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ABSTRACT

Context. Recent JWST observations have measured the ice chemical composition toward two highly-extinguished background stars, NIR38 and
J110621, in the Chamaeleon I molecular cloud. The observed excess of extinction on the long-wavelength side of the H,O ice band at 3 um has
been attributed to a mixture of CH;OH with ammonia hydrates (NH3-H,0), which suggests that CH3;OH ice in this cloud could have formed in a
water-rich environment with little CO depletion. Laboratory experiments and quantum chemical calculations suggest that CH;OH could form via
the grain surface reactions CH; + OH and/or C + H,O in water-rich ices. However, no dedicated chemical modelling has been carried out thus
LL far to test their efficiency. In addition, it remains unexplored how the efficiencies of the proposed mechanisms depend on the astrochemical code

employed.

Aims. We model the ice chemistry in the Chamaeleon I cloud to establish the dominant formation processes of CH;OH, CO, CO,, and of the
hydrides CH, and NH; (besides H,O). By using a set of state-of-the-art astrochemical codes (MAGICKAL, MONACO, Nautilus, UcLcHEM, and
= KMC simulations), we can test the effects of the different code architectures (rate equation vs. stochastic codes) and of the assumed ice chemistry

(diffusive vs. non-diffusive).

<

Methods. We consider a grid of models with different gas densities, dust temperatures, visual extinctions, and cloud-collapse length scales.

(D Besides the successive hydrogenation of CO, the codes chemical networks have been augmented to include the alternative processes for CH;OH
= jce formation in water-rich environments (i.e. the reactions CH; + OH — CH;0H and C + H,0 — H,CO).
QResults. Our models show that the JWST ice observations are better reproduced for gas densities >10° cm™ and collapse time-scales >10° yr.
1 CH;OH ice formation occurs predominantly (>99%) via CO hydrogenation. The contribution of reactions CH; + OH and C + H,O, is negligible.
O The CO, ice may form either via CO + OH or CO + O depending on the code. However, KMC simulations reveal that both mechanisms are
= efficient despite the low rate constant of the CO + O surface reaction. CH, is largely underproduced for all codes except for UcLchem, for which a
% higher amount of atomic C is available during the translucent cloud phase of the models. Large differences in the predicted abundances are found
at very low dust temperatures (Tgu <12 K) between diffusive and non-diffusive chemistry codes. This is due to the fact that non-diffusive chemistry
l——ltakes over diffusive chemistry at such low Tq.. This could explain the rather constant ice chemical composition found in Chamaeleon I and other

dense cores despite the different visual extinctions probed.

— Key words. (ISM:) dust, extinction — ISM: molecules — ISM: clouds
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1. Introduction

10123

. Interstellar ices represent the main reservoir of organic and
volatile components in molecular clouds and star-forming re-
gions (see e.g. the review by Boogert et al.|[2015, and references
therein). Ices grow during the collapse of molecular clouds,
C_\! largely influencing the chemical composition of protoplanetary
= disks and, ultimately, of planetesimals and cometesimals (see
> e.g.|Quénard et al.|2018}; |Coutens et al.|2020). Indeed, a fraction
>< of the chemical compounds measured in comet 67P/Churyumov-
Gerasimenko by the ESA Rosetta mission could be of prestel-
lar origin, which suggests that they could have formed during
the dense molecular cloud phase (Altwegg et al.|[2016} Droz-
dovskaya et al.|2019,|2021).

The composition of ices in molecular clouds and star-
forming regions is studied through absorption spectroscopy of
interstellar ices in the near- and mid-IR against bright back-
ground sources (see e.g. [Whittet et al.|[1983; |Pendleton et al.
1999; Boogert et al.|2013} |Goto et al.[2018). However, these ob-
servations have been scarce because they are challenging from
the ground due to telluric features and high sky-background
noise in the IR. In addition, dense molecular clouds and dense

502

cloud cores can have very high levels of visual extinction (Ay
> 20 mag), for which detailed ice absorption spectroscopic ob-
servations in the near- and mid-IR require IR-bright background
field stars and very high sensitivity.

From the ground, H,O, CO and methanol (CH3OH) ices
have been detected toward a small sample of dense molecu-
lar clouds such as Taurus, Lupus, Serpens and the Pipe Nebula
(Whittet et al.|[1983} [Boogert et al.|2013}; |Goto et al.|2018;; [Per-
otti et al|2020) and toward dense cloud cores such as the star-
forming core L483, and the L1544 and L.694-2 prestellar cores
(Chu et al.||2020; |Goto et al.|[2021). From space, the Infrared
Space Observatory (ISO), the Spitzer Space Telescope, and the
AKARI Infrared Satellite, provided the first look at the chemical
composition of ices in the mid-IR in dense molecular clouds and
cores (Whittet et al.|1998} |Dartois|2005}; |Knez et al.|2005}; 'Whit-
tet et al.|2009} [Boogert et al.[|[2011; Noble et al.[[2013)), which
included information on additional ysosmolecular species such
as CO, or OCN™. However, the sensitivity or spectral resolving
power of these observations was rather limited, which allowed
only the detection of simple and abundant species toward lines-
of-sight in molecular clouds with moderate levels of visual ex-
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tinction (Ay < 30 mag; see e.g. the summary by Boogert et al.
2015).

