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ABSTRACT

Context. The Central Molecular Zone (CMZ) of the Milky Way exhibits extreme conditions, including high gas densities, elevated
temperatures, enhanced cosmic-ray ionization rates, and large-scale dynamics. This makes it a perfect laboratory for astrochemical
studies. With large-scale molecular surveys revealing increasing chemical and physical complexity in the CMZ, it is essential to
develop robust methods to decode the chemical information embedded in this extreme region.

Aims. A key step to interpreting the molecular richness found in the CMZ is building chemical templates tailored to its diverse condi-
tions. In particular, understanding how CMZ environments affect shock and protostellar chemistry is crucial. The combined impact of
high ionization, elevated temperatures, and dense gas remains insufficiently explored for observable tracers.

Methods. For this study, we utilized UCLCHEM, a gas-grain time-dependent chemical model, to link physical conditions with their
corresponding molecular signatures and identify key tracers of temperature, density, ionization, and shock activity. To achieve this, we
ran a grid of models of shocks and protostellar objects representative of typical CMZ conditions, focusing on 24 species, including
complex organic molecules.

Results. Shocked and protostellar environments show distinct evolutionary timescales (<10* vs. 210* years); 300 K emerges as a
key temperature threshold for chemical differentiation. We find that cosmic-ray ionization and temperature are the main drivers of
chemical trends. HCO*, H,CO, and CH;SH trace ionization, while HCO, HCO*, CH;SH, CH;NCO, and HCOOCHj; show consistent
abundance contrasts between shocks and protostellar regions over similar temperature ranges.

Conclusions. We characterized the behavior of 24 species in protostellar and shock-related environments. While our models under-
predict some complex organics in shocks, they reproduce observed trends for most species, supporting scenarios involving a need for
recurring shocks in Galactic Center clouds and enhanced ionization toward Sgr B2(N2). Future work should assess the role of shock

recurrence and metallicity in shaping chemistry.
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1. Introduction

The Central Molecular Zone (CMZ) encompassing the inner
~500 pc of the Milky Way (Morris & Serabyn 1996) is the
most extreme environment in the Galaxy. It hosts the central
supermassive black hole, Sgr A*, and the highest number of
supernovae per unit volume (Henshaw et al. 2023). The CMZ
also holds up to 10% of the Galaxy’s molecular gas, despite
accounting for only 0.1% of its surface area (Dahmen et al. 1998;
Ferriere et al. 2007; Roman-Duval et al. 2016).

The bulk physical properties found in the CMZ also stand out
compared to typical Galactic environments. The temperatures
of both gas and dust (Tgquss = 20-50 K and T, = 50-100 K;
e.g., Morris et al. 1983; Guesten et al. 1985; Marsh et al. 2016;
Ginsburg et al. 2016; Krieger et al. 2017; Tang et al. 2021), as well
as the average H, volume densities of the dense gas component
(a few 10* cm™3; e.g., Guesten & Henkel 1983; Longmore et al.
2013; Mills et al. 2018; Battersby et al. 2025), are considerably

* Corresponding author: dutkowska@strw.leidenuniv.nl

higher than those observed in the Galactic disk (Tgygt & gas = 10—
30 K and ny, of a few 10> cm™3; e.g., Chen et al. 2016; Friesen
et al. 2017; Spilker et al. 2021). Additionally, the Galactic Cen-
ter is where we observe cosmic-ray ionization rates (CRIRs, ¢)
10-100 times greater (e.g., van der Tak & van Dishoeck 2000;
Le Petit et al. 2016; Oka et al. 2019) than those measured in
the Galactic disk, where its values are usually on the order of
1077 57! (e.g., Indriolo et al. 2015; Padovani et al. 2020, 2022).

The extreme conditions and the proximity make the CMZ
a unique laboratory for studying the interplay between large-
scale dynamics (e.g., cloud-cloud collisions; Tsuboi et al. 2015;
Zeng et al. 2020), star formation (see Henshaw et al. 2023,
for a recent review), and chemistry (Jimenez-Serra 2025, and
references therein) in an environment far from typical Galac-
tic disk conditions. To such an extent, the CMZ is the best
Galactic analog of high-redshift star-forming gas in extra-
galactic nuclei (Kruijssen & Longmore 2013). Its proximity
(~8.2 kpc; GRAVITY Collaboration 2019) allows for high-
resolution studies, enabling detailed investigations of processes
that are unresolved in external galaxies (e.g., Martin et al. 2021).
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In recent years, we have entered an era of large-scale molec-
ular surveys that enable us to map the CMZ with unprece-
dented detail. Observations, such as the Atacama Large Mil-
limeter/submillimeter Array (ALMA) CMZ Exploration Survey
(ACES), can capture the full molecular content of the CMZ
(Longmore et al. 2025). Several case studies achieve deeper
imaging of molecular line emission in selected regions, for
example Sgr B2, Sgr C, G0.253+0.016, and the 20 kms~! cloud
(e.g., Rathborne et al. 2015; Sanchez-Monge et al. 2017; Barnes
et al. 2019; Belloche et al. 2019; Walker et al. 2021; Lu et al.
2021; Moller et al. 2025; Yang et al. 2025; Xu et al. 2025).
These datasets reveal a wealth of information on the physical
and chemical properties of the CMZ and its extreme complexity,
presenting a new challenge: interpreting these data in terms of
the underlying physical conditions and chemical processes.

To fully leverage these rich datasets, it is crucial to deepen
our understanding of the physical and chemical interplay under
the extreme conditions of the CMZ. This requires a robust
framework to connect physical structures with state-of-the-art
chemical models. The chemical aspect plays a central role here as
molecular species serve as key diagnostics of temperature, den-
sity, irradiation, and shock activity (e.g., Herbst & van Dishoeck
2009; Bayet et al. 2011; Jgrgensen et al. 2020).

Over the years, several modeling studies have sought to
address the chemistry of different environments within the
CMZ (Requena-Torres et al. 2006, 2008; Martin et al. 2008;
Goicoechea et al. 2013, 2018; Harada et al. 2015; Garrod et al.
2017; Zeng et al. 2018; Bonfand et al. 2019; Santa-Maria et al.
2021). With this paper, we aim to provide a broad set of chemi-
cal templates specifically tailored to the unique conditions of the
CMZ, which can be applied to a range of environments. These
templates will serve as benchmarks for interpreting observa-
tions from large-scale molecular surveys and help bridge the gap
between observed chemistry and underlying physical conditions.
The data presented in this work is publicly available'. Therefore,
this paper acts as an overview of the results, and focuses on the
key patterns rather than a detailed chemical analysis of specific
molecules.

This paper is organized as follows. Section 2 introduces the
methods used to model the physical and chemical conditions and
the species considered. In Section 3 we present the results, focus-
ing on protostellar objects and regions influenced by shocks.
Subsequently, Section 4 discusses the most effective molecular
tracers of CMZ conditions and compares our findings with pre-
vious studies. Finally, Section 5 summarizes our conclusions and
outlines future directions for extending this work.

2. Methodology

We used UCLCHEM? (Holdship et al. 2017), an open source, time-
dependent, gas-grain chemical code, to determine the chemical
signatures of 24 species (see Table 1) in varying physical condi-
tions. Our species selection is based on the molecules observed
within the ACES survey (Longmore et al. 2025), which covers
six spectral windows in ALMA Band 3 and spans frequencies
from 85.96 to 101.44 GHz. We used the most recent version
(v3.4) of the code together with the most recent version (Rate22)
of the UMIST Database for Astrochemistry (UDfA; Millar et al.
2024). For the purpose of this work, we modeled two types of
physical structures, i.e., protostellar objects and C-type shocks.

I All chemical templates are available at https://doi.org/10.
5281/zenodo. 15674940
2 https://uclchem.github.io/
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Table 1. Molecules considered in this study.

Formula Name
CS Carbon monosulfide
SO Sulfur monoxide
SiO Silicone monoxide
% NS* Thionitrosyl ion
= G5 Thioxoethenylidene
2  HCN Hydrogen cyanide
% HNC Hydrogen isocyanide
% HCO Formyl radical
E Hco? Oxomethylium
2 H,CO Formaldehyde
HNCO Isocyanic acid
HC;N Cyanoacetylene
CH,CO Ketene
CH;CN Acetonitrile
é CH;0H Methanol
8 CH;SH* Methanethiol
g NH,CHO  Formamide
o CH;CCH Propyne
S CH3;CHO  Acetaldehyde
%0 CH3NCO*  Methyl isocyanate
§ HCOOCH; Methyl formate
E‘ C,H5CN* Propanenitrile
8 C,H5;OH* Ethanol
CH;0CH;  Dimethyl ether

Notes. *Species added to the network specifically for the purpose of
this study, as they are not a part of the default chemical network. For
details, we refer to Sects. 2.3.1 and 2.3.2.

In the case of protostellar objects, we designed them to resem-
ble cores found in Galactic Center clouds, for example the
Sgr B2 cores (e.g., Schmiedeke et al. 2016; Schworer et al. 2019),
while modeled C-type shocks were heavily influenced by the
large-scale processes observed throughout the CMZ, for example
shocks induced by cloud-cloud collisions (e.g., G+0.693-0.027;
Zeng et al. 2018, 2020; Colzi et al. 2024; Jimenez-Serra 2025).
As such, the models are relevant to star formation and large-scale
structures observed in both the CMZ and extragalactic regime
(e.g., Martin et al. 2021; Henshaw et al. 2023, and references
therein).

2.1. Modeling gas-grain chemistry

By being time-dependent and accounting for three phases —
gas, surface, and bulk — UCLCHEM provides a detailed under-
standing of the chemical evolution of selected species and their
behavior in response to different physical models and vary-
ing physical parameters. Two of these phases correspond to
dust grains, which are known to play a crucial role in inter-
stellar chemistry by acting as catalysts in the astrophysical
sense, for example enabling otherwise slow gas-phase reactions
(van Dishoeck 2014; Cuppen et al. 2017).

The outermost layer of dust grains is referred to as the sur-
face, where species can adsorb from or desorb into the gas phase.
The layer beneath the surface is called the bulk. Together, these
layers form the grain’s ice composition. Species from the bulk
can diffuse to the surface and may either be released into the
gas phase or destroyed in fast shocks. Reactions on the surface


https://doi.org/10.5281/zenodo.15674940
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Table 2. Parameter space covered with UCLCHEM models.

Parameter Unit Values

Notes

ny, final” cm™ 104,103,106, 107, 108
15,20, 25,30, 35 .

