=log (%Ot) ~log (e (k];':m)) )

In this equation, the terms related to the transition intensity
are represented by the right side of equation 1. Here k is the
Boltzmann constant, v, the central frequency, S the line
strength, u the permanent dipole moment of the molecule
and gy and gy, the spin and K degeneracy, respectively. The
term W is the integrated intensity of the line, which can be
derived from observations. Equation 2 is a linear function
where the intercept is defined by the ratio of the column
density N, and the rotational partition function Qyo. The
upper energy level of each transition is given by E,. Once
this energy is divided by the Boltzmann constant, we can
determine the slope described by these points, which is
related to the inverse of the temperature.

In order to use this method, a molecule needs several
spectral lines close to each other. Due to the assumptions
of the equations, these lines also need to be optically thin
and have a high enough excitation temperature. For this
purpose, PRESTALINE uses CH3;CCH and CH3CN. Section 5
takes a closer look at the application of the method to an
observation.

4.2 Column density

The second parameter we can estimate is the column den-
sity. This process shares many similarities with the second
and third subsections described in section 2. Transitions are
calculated for a list of included species. For this, RADEX
will need a temperature, a column density and the den-
sity of the collision partner, here taken to be H;. These
parameters can vary strongly between the core regions of
the molecular cloud compared to the outer regions. Just
as the model created by PRESTA, the column density es-
timator also uses a 3 layer model. The inner region uses
the upper limit of the temperature range estimated at the
previous step (see previous subsection), a middle region
uses the average temperature and finally an outer layer is
modeled with the lower limit of the temperature estimate.
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To find the best set of column densities, we perform
a random search over the full range of column densities
which RADEX can handle (10° - 10%°> cm™2). A random
search is used rather than a gird search due to the high
number of combinations a 3 dimensional parameters space
brings along. Bergstra & Bengio (2012) showed that random
search preforms at least as good as a grid search, whilst in-
creasing efficiency by not giving each dimension the same
importance. For each combination the Mean Absolute Error
(MAE) is calculated. We opt for the MAE rather than the
Mean Squared Error (MSE), in order to give both weak and
strong lines similar weights as the MSE is much more sen-
sitive to outliers. The smallest error is considered the best
fit for this molecule. This processes is repeated for each
species in the spectrum.

5 DR21(OH): parameters estimated

The first step is to determine the temperature for the ob-
served spectrum. For this we used the rotation diagrams
of CH3CCH and CH3CN. Figure 4 shows the diagram for
CH;3CCH, from which a temperature of 34 + 12K is derived.
The rotation diagram of CH3CN is shown in Figure 5. The
lines of this molecule result in a temperature of 51 + 9K.
These values coincide with those derived in Kalenskii &
Johansson (2010).

With a temperature set, the next step is to determine
the column densities of the various species. Table 1 sum-
marises the column densities for the species found in the
spectrum. To compare the obtained values with the ones
determined by the observers themselves, the column den-
sities estimated via LTE approach in Kalenskii & Johansson
(2010) are also presented. In this work, these values have
been rounded to an order of magnitude to present conserva-
tive results during the testing phase of the tool. The planned
addition of a more advanced optimisation algorithm will
allow for more detailed results. However, current results
are already promising as seen in Figures 6 and 7.

The use of a 3 layered model of the cloud, results in
significantly better fits to observations. Figure 6 shows how
a 1 layer model is fitted to an observed spectrum with a
column density of 101> cm™2. Figure 7 shows the same lines,
but fitted using a 3 layered model, each with a column
density of 10 cm™2. It is immediately clear that the latter
isamuch closer fit. The difference lies especially in the ratio
between the lines. Where a single layer is limited to form
all lines from a single temperature and column density, the
3 layered model has greater freedom to vary the intensity
of lines individually. This effect is illustrated in Figure 8.
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Figure 4. The rotation diagram of CH3CCH. Each point represents an
energy transition. The derived temperature is 34 + 12K.
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Figure 5. The rotation diagram of CH3CN. Each point represents an
energy transition. The derived temperature is 51 + 9K.
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Figure 6. Fitting of CN lines with a single layered model.
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Here we can see how the lowest temperature puts greater
emphasis on the left most transition, whereas the highest
temperature results in a stronger second transition.

An additional note must be made about CO, which is
determined to have column densities of 1017 cm™2, 10©
cm~2 and 10%° cm 2. The modelled line fits the observation
very poorly, as can be seen in Figure 9. The strong intensity
and width of this transition are caused by outflows (Zapata
et al. 2011). This type effect falls outside of the scope of
PRESTALINE, so in order to determine the column density
of CO properly, a different approach is needed. As no other
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Figure 7. Fitting of CN lines with a 3 layered model.
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transitions of CO fall within the observed spectrum, the
best alternative would be to look at isotopologues.
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Figure 9. Fitting a modelled line to the CO transition at 115.27 GHz.

Table 1. Overview of the estimated column densities for some
species in the outer, middle and inner layer at 22K, 34K and 46K
respectively. All column densities are in cm™2

element outer middle inner K)
A-CH30H 3E+13 4E+11 7E+14 8E+13
CH 7E+14 7E+14 1E+22 3E+15
CF* 5E+05 1E+05 7E+12 9E+12
CH 3E+17 1E+05 2E+06 N/D
CHsCN 3E+13 5E+05 4E+07 N/D
CN 3E+13 2E+12 7E+14 5E+14
co 1E+16 6E+16 1E+20 3E+16"
cs 1E+14 7E+14 1E+22 4E+14
E-CH50H 2E+21 7E+14 1E+14 N/D
HCN 1E+14 1E+14 3E+17 2E+14
HCO* 1E+14 3E+13 1E+24 1E+14
HCS* 7E+12 2E+12 4E+09 1E+14
HNC 1E+14 1E+14 1E+18 2E+14
HNCO 3E+13 5E+05 5E+05 3E+14
NoH* 7E+14 3E+13 3E+19 9E+13
0cCs 3E+13 2E+12 3E+13 2E+14
SO 1E+14 1E+14 7E+14 7E+13*
S0, 2E+12 3E+13 9E+08 N/D
SiCy 1E+05 5E+05 4E+11 N/D
Sio 4E+11 2E+12 1E+16 2E+13

KJ - column densities determined in Kalenskii & Johansson (2010)
N/D — no data in Kalenskii & Johansson (2010)
* - determined for 120 isotopologues.
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6 Conclusions

We present a new tool to simulate and analyse molecular
spectra of star forming objects. The package PRESTALINE,
based on PRESTA astrochemical model and RADEX radia-
tive transfer code, is a multipurpose instrument that is able
to solve a wide range of scientific tasks. In this paper, it has
been applied to a well-known object DR21(0OH). It is shown
that properties of the object derived with PRESTALINE are
consistent with previous studies. The package PRESTALINE
may also become an indispensable tool for connecting ob-
servational results to laboratory studies.
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