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PDFchem: Fast simulations of the chemical ISM using probability distributions
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Abstract. We present PDFchem, a new numerical method able to compute the

photodissociation region (PDR) chemistry of large-scale inhomogeneous ISM
regions using probability distributions of physical parameters as an input. We
distinguish between two visual extinctions, namely the ‘e↵ective’ (AV,e↵ ) referring to the local extinction and the ‘observed’ (AV,obs ) referring to the extinction
taken from observations. Using 1,200 pre-calculated PDR simulations, we apply PDFchem to two hypothetical AV,obs −PDFs, representing a di↵use region
and a Giant Molecular Cloud. PDFchem is fast and can replace the computationally expensive hydrodynamical models in understanding the chemistry
of the ISM in di↵erent environments, including at low metallicities and high
cosmic-ray ionization rates.

1 Introduction
To understand the evolution of the cosmic star-formation process, we need to know the corresponding molecular mass content of the interstellar medium (ISM) [15]. One of the key issues
is to determine the distribution of species of large-scale inhomogeneous ISM objects, including galaxies. Classical studies using photodissociation region chemistry (PDR; [10, 16]),
approach these systems with one-dimensional slabs of some uniform density. However, the
ISM is very complex with varying densities and temperatures and, thus, far from a simple onedimensional slab. To include the observed ISM complexity in simulations, the community
has developed advanced astrophysical and cosmological codes which couple the magnetohydrodynamical ISM evolution with PDR chemistry. Although this is a significant advancement, the downside is that it is computationally very expensive and takes a prohibitively long
time to use such codes to study the ISM in a variety of environmental combinations (e.g.
cosmic-ray ionization rates, FUV intensities, metallicities).
On the other hand, a complex ISM structure can often be represented by a characteristic column-density distribution, the so-called N-PDF or AV −PDF [1, 12, 14] if we refer to
the visual extinction. This provides an opportunity to use these distributions to mimic the
ISM complex structure and calculate their corresponding chemistry with much simpler PDR
models. Towards this, a new approach has been presented recently by [5]. Here, we extend this approach by introducing two new important features: i) by reducing the grid of
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Figure 1. Top row: schematic showing the e↵ective (AV,e↵ , left cloud) and the observed (AV,obs , right
cloud) visual extinctions. Bottom row: the AV,e↵ − nH (left panel), the variable density slab (middle
panel) and AV,e↵ − AV,obs relations (right panel). In the latter, the y = x function is additionally plotted
to guide the eye. This function is to represent the classical approach of AV,obs ⌘ AV,e↵ .

one-dimensional uniform density slabs with only one variable density slab that represents a
known connection between the local AV and the local number density, and ii) by including
radiative transfer calculations to compute the line emission of the most important coolants
for any inputted AV −PDF under di↵erent combinations of ISM environmental parameters.

2 Numerical method and results
We distinguish between two visual extinctions: the ‘e↵ective’ AV (denoted as AV,e↵ ), which
represents the local visual extinction and it is the average of all AV emanated from a computational cell of density nH (see [9, 13]), and the ‘observed’ AV (denoted as AV,obs ), which
represents the visual extinction along the line-of-sight of an observer. The top row of Fig. 1
shows a schematic of how AV,e↵ and AV,obs are defined. The bottom left panel shows the
correlation of AV,e↵ − nH , which connects the local density with a most probable local visual
extinction used for solving for the PDR chemistry (see [5, 11] for more details). From this
relation, the variable density slab is constructed, which is shown in the bottom middle panel.
The bottom right panel shows the AV,e↵ − AV,obs relation. In the classical PDR approach, there
is no distinction between AV,e↵ and AV,obs . Instead they are assumed to be equivalent. This
case is shown in dotted lines (y = x function) in the latter panel and it deviates significantly
from the presented AV,e↵ − AV,obs relation [7]. It, therefore, alerts that more special care must
be taken when using observed column densities to perform PDR calculations.
The publicly available code 3d-pdr1 [2, 5], which treats the chemistry of PDRs in oneand three-dimensional clouds of arbitrary density distribution, has been used to construct a
grid of 1,200 PDR simulations. For this grid, the variable density slab has been embedded
in di↵erent combinations of ISM environmental parameters. In particular, we considered
a cosmic-ray ionization rate in the range of ⇣CR = 10−17 − 10−14 s−1 , an FUV intensity of
χ/χ0 = 0.1 − 103 normalized to the spectral shape of [8], and a metallicity of Z = 1 Z� .
1 https://uclchem.github.io/3dpdr/
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Figure 2. Comparison between the PDR calculations from the 3D hydrodynamical post-processed
distribution. Left panel shows the carbon cycle (Cii, Ci and CO). The shadowed regions correspond to
the 3D hydro calculations whereas solid lines show the corresponding results using the variable density
slab. The middle panel shows the comparison between the 3D hydro (dashed) and PDFchem (solid) for
the atomic carbon line ratio. The agreement is remarkable in all cases. The right panel shows the cloud
used for the 3D hydro models (see [6] for further details on the 3D models).