Tinit (gas, dust) K

NH, init = 102cm™3

Stage I: /40 - 10',10%,10%,10* fo=131x10"17s"!
Collapse G0 Habing 10!, 102,103, 10*
V., start mag 2
X(Si)® - 1.78 x 1078,1.78 x 1076" X(Si)e (Jenkins 2009)
Ria pe 0.5
(a) -3 6 7 8
Stage 2: nGH f-lmb' }83’ 134’ 10
Protostellar 0 abmng ’
Objects ~ Tfmi(gas.dusy K 100, 150, 200, 250, 300, 350, 400, 450, 500
M M, 10, 25
ny, pre—shock(a) cm™3 104, 105, 100
Stage2: G, Habing 10', 102, 10%, 10*
Shocks kms™'  10,15,20,25,30,35,40
By e 140, 450, 1400 By = bmy Jin

Notes. @Proton density, ny, is defined as n(H) + 2n(H,). ®The models of protostellar objects utilize collapse models with depleted Si abundance
with respect to the Solar abundance (e.g., Savage & Sembach 1996), while the shock models rely on those with the standard value of 1.78 x 1076
(Jenkins 2009). ©'For consistency across models, we adopted a single radius. However, to evaluate the full impact of Ry, on the chemistry of
protostellar objects, we conducted an additional test with Rg,, = 0.05 pc (see Sect. 2.2.3). The results of this test suggest that our protostellar object
models are also applicable to smaller objects, with R > 0.05 pc. Y Values of B, were not varied, as they depend on pre-shock densities. This work
adopts bmy of 1.4 (Jiménez-Serra et al. 2008). The dagger signify the standard value and it’s origin.

include grain-surface diffusion, chemical reactive desorption,
and reaction-diffusion competition. The implementation of these
grain-surface mechanisms was thoroughly described in Quénard
et al. (2018).

The modeling process with UCLCHEM typically consists of
two stages. In the first stage, the model follows the isothermal
collapse of a diffuse cloud until it reaches a predefined density.
The final chemical composition of this stage is then passed on to
the second-stage models. In the second stage, the model follows
more advanced physical structures, which currently include pro-
tostellar objects (Viti et al. 2004; Awad et al. 2010) and shocks
(Jiménez-Serra et al. 2008; James et al. 2020).

The default chemical network in UCLCHEM includes 249 gas
and grain surface species, with the degree of chemical complex-
ity reaching eight constituent atoms. However, not all the species
required by this study are a part of this default network. Thus,
we expanded it by adding additional 65 gas-phase and grain
surface species, along with grain surface reactions, increasing
the overall complexity to up to ten constituents. The origin of
each added species and reaction is detailed in Sects. 2.3.1 and
2.3.2. Our extended network was then used to model 11 complex
organic molecules (COMs), i.e., molecules consisting of at least
six atoms and containing carbon (Herbst & van Dishoeck 2009),
as well as 13 smaller species composed of two to five atoms.
The choice of these selected modeled species was motivated by
the observations carried out with the ACES survey, and as such
we tried to address as many observable molecules as possible
within its covered frequency range, which in total covers 85.96 to
101.44 GHz. The complete list of these molecules can be found in
Table 1.

2.2. Grid of physical parameters

We examined a diverse range of physical parameters in our study
to match the possible environments in both the CMZ and exter-
nal galaxies. We concentrated on the most fundamental physical

parameters that can shape chemistry, such as density, tempera-
ture, CRIR, and UV irradiation. However, while CRIR and UV
irradiation are varied as input parameters, UCLCHEM does not
self-consistently model the associated heating and cooling, but
instead adopts parameterized temperature profiles.

For protostellar objects, we focused on modeling cores with
a radius of 0.5 pc and with final temperatures ranging from
100 K to 500 K. In the case of C-shocks, we explored low to
moderate shock velocities spanning from 10-40km s~ (Martin-
Pintado et al. 1997; Zeng et al. 2018, 2020) in a medium with a
strong magnetic field. The transverse magnetic field strength, By,

. B . .
is defined as —g} = bmyg +/ny, where bmy is a magnetic parameter

(Draine et al. 1983). Following Jiménez-Serra et al. (2008), we
adopted a value of 1.4 for bmy to ensure that the resulting mag-
netic field was strong enough for the C-type shocks to emerge.
We provide a detailed overview of the full parameter space in
Table 2. Below, we detail the setup of each modeled structure.

2.2.1. Stage 1 — collapsing cloud

All models began with a diffuse cloud with a number density of
102 cm™3. At the start, the abundance of all species, except for
atomic elements, was set to zero, while elemental abundances
followed their solar values (Asplund et al. 2009; Jenkins 2009),
with the exception of Si, which was varied by a factor of 100 to
account for its observed depletion in star-forming regions (e.g.,
Savage & Sembach 1996). A cloud of radius 0.5 pc underwent
free-fall collapse (as described in Rawlings et al. 1992), reaching
final densities in the range of 10*~10% cm™3, depending on the
adopted physical structure in subsequent modeling. The cloud
initial visual extinction, Ay pase, Was set to 2 mag (to account for
the fact that we started from a gas density of 10° cm™3); the time
dependent visual extinction rapidly exceeded 10 mag as the cloud
collapsed.

To reflect the elevated gas and dust temperatures charac-
teristic of the CMZ, the starting temperature was set higher
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than typical Galactic disk conditions, ranging from 15-35 K
(e.g., Krieger et al. 2017; Tang et al. 2021). For a further dis-
cussion of this choice, we refer to Sect. 4.4. Furthermore, we
exposed the cloud to varying interstellar UV field strengths
(Gp) and CRIRs. For the CRIR, we adopted values spanning
1.31 x (1071%-10713) s7! (Goto et al. 2013; Le Petit et al. 2016;
Oka et al. 2019), expressed in the models as {/{p, where {j
denotes the canonical Galactic value of 1.31 x 10~'7 s7! typically
used in chemical modeling and found in dense clouds (Caselli
et al. 1998). The G, was varied between 10'-10* Habing® (Lis
et al. 2001; Goicoechea et al. 2004; Clark et al. 2013). The
cloud evolved over 6.5 x 10° yr, which gave the chemistry time
to evolve further after the cloud reached its final density.

2.2.2. Stage 2 — protostellar objects and shocks

Following the chemical composition of the collapsed cloud, we
modeled two physical scenarios to recover the chemistry of the
CMZ. The widespread presence of COMs observed in the CMZ
(e.g., Requena-Torres et al. 2006, 2008; Jones et al. 2011; Zeng
et al. 2018, 2023) is likely associated with a presence of ubiq-
uitous low-velocity shocks (e.g., Hasegawa et al. 1994; Zeng
et al. 2020; Yang et al. 2025) at cloud scales and hot core-like
chemistry (Requena-Torres et al. 2006). Therefore, considering
the typical conditions in some of the most representative regions
within the CMZ, we constructed a grid of protostellar objects
and low-to-mid velocity shocks models.

We selected from the collapse stage the models with a silicon
depletion factor of 100, and then applied a protostellar heating
profile to it. Since this study aims to account for regions like the
massive star-forming complex Sgr B2(N), where cores of vary-
ing masses have been observed (e.g., Sdnchez-Monge et al. 2017,
Bonfand et al. 2019), we included core mass as a variable. We
modeled two cases: a typical high-mass core of 10 My and a
more massive core of 25 Mg. The warm-up of these protostellar
objects with densities ranging from 10°~108 cm=3, followed the
time and radially dependent temperature profiles given in Viti
et al. (2004) (with modifications by Awad et al. 2010), resem-
bling the heat up of the dust and gas around a hot core. Heated
up to temperatures in the range 100-500 K, the modeled objects
evolved for 1 Myr. They were exposed to the same CRIRs as
their natal clouds, but the UV radiation at this stage was set to
vary between 10°~10* Habing to account for the increased UV
radiation field coming from the central protostar.

Considering the strong magnetic fields in the CMZ (e.g.,
Chuss et al. 2003; Pillai et al. 2015; Butterfield et al. 2024;
Karoly et al. 2025), we modeled C-type shocks propagating in
a medium with By varying between 140-1400 uG for pre-shock
densities in the range of 10*~10% cm™3, respectively. These den-
sities are aligned with densities of the CMZ, which are often
orders of magnitude higher than those in the Galactic disk (e.g.,
Guesten & Henkel 1983; Mills et al. 2018). Similarly, as for
protostellar objects, the pre-shock gas in the shock models was
subject to the same levels of CRIR, while the impinging UV field
varied in the same range as in the collapsing cloud models. The
shock models were constrained to follow-up on collapse models
with no Si depletion to account for the fact that Si is released
from dust grains into the gas phase by sputtering (Caselli et al.
1997; Jiménez-Serra et al. 2008). C-shocks in this study prop-
agated with low-to-mid velocities in the range of 10-40kms™'

3 The FUV interstellar radiation field is expressed in the Habing unit,
where Gy = 1.6 x 1073 ergs™' cm™2 (Habing 1968).
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(e.g., Requena-Torres et al. 2006, 2008; Martin et al. 2008; Zeng
et al. 2020).

2.2.3. Size of protostellar objects

In our models, we adopted a fixed radius of 0.5 pc for both the
protostellar objects and the clouds in which the shocks propa-
gate. While this may be somewhat larger than typical protostellar
object sizes and appear more consistent with clump scales, our
primary aim is to compare chemical abundances under different
physical scenarios rather than to reproduce detailed spatial struc-
tures. Nevertheless, it is important to assess how the assumption
of a fixed radius impacts the results, particularly for more
compact protostellar objects with a radius of 0.05 pc.

In our models, UV radiation plays only a minor role in shap-
ing the chemical evolution. This is because, at 0.5 pc, in stage 1,
when the cloud collapses as a function of time, the visual extinc-
tion quickly reaches the threshold where UV photons can no
longer penetrate the cloud. At smaller scales, however, extinc-
tion may remain below this threshold for longer, especially at the
highest considered G values.

Any potential differences would primarily arise from the
choice of Gy during the beginning of the collapse stage, which
could have lasting effects on protostellar object models. How-
ever, when we compared models with Rgn, = 0.5 pc to those
with one order of magnitude smaller radius, we did not find any
significant changes in the chemical evolution of species, nor did
it change the level of importance of Gy in our models. This sug-
gests that the influence of Gy on the overall model results is likely
secondary and that the outcomes for the considered parameter
space are not strongly sensitive to variations in radius.

This can be understood by considering the Ay values asso-
ciated with the densities of the protostellar objects. Since higher
density leads to greater extinction, we can focus on the lowest-
density model (ny = 10° cm™3) as a conservative case. For this
model, Ay reaches approximately 98 mag at Rg,, = 0.05 pc, and
~966 mag at Rgna = 0.5 pc. Consequently, even for the highest
assumed Gy, UV photons should be fully attenuated at Ay val-
ues significantly lower than those in our models and are quickly
surpassed in all cases during the collapse. Therefore, assuming
a constant Rgn, does not compromise the applicability of the
results presented here.

2.3. Molecular tracers

Molecules offer a wealth of information about the history and
properties of a given region. Some chemical species are good
tracers of temperatures, for example H,CO (e.g., Schéier et al.
2004), CH3CN (e.g., Giannetti et al. 2017), and CH3CCH (e.g.,
Askne et al. 1984); some are prime shock tracers, for example
SiO (e.g., Martin-Pintado et al. 1992; Lu et al. 2021; Walker
et al. 2021; Yang et al. 2025); and others trace UV irradiation,
for example C,H and CN (Sternberg & Dalgarno 1995; Aalto
et al. 2002). Many of these species are now routinely observed
in the Galactic Center. It is in this region where a true richness
of COMs is being uncovered (Belloche et al. 2013; Jimenez-
Serra 2025), including prebiotic molecules known to be essential
building blocks of life (e.g., Jiménez-Serra et al. 2020, 2022;
Rivilla et al. 2020, 2021, 2022, 2023).

However, our understanding of complex chemistry under
extreme conditions, like those observed in the Galactic Center,
is still limited. This poses big challenges, as we now observe
more of these complex molecules in external galaxies, for exam-
ple in NGC 253 (e.g., Mangum et al. 2019; Martin et al. 2021)
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or PKS 1830-211 (Muller et al. 2011). With this work, we aim
to provide a broad range of chemical templates that can be used
to interpret chemical signatures of extreme environments simi-
lar to the CMZ. Our choice of chemical species is motivated by
the requirements of the most recent large-scale mosaics of the
region, specifically by the avenues opened with the ACES survey
(Longmore et al. 2025).

2.3.1. Species composed of fewer than six atoms

The first group of species we consider, hereafter referred to as
simple molecules, includes those composed of up to five atoms
(see Table 1 for the full list). All selected species are part of the
default UCLCHEM chemical network, except for the carbon-chain
molecule thioxoethenylidene (C,S, also known as CCS).

Thioxoethenylidene (C,S) was first detected in TMC-1 and
Sgr B2 by Saito et al. (1987) and has since been used as a tracer
of dark molecular cloud cores (Suzuki et al. 1992), making it a
valuable probe of high-density environments and cloud evolu-
tionary stages (e.g., Pineda et al. 2020). To model its chemistry,
we utilized gas-phase reactions from Rate22 (Millar et al. 2024)
and included C,S on grains only through freeze-out. This choice
is motivated by existing uncertainties in sulfur chemistry and the
fact that a comprehensive investigation of carbon-chain sulfur-
bearing species is beyond the scope of this work. A more detailed
treatment of C,S, however, would require an expanded sulfur
reaction network to account for potential grain-surface formation
pathways, as suggested by Laas & Caselli (2019).

2.3.2. Complex organic molecules

The complex organic chemistry considered in this work goes
beyond what is typically required in studies using UCLCHEM, and
as such six out of 11 species (see Table 1 for the full list) had to
be added specifically for the purpose of this work.

The five new COMs added in the network — CH3;NCO,
HCOOCH;, C,H5CN, C,HsOH, and CH;0CH;3; — were incor-
porated based on the work of Quénard et al. (2018). The only
fully novel species is methanethiol (methyl mercaptan, CH;SH).
It was first detected in the CMZ, specifically in the same cloud
complex as C,S, i.e., Sgr B2 (Linke et al. 1979) and has since
been observed in warm, dense regions associated with both low-
and high-mass star formation (e.g., Lee et al. 2017; Vastel et al.
2018).

For this study, we adopted the gas-phase chemistry of
CH3SH from Rate22. Additionally, we incorporated CH3;SH
onto grain surfaces following Perrero et al. (2022) and included
several possible grain-surface reactions based on Kerr et al.
(2015), Gorai et al. (2017), and Lamberts (2018). To ensure
completeness, we extended the gas-phase network with selected
reactions from KIDA 2024 (Wakelam et al. 2024), incorporating
the necessary reactants.

3. Results

Each physical process considered in this study operates on
distinct timescales (see Fig. 1). While shocks and protostel-
lar heating represent separate mechanisms primarily responsible
for the desorption of species from icy grain surfaces, there
exists a potential overlap in their effects (e.g., Viti et al. 2001).
Shocks induce sputtering, whereby molecules are ejected from
ice mantles through collisions with neutrals and ions. In contrast,
protostellar heating facilitates molecular release predominantly
via thermal desorption. However, when these processes occur on
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Fig. 1. Stage 2 time-averaged temperature profiles for all models of
shocks and protostellar objects defined in Table 2. Time-averaged refers
to averaging the temperature across all models of a given type at fixed
logarithmic time steps. The solid black line represents the mean cou-
pled gas and dust temperature at each logarithmic time step, while the
shaded regions indicate the 10 confidence interval. Dashed lines mark
the upper and lower temperature limits. Since these profiles are averaged
across all models, multiple shock events appear, though each individual
model experiences only one. The timing of each shock event is dic-
tated by the pre-shock medium density, with higher densities leading
to shorter timescales, while the temperature is primarily determined by
shock velocity. The densities associated with each shock event are anno-
tated, with color-matched rectangular patches at the top of the figure
indicating the full possible timing of those events. In contrast, protostel-
lar heating operates on significantly longer timescales. Once the heating
stage concludes, the temperature stabilizes at a plateau, set by the max-
imum protostellar object temperature. Since more massive cores warm
up faster, influencing the onset of the temperature plateau, we mark with
vertical lines at the top of the figure the earliest plateau onset times: pink
for 10 M,, objects and green for 25 M.

comparable timescales, or when the observed gas-phase abun-
dances suggest contributions from both mechanisms — a scenario
not uncommon in the CMZ (e.g., Busch et al. 2024) — it becomes
essential to examine the temporal evolution of individual species
and assess how their chemistry responds to varying physical
conditions.

To provide a comprehensive overview of general trends and
characterize the behavior of each modeled species, we calcu-
lated the time-averaged chemical evolution for each species.
Time-averaging was introduced to enable a direct comparison
of abundance trends at identical time steps for both shocks and
protostellar objects, as discussed further in Sect. 3.1. Next, we
analyzed the distributions of abundances (relative to H) across
different initial densities, temperatures, cosmic-ray ionization
rates, and representative properties of each object (shock veloci-
ties and protostellar object temperatures). These distributions are
examined in detail in Sect. 3.2. For this study, we focus solely on
the detectable abundance regime of gas-phase species, empiri-
cally defined as >10~'%, and perform all calculations only for
values above this threshold.

Throughout this paper, we adopt the following naming con-
ventions to describe the evolutionary stages in our models. The
term warm-up refers to the stage during which the tempera-
ture of a modeled protostellar object is increasing but has not
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Fig. 2. Time-averaged chemical evolution of the studied species across all second stage models, as defined in Table 2. Line styles and shading
follow those in Fig. 1. Only gas-phase abundances above the detectable threshold (X > 107'#) are considered. Changes in abundance, including
both enhancement and depletion, generally follow the timescales seen in the average temperature profiles (see Fig. 1). In models of protostellar
objects, the species that most frequently dominates over the others is HCN, whereas in shocks CH;OH is the most dominant during the shock

phase, while SiO takes over in the post-shock phase.

yet reached its final value, Tfial(gas,dusy- Once the temperature
reaches Tfinal (gas, dusy)» the object is referred to as a (fully warmed-
up) protostellar object. In this stage, we follow the chemical
evolution over the first 10° years after reaching the final tempera-
ture, consistent with the typical lifetime of a hot core (McKee &
Tan 2003). The term shock refers to the stage in shock models
when T, dusty > Tinit (gas, dust)» thereby including the subsequent
relaxation period during which the medium cools but has not yet
returned to its initial temperature. The post-shock stage begins
once the medium has reached a steady state, i.e., when both tem-
perature and density have stabilized and T'(gas, dusty = Tinit (gas, dust)-
This stage is followed for up to 10° years, in line with the
timescale considered for protostellar objects for a more accu-
rate comparison between the effects of protostellar heating and
shocks. Lastly, when comparing the chemistry associated with
shock models to that in protostellar object models, we refer to
them as the shocked and nonshocked cases, respectively.

3.1. Chemical evolution

Tracking the chemical evolution of species over time reveals
differences in chemical timescales and highlights key points of
differentiation. To ensure consistency across models and avoid
issues arising from non-uniform time-stepping in the UCLCHEM
models, we generated a logarithmically spaced time sequence
for both shocks and protostellar objects. At each generated time
step, we computed the minimum and maximum fractional abun-
dances of each species for each of the objects, along with the
mean fractional abundance over time and the corresponding 1o
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confidence interval (defined as the 15.9 and 84.1 percentiles of
the abundance distribution; see Fig. 2) The evolution of surface
and bulk species is presented in Appendix A.

It is useful to begin by contrasting the key physical condi-
tions in shocks and protostellar objects. Aside from the obvious
density mismatch, shocks with velocities >10 km s~ exhibit
a sharp temperature rise, with peak values exceeding 500 K.
This surpasses the maximum temperatures found in the proto-
stellar objects considered in this study and occurs over a very
short timescale. As a result, all shocks examined here, except
for the lowest velocity case at 10 kms™!, reach significantly
higher temperatures than protostellar sources at some stage of
their evolution. As the temperature rises, it eventually decreases
after reaching a peak. This occurs in the relaxation zone of the
shock, before the gas transitions into the post-shocked stage,
where the temperature returns to its pre-shock value. In contrast,
protostellar objects experience a gradual temperature increase
followed by a plateau once the final value is reached. That said,
there are intervals during the shock evolution where the temper-
ature passes through values comparable to those in protostellar
sources. However, they are relatively short-lived.

Both the average temperature profiles (Fig. 1) and chemical
evolution (Fig. 2) indicate that shock signatures are primarily
associated with timescales <10* years. Additionally, the denser
the medium the shorter the shock timescale, as shown by the
three peaks in the shock temperature in Fig. 1. The velocity of
the shock determines the maximum temperature, with higher
velocities producing greater temperature jumps. In our mod-
els, the highest temperature of 3941 K occurs in a 40 kms™!
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shock propagating through a medium with a pre-shock density
of 10%cm™3.

In contrast to the rapid temperature changes in shocks, the
warming of protostellar objects occurs over significantly longer
timescales, typically exceeding 10* years. The core mass plays
a crucial role: a more massive 25 Mg core warms up at least
twice as fast as a lower-mass core at lower temperatures and up
to five times faster in the highest temperature case. Thus, for the
protostellar object defined in Table 2, the timescales for reaching
the final core temperature range from 4.7 X 10* to 4.9 x 10° years
for a 10 M, core and from 2.2 x 10* to 9.9 x 10* years for a
25 Mg, core.

Even though the timing of temperature conditions is cru-
cial for understanding the differences between the two types of
processes, shocks also induce sputtering. This process depends
on the average energy transferred on grains via collisions with
the shocked material. However, it occurs so rapidly that it is
effectively instantaneous, quickly releasing all ices into the gas
phase for the gas densities and shock velocities explored in our
modeling (for details, see Jiménez-Serra et al. 2008).

3.1.1. Evolution in protostellar objects

For most species, the contribution from the protostellar object is
easily distinguishable, as it aligns with the warm-up timescales
and the final temperature plateau (see solid and dashed orange
lines and orange-shaded areas in Fig. 2). In most cases, this
manifests as an increase in fractional abundance at timescales
corresponding to the cores reaching their final temperatures.