PDFchem performs calculations in the following way: a) the user inputs the AV,obs −PDF,
b) each of the AV,obs is connected with a most probable nH following the AV,obs − AV,e↵ and
AV,e↵ −nH relations of Fig. 1, c) using the density distribution resulting from the AV,e↵ −nH relation, each nH is in turn connected to an e↵ective position, r, up to which the column density
of species and the radiative transfer calculations are evaluated for the requested combinations
of ISM environmental parameters, d) steps (b)–(c) are repeated for every AV,obs followed by
a weighted-average summation expressed in Eqn. (6) of [5].
Figure 2 benchmarks PDFchem against a 3D hydrodynamical post-processed simulation
(see [6]), the density distribution of which is shown on the right panel. The left panel demonstrates the validity of using the variable density slab to replace the 3D-hydro PDR models.
The middle panel shows the resultant ratio of atomic carbon lines for the 3D hydro model
(dashed) and PDFchem (solid) as a function of ⇣CR . For the PDFchem, the AV,obs −PDF relation of the 3D-hydro cloud was used (not shown). The agreement is remarkable in all cases.
Figure 3 shows preliminary results for two hypothetical distributions. The first is to represent a di↵use ISM region with AV,obs = 1.0 mag and a width of σ = 0.5 (top row). The
second is a Giant Molecular Cloud with AV,obs = 9.0 mag and σ = 0.8 (bottom row; see
Eqns.(2–5) of [5]). First and second columns show how the Hi/2H2 average abundance and
the CO(1-0)/[Ci](1-0) antenna temperature ratios, change for any ⇣CR − χ/χ0 combinations at
Z = 1 Z , respectively. The black solid line marks the Hi/2H2 =1 ratio. The di↵use medium
remains molecular only for χ/χ0 . 1 and ⇣CR . 10−16 s−1 . For these conditions, it is in general brighter in CO(1-0) than in [Ci](1-0). On the other hand, the GMC remains molecular
even for the highest values of ⇣CR and FUV intensities considered. It is brighter in CO(1-0)
for ⇣CR . 10−16 s−1 , however it becomes brighter in [Ci](1-0) as ⇣CR increases. This e↵ect of
cosmic-ray induced destruction of CO has been studied by [3, 4, 6] and it makes the [Ci](1-0)
line an excellent alternative H2 gas tracer particularly in systems permeated by high ⇣CR .

3 Conclusions
We present PDFchem, a new and fast method for determining the atomic and molecular mass
contents of large-scale inhomogeneous clouds characterized by AV,obs −PDFs. We distinguish
between the e↵ective (local) and the observed AV and demonstrate that for more accurate
PDR comparison with observations, a non-equivalent relationship between these two must be
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Figure 3. Top row corresponds to a hypothetical di↵use region and bottom row to a Giant Molecular
Cloud. Their AV,obs −PDFs are shown in the right column. The left column shows the PDF-averaged
Hi/2H2 abundance ratio. The black solid line marks the condition Hi/2H2 =1. Underneath of it, the
distribution remains molecular. The middle column shows the antenna ratio of CO(1-0)/[Ci](1-0). The
white solid line shows the condition in which this ratio is equal to one. All contours are in log-space.

considered. Our simple 1D PDR models can reproduce the abundances and line emission results of complicated 3D hydro simulations, thus o↵ering a much quicker alternative approach
to study PDRs of complex systems. Our statistical method presented in [5] and expanded in
this work can be used to estimate the PDR properties of large-scale ISM regions.
TGB acknowledges support from DFG grant No. 424563772. CYH acknowledges support from the DFG via German-Israel Project Cooperation grant STE1869/2-1 GE625/17-1.
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