However, for certain species, instead of a simple abun-
dance jump, a significant narrowing of the abundance spread
occurs, creating an almost tilted hourglass shape in the abun-
dance evolution. The narrowest point corresponds to the phase
when the cores have just reached their maximum temperature,
followed by a widening of the abundance distribution. Species
exhibiting this behavior include CS, HCN, HNC, H,CO, and
CH;CN. In all cases except for H,CO, the mean abundance
does not decrease after the narrowing. Additionally, two species
— C,HsOH and CH30CHj; — show a steady increase in abun-
dance over time, but instead of stabilizing, their abundances
drop sharply after 10* years. A similar rapid decline beyond
10*~10° years is observed for several other species, includ-
ing C,S, CH3;0H, CH3;SH, NH,CHO, CH;CHO, CH3;NCO,
HCOOCHj3;, and C;HsCN. Among these, the abundances of
CH;0H, CH3SH, and CH3NCO remain relatively stable before
10* years, then rise sharply by several orders of magnitude,
before declining again after 103 years.

Across all the models of protostellar objects, the highest
abundance is recorded for HCO* in a protostellar object with
a density of 10° cm™, a temperature of 450 K, and a mass of
10 Mg, where the natal cloud has a temperature of 35 K. This
occurs in a setup with £ on the order of 10713 s~! and Gy = 10°
Habing during both the collapse and protostellar heating stages.
Notably, the species that most consistently maintain the high-
est abundance in the models of protostellar objects, regardless
of core mass, at the fully warmed-up protostellar object stage is
HCN. This is followed by SO and HCO®. The consistent high
abundance for HCN and HCO™ may indeed be what makes these
two species so consistently abundant in energetic galaxies such
as starbursts and AGN-dominated galaxies (e.g., Izumi et al.
2013, 2016; Butterworth et al. 2022; Nishimura et al. 2024).

However, we point out that the extremely high HCO* abun-
dances reported in this work are also influenced by updates in

Rate22 (Millar et al. 2024) relative to Ratel2 (McElroy et al.
2013). When using the same modeling setup that produces the
highest X(HCO™) in this study, but with Ratel2, the resulting
abundance is nearly three orders of magnitude lower. This may
help to reconcile discrepancies between observations and mod-
els of HCO" (e.g., Viti et al. 2002; Rawlings et al. 2004), where
sustaining high HCO" abundances required invoking extreme
chemistry or periodic chemical cycles. Nevertheless, a detailed
analysis of the chemistry of HCO" is beyond the scope of this
paper and will be addressed in a forthcoming study.

3.1.2. Evolution in shocks

Just as in protostellar objects, we observe an increase in abun-
dance occurring at a characteristic timescale, which in the case
of shocks is <10* years (see solid and dashed gray lines and
gray-shaded areas in Fig. 2). The rise in temperature and density
begins almost immediately, leading to abundance enhancements
within the first years. However, in the post-shock stage, abun-
dances generally decline steadily, as expected. Once the shock
has passed, gas and dust cool back to their initial temperatures,
while the density increases, promoting the freeze-out of species
onto the icy mantles of dust grains.

Only two species — formamide (NH,CHO) and methyl for-
mate (HCOOCH;3) — exhibit relatively minor enhancements in
shock models. This appears to be primarily related to their initial
reservoirs in dust and the gas-phase conditions. The tempera-
ture rise in shocks is more abrupt and short-lived compared to
protostellar heating. Combined with the near-instantaneous sput-
tering of icy mantles, this limits the formation of COMs on
grain surfaces, which can only resume once freeze-out becomes
efficient again. However, efficient freeze-out occurs only in the
post-shock phase, where no significant desorption mechanisms
exist. We discuss these low abundances in Sect. 4.4, where we
further explore the chemical mechanisms at play.

In shock models, the highest recorded abundance also
belongs to HCO™, occurring in a shock propagating at 15 kms™!
through a medium with an initial temperature of 20 K and
density of ny = 10* cm™. At peak abundance, the gas and
dust reached 298 K, with a density of 2.8 x 10* cm™3. This
setup featured a cosmic-ray ionization rate of £ ~ 10713 s7! and
an interstellar radiation field of Gy = 10! Habing, maintained
throughout both the collapse and shock stages.

Again, as in the models of protostellar objects, the species
exhibiting the highest peak abundance at any point in time is not
necessarily the one that maintains the highest abundance consis-
tently. In shocks, methanol (CH3;OH) dominates the abundance
distribution, followed by HCN and SiO. In the post-shock phase,
SiO takes over as the most abundant species, followed by HCN
and HCO™.

3.2. Distribution of fractional abundances

Another way to understand chemical trends and predict the
behavior of each species is by closely examining the distribution
of abundances as a function of varying physical parameters. We
focused on the most influential parameters that drive significant
changes in species behavior and, therefore, excluded the effects
of Gy from subdistributions due to its negligible impact in stage
2 models with high extinction (Ay > 10). Given the multidi-
mensional nature of the data, we structured the distributions into
logically related subgroups. As always, our analysis was based
on the observable part of the models.
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Fig. 3. Box plots of the fractional abundances of each species in the protostellar objects (fully warmed-up phase), as a function of the cosmic-
ray ionization rate (x-axis) and initial temperature of gas and dust (indicated by different colors). The interquartile ranges (IQRs) represent the
middle 50% of the abundance distribution, while the whiskers extend to the minimum and maximum values, covering the full range of the data.
Additionally, the evolution of mean abundances for different object masses is overplotted, with circles denoting the mean values for each mass. If
no distribution is observed at a given £/, it suggests the species remained below the observational threshold throughout.

First, we examined the distributions of abundances as a func-
tion of cosmic-ray ionization rates and initial temperatures of
the medium (Sect. 3.2.1). For models of protostellar objects, we
considered only the fully warmed-up protostellar-object stage
and analyzed variations across different masses (see Fig. 3). In
shock models, we instead examined variations based on sub-
stage, shock and post-shock, since they differ in timescales and
physical conditions (see Fig. 4).

Second, we analyzed the co-dependence of model-specific
properties and medium densities. For protostellar objects, we
focused on three final temperature groups: 100, 300, and 500 K
(Sect. 3.2.2, Fig. 6). For shocks, we explored distributions at
velocities of 10, 20, 30, and 40 kms~' (Sect. 3.2.3, Fig. 5).
As in the previous distributions, we further examined trends
within individual protostellar object masses and across shock
and post-shock substages.

3.2.1. Cosmic rays and initial temperature of the medium

The intensity of the cosmic ray ionization flux can strongly
impact the abundances of the modeled species, to the extent
that some COMs in the models of protostellar objects cannot
withstand certain ionization rates and drop below the detectable
threshold (see Fig. 3). In case of protostellar objects there
are species which appear to favor only lower ionization levels,
i.e., NH,CHO and HCOOCH; are exclusively associated with
regions where £ < 1.31 x 10~'% s7!. Other species can withstand
higher levels of ionization, but CH3;SH, CH3;CHO, CH3NCO,
C,HsCN, C,H50H, and CH3OCH; will eventually fall below
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the detectability threshold in all protostellar object models once
 reaches 1.31 x 10713 571,

In shock models, the behavior is more complex (see Fig. 4),
with detectability strongly depending on both temperature and
evolutionary stage. However, it is worth noting that there is no
species which will be completely below the detectability thresh-
old at any considered ionization rate. While all the simpler
species will remain detectable no matter the temperature or the
stage, the differences emerge among COMs.

Broadly, two main trends emerge when we consider the
temperature effects. Firstly, the enhancement of CH3SH and
C,H5CN is most apparent at temperatures <30 K. Secondly,
NH,CHO, HCOOCHj3;, and CH3;0OCHj5 show a similar behavior,
with their strongest enhancement occurring up to <25 K, with
the exception of the 15 K pre-shocked medium at the highest
ionization level, at which point they become undetectable. For
the remaining species, the temperature effects are closely linked
to the evolutionary stage, i.e., whether the gas is in a shocked or
post-shocked stage.

This dependence on evolutionary stage is well reflected in the
detectability of certain species. A notable example is C;HsOH,
which appears detectable across all stages; however, at the high-
est £ it remains detectable in both shock and post-shock only if
T =20-30 K. Moreover, for = 1.31 x (10714=1071%) 571, if the
initial temperature is 35 K, significant enhancement occurs only
during the shock phase.

Meanwhile, NH,CHO, HCOOCH3;, and CH3OCHj3 reach
detectable levels only in the shock phase at the highest ion-
ization level, provided that the temperature is 7 = 20-25 K.
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Fig. 6. As in Fig. 4, but with the mean abundance evolution as a function of shock velocity and cloud density.

Additionally, HCOOCH3; and CH3OCHj3 remain undetectable in
the post-shock stage at £ = 1.31 x 107 s~ and T = 15 K.

More broadly, cosmic rays tend to have a detrimental effect
on the chemistry, a trend that is particularly pronounced in the
models of protostellar objects. HCO™ is the only species whose
abundance consistently increases with CRIR, both in shocks and
in protostellar environments. NS*, by contrast, shows a more
environment-dependent behavior: its abundance is enhanced
with increasing CRIR in shocks, but remains largely unaffected
in protostellar objects.

3.2.2. Temperature and density of protostellar objects

The key physical parameters in our protostellar object models
are core mass, density, and temperature, with the latter playing
the most prominent role. Understanding how these parameters
influence molecular abundances under CMZ-like conditions is
essential for interpreting the underlying chemistry in such envi-
ronments. By examining abundance distributions across a range
of temperatures and densities, and by analyzing how they vary
with core mass, we aim to identify characteristic trends in the
molecular behavior of protostellar objects.

The primary effect of core mass is the timescale of the warm-
up phase, which progresses significantly faster in more massive
cores. While lower masses generally result in lower abundances,
the impact is relatively minimal for most modeled species. How-
ever, some exhibit strong deviations (see Fig. 5), particularly at
temperatures above 300 K, where mean abundance trends deteri-
orate significantly. In the case of CH3;OH, differences can reach
up to five orders of magnitude at the highest temperatures. Other
species, including HNCO, CH3;CHO, CH3NCO, and C,HsCN,
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also show notable abundance differences under these conditions.
Species such as NH,CHO and CH3;OCH3;, however, begin to
decline significantly starting from the lowest temperature in the
lower-mass core. Eventually, CH;OCHj3 drops below detectabil-
ity in models with T, > 400 K, whereas NH,CHO becomes
unobservable in all cases at 500 K.

Two other molecules strongly influenced by core mass are
HCOOCH; and CH3SH. For HCOOCHj3;, the models predict
consistently higher abundances across the observable range in
the higher-mass core. Additionally, across densities, HCOOCHj;
tends to be enhanced only at temperatures of 7 > 250 K. In
contrast, CH3SH remains detectable at all temperatures in the
higher-mass core, but only appears at 100 K in the lower-mass
core. Furthermore, in high-density objects (ny > 107 cm™), the
enhancement of CH3SH appears linked to lower temperatures,
at T < 250 K, indicating its sensitivity to both density and
temperature.

Overall, species such as CS, HCO, HCO*, H,CO, HC;3N,
CH,CO, CH3SH, and C,HsOH decrease in mean abundance
with increasing final temperature across both core masses. Con-
versely, HCN and CH3CN tend to increase in abundance as
the final temperature rises. The remaining species follow non-
monotonic trends or show behavior dependent on core mass,
increasing in abundance up to a certain temperature before
declining. As shown in Fig. 5, this turnover typically occurs
around 300 K.

3.2.3. Shock velocity and density of the pre-shock gas

As previously mentioned, shock velocity, along with the density
of the ambient medium, determines the maximum temperature
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reached during a shock event. Consequently, increasing shock
velocities influence the molecules not only through sputtering
but also via temperature effects. The maximum temperatures
reached in shocks with velocities of 10, 20, 30, and 40 kms™!
are 323 K, 916 K, 2137 K, and 3941 K, respectively.

Interestingly, despite the substantial differences introduced
by shock velocities, the overall trends (see Fig. 6) are more stable
than those observed in models of protostellar objects. However,
a clear divergence emerges at the density level. As expected,
the two ions considered in this study (namely, HCO" and NS*)
follow a general trend of decreasing abundance with increas-
ing density, whereas neutral species typically show the oppo-
site behavior. A more detailed examination reveals a nuanced
picture: species such as SO, C,S, H,CO, CH;OH, CH;SH,
CH;CHO, and C,H5CN predominantly get enhanced at higher
densities, but this pattern breaks down for shocks with veloc-
ities exceeding 30 kms~'. Other species, including CS, HCN,
and CH;CN, tend to have abundances that benefit most from
intermediate densities across most velocity cases. Finally, a small
subset of species, such as HNC, NH,CHO, and CH3NCO, do not
fit neatly into either category, displaying more complex behavior.

Shock velocity typically introduces nonmonotonic effects on
abundance distributions for most of the species. However, some
species exhibit relatively steady trends with changing shock
velocity during the shock phase. Among those that show a
general enhancement are NS*, HNCO, and HCOOCH3;, while
H,CO and CH,CO tend to decline. Moreover, at the post-shock
stage, the mean abundances of most species show little evolu-
tion with increasing shock velocity, including those that were
enhanced at higher velocities. There are exceptions: CH,CO
continues to follow its shock-phase trend, while CH;OH and
C,H5OH experience an almost steady decrease. Additionally, the
post-shock stage, where the medium cools down and freeze-out
becomes efficient, generally results in lower average abundances,
except for CH3;NCO, which stands out as an exception.

Similar to the case of protostellar objects, most species
remain observable at some level across the shock velocity—
density parameter space. However, NH,CHO and HCOOCH3;
make exceptions. NH,CHO is detectable across all densities
and stages only for shock velocities below 20kms™'. Above
this threshold, its behavior becomes more complex: NH,CHO
is sufficiently enhanced primarily during the shock stage in most
configurations, but at the highest density and velocities exceed-
ing 35kms™!, it becomes fully undetectable. Taken together,
these physical conditions suggest that NH,CHO may favor
low-velocity shocks in lower-density environments.

For HCOOCH3;, the abundance appears to be primarily gov-
erned by the temperature attained in shocks, consistent with
results from the protostellar object models. At 10kms™' and
densities 10° cm™3, it is completely undetectable. In the post-
shock stage, HCOOCH3; remains undetectable in the low-density
case, as well as at mid-to-high densities when subjected to
15kms~! shocks.

4. Discussion

Although this study primarily provides an overview of chem-
ical templates, it remains essential to identify which species
emerge as the most promising tracers of the modeled environ-
ments. To do this, we have selected molecules that are both
abundant and exhibit significant variation across different gas
types. We discuss our approach in detail and present the most
viable tracers in Sect. 4.1. We also propose several molecular

ratios in Sect. 4.2. Then in Sect. 4.3, we compare abundances
of selected species with observational data to evaluate how well
the models capture CMZ-like conditions. Finally, we address the
relatively low abundances predicted for some COMs in shock
models in Sect. 4.4, and explore scenarios that could lead to their
enhancement.

4.1. Most viable tracers

Distinguishing the chemical signatures of nonshocked gas in
protostellar objects from shock-influenced gas is essential for
understanding the nature of the observed medium. To achieve
this, we examined the maximum abundances of all species
across different gas environments associated with protostellar
objects and shocks to assess their detectability limits under
varying ionization rates. We identified species that exhibit sig-
nificant differences between these environments, defined as a
difference of at least one order of magnitude between shocks
and fully warmed-up protostellar objects. We also highlighted
species capable of reaching high abundances in specific ion-
ization regimes (X(Species) > 1077). We discuss this further in
Sect. 4.1.1.

Following a similar approach to our cosmic-ray ionization
rate analysis, we examined species abundances in shocked gas
and fully warmed-up protostellar objects across temperatures
of 100, 200, 300, 400, and 500 K, focusing on trends within
the overlapping temperature range (Sect. 4.1.2). We also ana-
lyzed highly abundant species at each pre-shock and protostellar
object density, identifying those expected to be prominent under
specific conditions (Sect. 4.1.3).

4.1.1. Tracers of cosmic-ray ionization rate

Our analysis reveals that cosmic-ray ionization rate variations
create distinct molecular abundance patterns that differ sys-
tematically between the studied environments. As shown in
Sect. 3.2.1, most species exhibit decreasing abundances with
increasing ¢, but their responses vary significantly between the
studied environments. We identify species that show particu-
larly consistent ionization trends — HCO", H,CO, and CH3;SH
— making them promising tracers for constraining cosmic-ray
ionization rates. In the following analysis, we categorize molecu-
lar species based on their ionization sensitivity and detectability
patterns across shock-driven environments and those associated
with protostellar objects.

In models of both protostellar objects and shocks, species
that show at least an order of magnitude abundance difference
between the two gas types at a given cosmic-ray ionization
rate generally reach higher maximum abundances in shocked
gas (Fig. 7). This pattern is clearly seen for SiO, HCO, H,CO,
CH30H, and CH3SH. We also find that COMs display a much
broader spread of maximum abundances, while simpler species
tend to concentrate around higher values (Fig. 7). The more con-
strained abundance ranges of simpler species suggest they may
serve as more reliable probes of the extreme physical conditions
found in different Galactic Center environments.

The abundance patterns also vary between evolutionary
stages within each environment type. Shocked gas typically
exhibits similar or higher maximum abundances than post-shock
gas, whereas the relationship between evolutionary stages in
protostellar objects is less predictable. In protostellar models,
the warm-up stage can exhibit higher maximum abundances
than fully warmed-up objects, as clearly seen for CH;OCH3,
which shows significantly higher abundances during warm-up
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explanation of each evolutionary stage, we refer to Sect. 3.

at all ionization rates. This behavior likely reflects differences
in chemical timescales and the degree of thermal processing
between evolutionary stages.

Furthermore, all species considered in this study, except
for HCN, exhibit a meaningful difference in their maximum
abundance limit between the two environments for at least one
ionization rate. The highest number of species showing signifi-
cant differences occurs at £ > 107'* s~!. However, the difference
is sometimes driven by one species falling below the detectabil-
ity threshold rather than a direct abundance comparison, as can
be seen for the majority of COMs (cases denoted with white dots
in Fig. 7).

Only two species exhibit significant differences between
shocks and protostellar objects in their maximum abundance
limits across the whole ionization range, with higher values
achievable in shocks: SiO and HCO. Of these two species,
SiO shows no significant variation in maximum abundances
across different ionization rates. Only at the highest ¢ its mean
abundance decrease by approximately one order of magnitude.
This relative insensitivity to ionization rate variations explains
why the SiO abundance remain relatively constant across Giant
Molecular Clouds (GMCs) in the Galactic Center, independent
of their location within the CMZ (see Martin-Pintado et al.
1997).
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On the other hand, HCO shows a more pronounced sensi-
tivity to ionization levels. While it remains highly abundant in
shocks across all ¢ values, suggesting that shock-driven pro-
cesses sustain its abundance even under strong ionization, its
abundance in protostellar objects drops sharply with increas-
ing CRIR. Specifically, the maximum abundance declines from
1.35x 107 at £ = 10716 57! t0 546 x 10719 at £ = 10713 571,
indicating a nearly three-order-of-magnitude drop and a strong
dependence on ionization. This suggests that HCO may help
constrain the CRIR in a given medium. However, its diagnostic
value is complicated by the fact that HCO is also a well-known
tracer of PDRs (see Schenewerk et al. 1988; Gerin et al. 2009).
Additionally, as shown by Armijos-Abendafio et al. (2020), both
elevated CRIRs and shocks appear necessary to reproduce the
observed HCO abundances in the Sgr B2 molecular cloud.

To systematically categorize these diverse behaviors, we
identified four distinct groups based on their ionization trends
and detectability limits across different environments. When
species exhibit intermediate behavior and defy easy classifica-
tion, we assigned them to multiple groups. We summarize these
classifications in Table 3.

The first group, showing minimal dependence on ionization
across all environments. This group consists of CS, SO, SiO,
HCN, HNC, and CH3CN. The stable behavior of these species
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Table 3. Classification of molecular species based on their response to cosmic-ray ionization rates, temperatures, and densities.

Species group

Abundance behavior

Diagnostic use

CS, SO, SiO, HCN, HNC, CH;CN

HCO*, H,CO, CH3SH

HCO, HNCO, CH3CHO

NS*, C,S, HC3N, CH,CO, CH;OH,
CH;SH*, NH,CHO*, CH;CCH,
CH;CHO*, CH3;NCO*, HCOOCH;™,

C,HsCN*, C,HsOH*, CH;0CH3*

NS*, CH,CO, CH3;0OH, CH3SH, NH,CHO
HCOOCH;

HCO, HCO*,
HCOOCH;

CH3SH, CH;3NCO,

NS*, CH3;SH, CH3CHO, CH3NCO

Minimal variations across ¢ in all
environments

Systematic changes as function of
{ across all environments; HCO*
increases, others decrease with ¢

Systematic, decreasing trends in proto-
stellar objects as function of

Significant abundance changes in pro-
tostellar objects at £ > 107'* s71; con-
sistent behavior in shocks

~300 K is a turning point — more pro-
nounced difference between protostel-
lar objects and shocks or behavioral
patterns shifts

Consistent trends across a broad range
of temperatures discriminating the gas

types
Abundance always <1077: NS* in

protostellar objects and post-shocked
gas; CH3SH, CH3;CHO in protostellar

Potentially can act as normalizers
for abundance ratios

Best suited as { tracers

Potentially useful as ¢ tracers in
protostellar environments

Differentiate shocked vs. protostel-
lar environments at high ¢

Selective sensitivity to temperature

Differentiate shocked vs. protostel-
lar environments based on tempera-
ture

Environmental abundance
constraints

objects; CH3NCO in shocks

Notes. *Species for which the significant abundance changes lead to falling below the detectability threshold (X < 107'#). We discuss this in more

detail in Sect. 4.1.1.

makes them ideal as reference standards for normalizing molec-
ular ratios, as their abundances remain largely independent of
ionization conditions.

The second group shows relatively systematic ionization
trends across all environments, making them potentially robust
tracers of cosmic-ray intensity, and includes HCO*, H,CO,
and CH3;SH. We find that H,CO and CH;SH undergo sys-
temic decrease of abundances as ionization increases in every
environment, while HCO™ exhibits a systematic increase. To
further evaluate whether these species can serve as diagnostics
of CRIRs, we calculated their relative mean abundance ratios,
which we discuss in detail in Sect. 4.2.

The third group consists of HCO, HNCO, and CH;CHO.
While all of these species show consistent trends in protostel-
lar objects-related gas, shocked and post-shocked maxima and
means are nearly consistent, as they appear to undergo enhance-
ments at some point once ¢ > 1071° s~! which breaks that
consistency. However, this group consists of species potentially
prone to being tracers of ionization rate in protostellar objects.

The fourth group exhibits selective sensitivity to high
cosmic-ray ionization rates in protostellar environments while
showing consistent trends in shocked gas. Within this group, we
distinguish between species based on their detectability behav-
ior. Some species show significant abundance changes in proto-
stellar environments at > 10~'%s! but remain detectable: NS*,
C,S, HC;3N, CH,CO, CH30H, and CH3CCH. Among these, C,S
and HC;N show abundance drops already at £ = 10~'% 5!, Other
species in this group experience such severe abundance declines
in high-ionization protostellar environments that they fall below
detectability thresholds, while remaining detectable in shocked

gas: CH3;SH, NH,CHO, CH3;CHO, CH3;NCO, HCOOCH;,
C,H5CN, C,HsOH, and CH3;0CHs;. Among these, NH,CHO
and HCOOCHj; become undetectable in protostellar objects once
¢ 2 1074571, while NH,CHO, HCOOCH;, and CH30CH;
become undetectable in post-shocked gas at £ = 107'* 57!, The
contrasting behavior between protostellar and shocked environ-
ments makes these species valuable discriminators of heating
mechanisms.

Several species exhibit nuanced behavior that places them
at their group boundaries. CS remains virtually unchanged in
shocks but shows moderate changes in protostellar objects, posi-
tioning it between groups one and two. SO displays stable
maximum abundances but declining mean values, suggesting
behavior intermediate between different classification criteria.

4.1.2. Temperature as a tracer distinguishing protostellar
objects and shocks

Temperature plays a crucial role in shaping molecular abun-
dances, but to reliably distinguish between shock-driven pro-
cesses and protostellar heating, comparisons must be made
within a common temperature range. We focused on 100-500 K,
where conditions in shocked gas and protostellar environments
overlap, ensuring that observed abundance differences arise from
underlying physical processes, such as dynamical timescales
or desorption mechanisms. Our analysis reveals that maximum
abundances in shocked gas remain relatively constant with tem-
perature, consistent with the transient nature of shock heating
that provides insufficient time for significant chemical evolution.
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Fig. 8. Maximum and mean abundances of species across different environment types as a function of temperature. The orange and gray triangles
show maximum abundances in fully warmed-up protostellar objects and shocks, respectively, while the solid lines of corresponding colors represent
mean abundances. The dotted black lines indicate maximum abundances in the heating phase of shocks, before peak temperature is reached. Circles
indicate species showing significant abundance differences between environments at a given temperature, following the same criteria as Fig. 7. For
shocks, temperatures are binned with +0.5 K tolerance around target values.

Because the temperature evolution differs between these
environments, careful sampling within this range is necessary
to enable meaningful comparisons. In fully warmed-up proto-
stellar objects, temperatures remain constant within our target
range. In contrast, shocks experience rapid and complex temper-
ature changes that require binning. To achieve this, we selected
model points within +£0.5 K of each target temperature. The
+0.5 K tolerance was chosen by examining the number of model
points per bin to ensure adequate statistical sampling. We also
tested wider tolerances and found no significant impact on the
results, indicating that our conclusions are stable against rea-
sonable variations in bin width. This fixed tolerance balances
sampling accuracy with statistical robustness, avoids the uneven
bin widths and potential biases introduced by percentage-based
criteria, and ensures a consistent basis for comparing molecular
abundances across both environments.

Figure 8 shows that several species — including NH,CHO,
CH;CHO, HCOOCHj3;, C,HsOH, and CH3;0OCHj3 — do not reach
the high-abundance regime in either gas type. Among these,
NH,CHO is detectable in shocked gas only below 300 K. In
contrast, HCOOCHj3; is detectable in shocked gas up to 300 K
but becomes detectable in protostellar objects only above this
temperature.

We also identify species for which distinguishing between
shocked and protostellar gas based on abundance behavior
is challenging. This group includes HCN, HNC, CH;CN,
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CH;CCH, CH3CHO, and CH30CH3, which show similar trends
in both upper limits and mean abundances across the temper-
ature range. Although HCN and HNC exhibit some variations,
these are insufficient to draw firm conclusions.

Similarly, CS and HC;N display significant differences in
abundance in a single temperature bin but otherwise behave
similarly across environments. SO, C,S, and C,HsCN show
comparable trends in maximum abundance but differ in mean
abundances, suggesting modest environmental effects. Lastly,
CH3;0H exhibits significantly higher mean abundances in
shocked gas at 400 and 500 K; however, the differences in maxi-
mum abundance remain relatively modest compared to species
like CH,CO, which exhibit clearer environmental contrasts
across this temperature range.

Some of these trends are consistent with findings from
Sect. 4.1.1, where we showed that shocks tend to sustain higher
abundances of certain species under broader conditions (e.g.,
NS*, HCO, HCO*, H,CO, CH,CO, CH;0H, CH;SH, and
C,Hs0H). For several molecules, 300 K appears to mark a
turning point where abundance differences become more pro-
nounced or behavioral patterns shift. This is true for NH,CHO
and HCOOCH3;, as well as for NS*, CH,CO, CH3;O0H, and
CH;SH. In the case of NS*, the maximum abundance differ-
ence at 300 K reaches nearly five orders of magnitude; CH;OH
shows a similarly large contrast in mean abundance. Except for
NS* and the specific detectability patterns of NH,CHO and
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HCOOCHj3;, most other species begin to diverge meaningfully
between shocked and protostellar gas above 300 K, offering
a temperature regime where the heating mechanism becomes
distinguishable.

Additionally, as discussed in Sect. 4.1.1, certain abundance
effects become prominent only under specific conditions. At
400 K, for example, HCO™ can reach significantly higher abun-
dances in nonshocked gas than typically expected, but this
strongly depends on ionization. Therefore, we emphasize that
abundance trends should not be considered in isolation, as
multiple interdependent factors shape the observed behavior.

Overall, we find that HCO, HCO*, CH3SH, CH3NCO, and
HCOOCH; are best-suited for discriminating between envi-
ronments based on their consistent trends across the whole
considered temperature range. We exclude NH, CHO because its
discrepancy between shocks and protostellar objects is primarily
driven by very low abundances in shocks, a behavior we discuss
further in Sect. 4.4. We also summarize this in Table 3.

While our conclusions are based on the overall behavior
of shocks, examining the individual shock phases, heating and
cooling, reveals additional nuances worth considering. Shocks
comprise two main stages: a heating phase, where the tempera-
ture rises, and a cooling phase, where it gradually declines. The
cooling phase generally reflects the trends seen for shocks as a
whole, with one notable exception: at 200 K, CH3;CHO shows a
significantly higher maximum abundance in protostellar objects
than in shocked gas.

In contrast, the heating phase can diverge substantially from
the overall shock behavior. As shown by the dotted lines in
Fig. 8, the upper abundance limits in this phase are often sig-
nificantly lower. This effect is particularly evident for species
like NS* and CH3NCO. Furthermore, if only the heating phase
were considered, HCOOCH; would not be detected at all, and
NH,CHO would be detectable only at 300 K.

4.1.3. Density of pre-shock medium and protostellar objects

A direct comparison between shocked and protostellar regions at
matched densities is only feasible in one case (ny = 10° cm™),
where we find no significant differences for most species.
Despite this, it remains informative to examine how species
behave across the full range of densities considered in each envi-
ronment. Specifically, we focus on which species become highly
abundant and whether notable differences in their detectability
limits emerge. Since both environments were modeled at three
densities (see Table 2), we refer to them throughout this section
as low, mid, and high density cases.

At the overlapping density (nyg = 10° cm™3) only NS*, HCO,
HCO™, HNCO, and CH3SH show meaningful variations. NS*
becomes highly abundant (X > 1077) only in shocked gas, while
reaching significantly lower maxima in post-shock gas (~107'0)
and protostellar objects (~107%). HCO* shows the largest dis-
crepancy, though this is partly influenced by ionization effects:
it reaches abundances of ~10~* in protostellar objects, ~3 x 107°
in shocks, and ~6 x 1078 in post-shock gas. HCO, on the other
hand, is abundant across all environments, but peaks in shocked
gas (~2 x 107%) and is lowest in protostellar objects (~1077).
Finally, HNCO and CH;SH become highly abundant (~1077) in
shocked and post-shock gas, but are an order of magnitude less
abundant in protostellar environments.

Among the three gas types — shocked, post-shocked, and
nonshocked gas associated with protostellar objects — we iden-
tify four species that never reach high abundances: NH,CHO,
HCOOCH3;, C,HsOH, and CH30CHj;. In contrast, NS* becomes

highly abundant only in shocks, while SiO never achieves high
abundance in protostellar objects. However, the behavior of SiO
reflects our modeling assumptions, i.e., we varied the initial Si
abundance to accurately represent sputtering effects in shocks
(see Table 2). Beyond these consistent patterns, we find that a
subset of species exhibit abundance shifts between abundance
regimes depending on density within specific gas types, making
them potential density tracers as described below.

Several species exhibit environment-specific abundance pat-
terns that make them potential diagnostic tracers (see also
Table 3). CH3SH and CH3;CHO never reach high abundances in
protostellar environments under any density condition, yet both
become highly abundant in shocked and post-shocked gas at high
densities (CH3SH also exceeds the threshold in shocks at mid
density). This behavior makes them potential tracers of shocks
propagating through dense gas.

Conversely, CH3;NCO shows the opposite pattern, never
becoming highly abundant in shocked or post-shocked gas while
exceeding the threshold in protostellar environments at mid and
high densities. Other species display more complex environ-
mental dependencies: CS and C,S remain consistently highly
abundant across all densities in both shocks and protostellar
objects but drop below the high-abundance threshold in post-
shocked gas at low density. HCO* maintains high abundances in
shocks at each density but fails to reach this threshold in post-
shocked gas at high density and in protostellar objects at both
mid and high densities.

There is also a group of species showing stronger den-
sity sensitivity. C;HsCN reaches high abundance in protostellar
objects only at low density, while requiring at least mid-density
in shocked and post-shocked environments, suggesting opti-
mal enhancement conditions at densities of ~10°-10% cm™.
HNCO becomes highly abundant in protostellar objects only at
the highest density, while remaining abundant in shocked and
post-shocked gas except at the lowest density.

For species that can reach high abundance at each density
in gas associated with protostellar objects, we find little varia-
tion in their detectability limits. Once a species becomes highly
abundant in this environment, its maximum abundance remains
relatively stable across different densities, with no significant
shifts that would alter its detectability. The only modest changes,
if any, occur in shocked and post-shocked gas. This suggests
that in protostellar environments, the conditions leading to high
abundances for most studied species depend less on density than
they do in shock-dominated regions.

4.2. Important abundance ratios

Molecular abundance ratios provide a practical and insightful
bridge between chemical models and observations. While abso-
lute abundances can reveal broad chemical trends, ratios help
mitigate uncertainties, such as assumptions about column den-
sity, by emphasizing relative chemical behavior. This allows
for more robust comparisons across environments and between
models and observations. In this section, we identify a set of
molecular ratios from our models that are particularly sensitive
to cosmic-ray ionization rates, temperature, and underlying ener-
getic processes (Fig. 9). These ratios highlight contrasts that are
both chemically meaningful and potentially observable, making
them promising diagnostics for distinguishing between physical
regimes in protostellar and shocked gas.

We began by examining species that could potentially carry
important diagnostic information about cosmic-ray ionization
rates. We chose to consider CH;SH/HCO* and H,CO/HCO*
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Fig. 9. Mean abundance ratios as a function of cosmic-ray ionization
rate for five diagnostic species: CS, CH;SH, H,CO, HCO*, and NS*.
Each panel shows ratios for four physical environments: protostellar
objects (solid orange lines), warm-up (dashed orange lines), shocks
(solid gray lines), and post-shock (dashed gray lines). Neutral-to-ion
ratios (top two panels) generally decline by 3—4 orders of magnitude
as log,(({/{p) increases from 1 to 4, but show distinct slopes between
environments. The ion-to-neutral ratios (third and fourth panel) exhibits
a clear trend in shock-related gas, increasing with increasing ionization
rate. However, NS*/H,CO also exhibits a consistent increasing trend
in protostellar objects. The ion-to-ion ratio NS*/HCO™ (bottom panel)
exhibits a shallower response, remaining relatively flat in shock-related
gas, while declining more clearly in thermally processed gas.

because both CH3SH and H,CO display inverse abundance
trends relative to HCO™ with increasing ionization (for more see
Sect. 4.1.1).

We also considered the ion ratio NST/HCO* to explore
its potential for complementary diagnostics. While HCO* con-
sistently increases with CRIR, the behavior of NS* is more
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environment-dependent: it increases with ¢ in shocked and
post-shock gas but shows a decreasing trend in warm-up and pro-
tostellar models. Additionally, we tested NS*/H,CO and NS*/CS
ratios. The NS*/H,CO ratio could be relevant in shocked gas,
where both species exhibit inverse abundance trends across the ¢
range in which they diverge significantly from protostellar con-
ditions. Similarly, NS*/CS ratio may serve as a robust tracer of
ionization-driven chemistry in shocks, since NS* increases with
CRIR while CS remains relatively stable.

We find that CH3SH/HCO" and H,CO/HCO* decline by
approximately 3—4 orders of magnitude as log,,(¢{/{o) increases
from 1 to 4 across all gas types. There is a consistent offsets
between key environment pairs: protostellar objects vs. warm-
up, and shocks vs. post-shock. Moreover, the H,CO/HCO*
ratio is greater than one at log,,({/{o) < 2, and drops below
unity for higher ionization rates. The NS*/H,CO ratio increases
with log;,({/{p) in both environments. However, the increase
is more pronounced in shocked gas once ionization increases
beyond log,,({/{o) ~ 2, whereas in post-shock gas, it aligns
more closely with the behavior seen in protostellar-object-related
conditions. This divergence suggests that once the NS*/H,CO
ratio approaches or exceeds unity at elevated CRIRs it could be
a signature of a recently shocked medium. Nonetheless, these
three ratios appear to be promising at tracing CRIRs and may
additionally help distinguish between dominant energetics.

The NS*/CS ratio reflects the distinct ionization sensitiv-
ity of its constituent species, showing a clear increasing trend
with ionization, but only in shocked gas. There is also a signif-
icant distinction between shocked and post-shocked gas: in the
latter, the ratio increases monotonically but modestly, whereas
in shocked gas it spans over two orders of magnitude. In con-
trast, the ion-to-ion ratio NS*/HCO™ responds more similarly
to neutral-to-ion ratios, as it decreases with ionization. How-
ever, it has a shallower slopes in shock-related gas, where it
remains relatively flat for log,,({/{o) < 3, while in protostellar
environments it declines significantly with increasing ioniza-
tion, decreasing from ~10~' to ~107*. Overall, the two ratios
seem to be sensitive to ionization in different environments, with
NS*/CS potentially probing cosmic-ray ionization in shocks, and
NS*/HCO" serving as a diagnostic in protostellar objects.

Exploring the interdependence of species abundances and
their relation to physical parameters revealed an interesting trend
for HCN and HNC, which is worth mentioning given that these
species alone were not strongly indicative of the underlying
processes. Observationally, the ratio of these two molecules is
frequently used as chemical thermometers for molecular gas at
low temperature (e.g., Graninger et al. 2014; Colzi et al. 2018;
Hacar et al. 2020) but its use at higher temperature is debated
(e.g., Behrens et al. 2022). Comparing their behavior over the
100-500 K range in both shocked and nonshocked gas in pro-
tostellar objects, we find that the HCN-to-HNC abundance ratio
does exhibit a temperature dependence, albeit with a large spread
of abundances at higher temperatures, in nonshocked gas, as
shown in Fig. 10. In shocked gas, however, this dependence is no
longer apparent. Additionally, in protostellar objects, we find a
strong linear correlation between the two species, with a Pearson
correlation coefficient of 0.87, further supporting the idea that
this ratio is primarily influenced by protostellar heating rather
than shock-related processes.

Although the HCN-to-HNC ratio appears to reflect proper-
ties characteristic of protostellar environments, caution is war-
ranted, as our relation is derived across a broad model grid
spanning a wide parameter space. This ratio is also dependent
on the ionization fraction of the gas and hence on the collisional



Dutkowska, K. M., et al.: A&A, 703, A46 (2025)

Temperature [K]

Temperature [K]

Temperature [K]

logso X(HCN)

"’ [Protostellarobjects (includingwarm-upstage)] [Protostellarobjects (excluding warm-up stage)]
e N N T PR R NS E R R RS R
-12 -10 -8 -6 -12 -10 -8 -6 -12 -10 -8 -6
logso X(HNC) logso X(HNC) logso X(HNC)

Fig. 10. Hexagonal plots comparing the relationship between HNC and HCN abundances, with the mean temperature per hexagonal bin (7') as the
color scale, for the models of protostellar objects (left and middle panels) and shocks (right panel). The temperature range is consistently set to
100-500 K in both panels to enable a direct comparison. The color mapping represents the mean temperature within each hexagonal bin, computed
using 100 bins for both axes. These figures illustrate how distinct chemical and physical processes shape the HCN-to-HNC ratio, with the ratio
serving as a useful temperature tracer in protostellar objects, whereas in shocks, it appears highly variable and less predictive of temperature. The
lower-abundance tail in protostellar objects appears to be primarily shaped by the warm-up phase, as illustrated by the contrast between the leftmost

and center panels.

excitation of HCN with electrons, since HCN probes lower den-
sity gas than HNC (see Goicoechea et al. 2022). Additionally,
Behrens et al. (2022, 2024) suggest that cosmic rays may influ-
ence this ratio, while Harada et al. (2024) argue it can act as a
FUYV thermometer in the GMCs of M83.

4.3. Observational comparison

To evaluate the relevance of our chemical models and assess
how well they capture the complexity of CMZ-like environ-
ments, we place them in an observational context. By comparing
selected modeled abundances with those derived from obser-
vations, we aim to gauge the robustness of current chemical
networks and physical assumptions, and assess the diagnostic
value of the templates presented in this paper. We compared
our modeled abundances with observations toward molecular
clouds in the Galactic Center from Requena-Torres et al. (2006)
and Rodriguez-Almeida et al. (2021), and compared our proto-
stellar object models with observations and models reported by
Belloche et al. (2025). Throughout these comparisons, we refer
to shock, post-shock, and protostellar object phases as defined in
Sect. 3.

In the top panel of Fig. 11, we present the comparison
between our model predictions with the molecular abundances
of CS, H,CO, CH;0H, and CH3SH measured toward a sam-
ple of 40 molecular clouds observed by Requena-Torres et al.
(2006) across the whole CMZ. From Fig. 11, we find that the
shock abundances match better the observed abundances of these
species. This implies that short-lived (<10* yr) shocks must be
continuously occurring in the Galactic Center, replenishing the
material back into the gas phase since the post-shock abun-
dances dramatically drop due to the efficient freeze-out onto
the surface of dust grains. This is an effect that was already
noted by Requena-Torres et al. (2006) but with a much basic
desorption/freeze-out model. Here, we confirm this hypothesis
and therefore, the high abundances seen for simple species and

COMs in molecular clouds in the Galactic Center are due to the
presence of recurring shocks that prevent gas from reaching the
post-shock stage.

We note that Belloche et al. (2025) recently presented
observations of up to 58 species in hot cores associated with
Sgr B2(N2) and compared these with chemical models based
on work of Shope et al. (2024), which employs the gas-grain
chemical kinetics code MAGICKAL (Garrod 2013; Garrod et al.
2022). Their study explored a narrower range of H, gas densi-
ties, temperatures, and cosmic-ray ionization rates, representing
a subset of the broader parameter space considered in our model
grid. Nevertheless, it is worth comparing our predictions with
the values reported in Belloche et al. (2025).

In the bottom panel of Fig. 11 we show abundances of
SO, H,CO, HNCO, CH,CO, CH3SH, and NH,CHO relative to
CH3;OH based on our models and overplotted values extracted
from Belloche et al. (2025). Here, we considered the data
for protostellar objects as a whole, including the warm-up
stage. We chose mostly simple species, as their chemistry is
generally better understood than that of COMs. However, we
included CH3SH to test whether it can also match observations
in protostellar environments, and NH,CHO, which is signifi-
cantly underpredicted in our shock models (discussed further in
Sect. 4.4).

We find that all observations fall within our predicted range,
including NH,CHO, with HNCO and CH;SH showing the best
agreement in at least two out of four sources. However, the ques-
tion remains whether this agreement is consistent with expec-
tations from the Shope et al. (2024) models used by Belloche
et al. (2025). Before addressing this, we must first consider sev-
eral important modeling differences between our approach and
that of Shope et al. (2024).

First, during the collapse phase, their gas temperature was
fixed at 10 K, while dust temperature varied with visual extinc-
tion, ranging from ~8 to 16 K. By contrast, we adopted elevated
gas and dust temperatures from the outset, which — as discussed
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Fig. 11. Comparison of modeled abundances with observations toward
Galactic Center molecular clouds and the high-mass star-forming region
Sgr B2(N2). The top panel shows abundance distributions for shocked
(yellow) and post-shocked (green) gas, while the bottom panel presents
those for protostellar objects. Shock models are compared with obser-
vations of 40 molecular clouds from Requena-Torres et al. (2006),
including data toward G+0.693-0.027 for H,CO from Jiménez-Serra
et al. (2020), CH3SH and CH;OH from Rodriguez-Almeida et al.
(2021), and CS from Rivilla (priv. commun.). Models are also com-
pared with recent data toward Sgr B2(N2) from Belloche et al. (2025).
Following Figure 7 in Belloche et al. (2025), modeled protostellar abun-
dances are shown relative to CH3;OH, and we indicate the 1% and 0.01%
levels with respect to methanol with dashed lines.

in Sect. 4.4 — had a fundamental impact on COM chemistry.
Second, their models began at a hydrogen nucleus density of
ny = 3 x 103 cm™>, more than an order of magnitude higher than
our starting density of 10> cm=3, resulting in potential significant
differences in chemical initial conditions. Third, the cosmic-
ray ionization rates they explored range from 0.1 to 100 ¢,
whereas our models span 10—10 000 ¢y, reflecting environments
with more extreme ionization levels. Finally, their models incor-
porated nondiffusive surface chemistry (Garrod et al. 2022),
which is not included in UCLCHEM but is expected to be especially
important at low dust temperatures (Tgusc ~ 10 K; Jiménez-Serra
et al. 2025), such as those used in their models.

While Belloche et al. (2025) employed a detailed modeling
and fitting routine to compare observations with MAGICKAL
models, our goal here was to perform a more direct, quantitative
check of whether our models reproduce the observed abundance
ratios. We focused only on a subset of the simple species — SO,
H,CO, HNCO, and CH,CO - and evaluated whether the models
can simultaneously match all observed abundance ratios within
one order of magnitude.

For source N2b, we find that protostellar-object models
with ¢ = 107157 and ages <6 x 10* years provide a good
match across all selected species. In the case of ANO2 and
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ANO3, the best agreement is obtained for higher ionization
rates of £ = 10757, though models with ¢ between 107!
and 107'*s7! also reproduce the observed ratios. Additionally,
here a fair number of models with shorter warm-up durations
of ~2 x 10* years, corresponding to more massive protostellar
objects, also reproduce the observed ratios (see Sect. 3.1 for
details on the timescales). Finally, for ANO6, the data are best
matched by models involving higher-mass protostellar objects
and shorter evolutionary timescales, again showing a prefer-
ence for £ = 10719571, In all cases, the preferred gas density is
ng = 108 cm™3,

These predicted values are in reasonable agreement with
the conclusions of Belloche et al. (2025). In their models,
which explore a range of warm-up timescales, those with the
shortest duration (~2 x 10* years) appear to fit the data bet-
ter. They also find that models with £ ~ 10713 s~! are better
at matching the observed abundances. While our best-fitting
ionization rate varies by source, it consistently falls within the
¢ = 1071 — 107" 57! range, supporting the idea of enhanced
ionization in SgrB2(N2). Finally, Belloche et al. (2025) identify
ny = 2 x 108 cm™ as the best-matching density, which is consis-
tent with our findings. Overall, our grid aligns reasonably well
with results reported for SgrB2(N2), highlighting the potential
utility of the model templates developed in this work.

4.4. Low abundances of certain COMs in shocks

Our shock models predict relatively low abundances of for-
mamide (NH,CHO), methyl formate (HCOOCH;), ethanol
(C,H50H), and dimethyl ether (CH3;OCH3) compared to both
observational data and predictions by other modeling works
(e.g., Requena-Torres et al. 2006, 2008; Quénard et al. 2018;
Lopez-Sepulcre et al. 2019, 2024). In this section, we briefly
address possible reasons for this discrepancy, while a more
detailed investigation will be the subject of a forthcoming study.

Firstly, we assumed gas and dust temperatures of at least
15 K in the collapse stage. This choice is physically justified
by the conditions prevalent in the CMZ. Unlike the Galactic
disk, where dense, shielded regions can reach temperatures as
low as 10 K, the CMZ environment is shaped by elevated back-
ground radiation fields and dynamic gas flows that prevent such
low temperatures, even in quiescent regions. Assuming colder
dust would be inconsistent with these conditions and could mis-
represent the initial chemical state of the gas and dust before
shocks propagate through it. Furthermore, three-dimensional
astrochemical simulations and synthetic observations of turbu-
lent molecular clouds by Bisbas et al. (2021), which incorporate
enhanced G and £, demonstrate that low-temperature conditions
are unlikely to exist in the CMZ. Additionally, observations con-
firm that gas temperatures in the CMZ may be even higher and
appear to have a pedestal near 60 K (Ginsburg et al. 2016), which
further strengthens the need for higher temperatures as initial
conditions for the models.

Secondly, we chose a threshold of 30 K for the reactions on
the dust grains, above this temperature there is no freeze-out and
ice chemistry ceases to evolve on the grain, allowing for the ice
species to be desorbed into the gas phase. This means that for
the 30 and 35 K stage 1 models, the evolution of the chemistry
occurs primarily in the gas phase. This is reflected in the fact that
species with efficient hydrogenation pathways, such as methanol
and acetaldehyde are less abundant with the higher initial stage
1 temperatures for both protostellar and shock modeling.

While the assumed temperature conditions are consistent
with expectations for the CMZ and yield reasonable abundances
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for most species, achieving observable levels of gas-phase COMs
from a single shock event may require initial dust temperatures
below 15 K. One of the key roles of shocks is to induce sputter-
ing, suggesting that temperature constraints could be linked to
the need for substantial reservoirs of these molecules on grain
surfaces. We assessed the temperature dependence for species
with lower-than-expected abundances and found that there exists
an upper initial temperature limit of ~13 K, above which we can-
not recover the observed levels of these COMs (i.e., X(Species)
~10719-107%). More details will follow in a forthcoming study.
Additionally, Tram et al. (2025) find that modeling C,HsOH in
protostellar objects may pose additional challenges related to
proximity to the radiation source and effects of assumed grain
sizes.

We also gauged the effects of cyclic shocks. Given the
widespread nature of large-scale shocks in the CMZ, this sce-
nario is likely to occur. We modeled three consecutive shock
events in a medium with an initial density of ny = 10° em™3,
a starting temperature of Tj,; = 15 K, and shock velocities of
vs = 10kms™". We find that different species respond in dis-
tinct ways. NH,CHO shows only a modest increase, with a
maximum enhancement below one order of magnitude. In con-
trast, HCOOCH3, C,HsOH, and CH3;OCH3 respond much more
strongly: C;HsOH and CH3OCH3; can be enhanced by about an
order of magnitude, and HCOOCHj3; by nearly three. Although
this does not fully explain the discrepancy between our models
and observations in this setup, it highlights the potential impor-
tance of recurring shocks. Future work should explore whether
multiple shock cycles under fine-tuned physical conditions can
build up enough COMs to be efficiently frozen back onto grains.

5. Conclusions

In this study, we set out to explore the chemical fingerprints
of 24 species in protostellar- and shock-related environments
in the Central Molecular Zone, one of the most physically and
chemically extreme regions of the Milky Way. By modeling a
wide range of conditions representative of the CMZ-like envi-
ronments, we identified key molecular tracers and diagnostic
abundance patterns that offer insight into the underlying ener-
getics and evolutionary stages of dense gas in this environment.
Our goal was to establish a set of versatile chemical templates
that can guide the interpretation of current and future spectral
line surveys. Below, we summarize the main takeaways:

1. Average shock signatures are predominantly associated with
short timescales (<10* years), while those linked to proto-
stellar objects emerge at later stages (>10* years).

2. The species that most frequently achieve maximum abun-
dances across our model grid are CH;OH, HCN, SiO, and
HCO" in shocked environments and HCN, SO, and HCO*
in protostellar objects.

3. Cosmic-ray ionization rates and temperatures have the
biggest influence on the predicted abundances. We identi-
fied HCO*, H,CO, and CH3SH as promising tracers for
constraining cosmic-ray ionization rates, as they show par-
ticularly consistent ionization trends in each considered gas
type.

4. We propose five ratios that could provide diagnostics of
cosmic-ray ionization rates:

— CH3;SH/HCO*, H,CO/HCO™", and NS*/H,CO in both
environments at different evolutionary stages;

— NS*/CS for shock-driven regions; and

— NS*/HCO™ in protostellar object environments.

5. The maximum attainable abundances in shocked gas
remain relatively stable with temperature, suggesting that
temperature-driven chemical changes in shocks have insuf-
ficient time to lead to significant chemical evolution.

6. 300 K marks a noticeable shift either in abundance behav-
ior or level of differentiation between protostellar and
shocked environments for NS*, CH,CO, CH;0H, CH;SH,
NH,CHO, and HCOOCHj3;.

7. The HCN-to-HNC abundance ratio exhibits temperature
dependence in protostellar objects, but not in shocks.

8. Several species never reach high abundances of >1077 in
certain environments:

— NS™ in protostellar objects and post-shocked gas;

— CH3SH and CH3CHO in protostellar objects; and

— CH;3NCO in shocks.

Our analysis also reveals significant shifts in predicted HCO*
abundances when using updated chemical networks, with differ-
ences reaching nearly three orders of magnitude at cosmic-ray
ionization rates around ~107!% s=!. These shifts result in HCO*
becoming the most abundant species across the whole grid.

We find that our models match the observational data for the
majority of species, supporting scenarios involving the presence
of recent and/or cyclic shocks in the molecular clouds of the
Galactic Center and enhanced ionization in Sgr B2(N2). How-
ever, our shock models fail to predict the observed high abun-
dances of formamide, methyl formate, ethanol, and dimethyl
ether. This discrepancy appears to be related to initial gas and
dust conditions and will be addressed in a forthcoming study.

Future studies should also assess the importance of recurring
shock events as tests indicate they can have a significant impact
on some COMs. Moreover, the effects of increased metallicity
should be evaluated as it could potentially affect CMZ chemistry
where metallicity can be largely super-solar (e.g., Giveon et al.
2002; Garcia et al. 2021, and references therein). However, the
work presented here provides a basis for future, more in-depth,
and more finely tuned modeling efforts.
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Appendix A: Time-averaged evolution of surface

and bulk

Chemical modeling with UCLCHEM includes three phases: gas,
surface, and bulk. Both the surface and bulk phases provide valu-
able insight into the chemistry occurring on dust grains. The
surface refers to the outermost monolayer of ice, where species
can adsorb from or desorb into the gas phase. The bulk lies
beneath the surface and represents the deeper ice mantle. Species
in the bulk can diffuse to the surface and may either desorb
into the gas phase or be destroyed in fast shocks. Therefore, the

Dutkowska, K. M., et al.: A&A, 703, A46 (2025)

total ice composition is the combined abundance of species in

logio X(Species) time - averaged

logio X(Species) time - averaged

Fig. A.1. Time-averaged chemical evolution of selected species on the surface (top) and in the bulk (bottom). Time-averaging refers to averaging
abundances across all models of a given type at fixed logarithmic time intervals. The solid black line shows the mean abundances at each time step,

both the surface and bulk. In this section, we present the time-
averaged chemical evolution of species on the surface and in the
bulk (Fig. A.1).

We observe that, in protostellar objects, virtually all surface
species are eventually desorbed during the warm-up phase, fol-
lowed by gradual depletion of the bulk reservoir as well. In
contrast, shocked environments display more variability in sur-
face and bulk composition. This variability is primarily due to
the differing timing and frequency of shock events, which tends
to dilute the averaged chemical signatures compared to the more
systematic evolution seen in protostellar objects.
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