The James Webb Space Telescope (JWST), with its un-
precedented sensitivity and high spectral resolving power (up
to ~3000), is providing the most comprehensive view of the
chemical composition of interstellar ices during the initial con-
ditions of star and planet formation. The Ice Age Director’s Dis-
cretionary Early Release Science program has obtained ice ab-
sorption spectra toward hundreds of field stars located behind
the Chameleon I dense molecular cloud (McClure et al.|2023)).
The goal of the project is to establish the chemical composi-
tion of interstellar ices concurrent to the process of Solar-type
system formation from the molecular cloud stage, to prestellar
cores, young stellar objects (Class 0 and I sources), and, ul-
timately, protoplanetary disks (Class II-type sources; McClure
et al.|[2023; |Sturm et al.|2023| 2024; [Dartois et al.|[2024; Noble
et al.|2024)). The first results have reported the ice chemical com-
position toward the most highly-extinguished background stars
ever observed to date in molecular clouds, NIR38 and J110621,
with pre-flight estimated visual extinctions of Ay = 60 mag and
Ay = 95 mag, respectively (McClure et al.[2023)), although these
values are subject to large uncertainties (see |Dartois et al.[2024;
Noble et al.|[2024] and Section[d.7). These observations reveal
that, the ice composition is very similar toward the two lines-
of-sight: CO ice is ~30% and ~45% by number, respectively,
relative to water; and CO is more abundant than CO, (between
13% and 20% with respect to water) and methanol (between 4
and 9%). Hydrides such as CH, and NH3; comprise only up to
5% of ice with respect to water.

Based on the expected total CO abundance in molecular
clouds for these levels of extinction (Lacy et al.|2017), it was
proposed that the carbon-bearing ices observed with the JWST
accounted for <50% of the total molecular CO in gas or ice
(McClure et al.|2023). This scenario was consistent with the
prominent absorption feature in the red wing of the water 3um
band, which was attributed to the presence of hydrides suggest-
ing a water-rich ice environment (see Extended Data Figure 9 in
McClure et al.|2023). Under these conditions, the formation of
methanol at 10-20 K is suggested to be driven by the grain sur-
face reaction chain CHy; + OH — CH3; + H,0 and CH; + OH
— CH;OH, as proposed by laboratory experiments and quan-
tum chemical calculations of ice formation (Qasim et al.|2018};
Molpeceres et al.[2021)). Additionally, the CO, ice feature profile
was better matched with laboratory spectra of a CO,-H,O ice
blend (Extended Data Figure 4; see [McClure et al.|[2023)), and
weak features between 7-7.5 um were consistent with ethanol
blended with H,O suggesting a similar formation environment
for these species. The formation of hydrides such as CH4 and
NHj; could also proceed in water-rich ice environments under the
same cold interstellar conditions as shown by laboratory exper-
iments (Hiraoka et al.[|[1995} |Qasim et al.|2020; [Lamberts et al.
2022), which supports the scenario of efficient CH3;OH ice for-
mation in a water-ice rich environment toward the lines of sight
of NIR38 and J110621.

This idea, however, has been re-evaluated recently and new
radiative transfer calculations show that much of the red wing
of the 3 ym water band observed with JWST toward these two
field stars, could alternatively be due to grain growth and not
hydrides, suggesting that ices in the Chamaeleon I cloud may
not be as water-rich as initially thought (Dartois et al.|2024])). In
that case, the production of methanol via the reaction CH; + OH
would be less efficient, and thus other chemical mechanisms for
methanol formation (as e.g. the successive hydrogenation of CO;
see |Watanabe & Kouchi|2002)) are expected to take over. It re-
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mains unclear, however, in what amount these two mechanisms
contribute to the production of methanol in ices and hence, ded-
icated chemical modelling is needed to investigate the possible
and relative importance of different chemical routes for the pro-
duction of methanol ice.

In a recent work, [Jin et al.| (2022) modelled the ice chem-
istry toward the Class 0 source Cha-MMSI1 also observed within
the Ice Age program, where the gas densities reach values
>10'"9 cm™ and gas/dust temperatures are >100 K. However, this
modelling did not focus on the formation of ices toward the
quiescent NIR38 and J110621 sightlines in the Chamaeleon I
molecular cloud, with typical gas densities of ~10*-10%cm™3
and temperatures of ~10-15 K, and therefore, the chemical mod-
elling of the JWST data toward these two background stars is
still missing. In addition, while different chemical codes do ex-
ist at present, they are built following different approaches and
techniques (rate-equation approach vs. stochastic Monte Carlo
techniques) or they consider different chemical processes on the
surface of dust grains (diffusive vs. non-diffusive reaction mech-
anisms and thermal and non-thermal desorption processes; see
e.g. the review by |Cuppen et al|[2017). The Ice Age results
therefore provide a unique opportunity to compare different as-
trochemical codes so that the dominant chemical routes yield-
ing the ice chemical inventory detected with JWST toward the
Chamaeleon I molecular cloud, can be constrained.

In this work, we model the chemical composition of the ices
observed with the JWST toward the background stars NIR38 and
J110621 within the Ice Age ERS program. For this modelling
effort, we use five different astrochemical codes to identify the
features (or chemical processes) within these models that best
reproduce the observed ice chemical compositions. Note that
the last community effort to compare astrochemical models goes
back to the review work of |Cuppen et al.|(2017).

The paper is organised as follows. In Section 2] we describe
the astrochemical models used and the parameter space of the
models used in this work. In Section 3] we report the results of
the models and compare the ice molecular abundances predicted
by the models with those measured with the JWST. In Section
[3.3] we identify the models from each astrochemical code that
best reproduce the ice chemical compositions observed within
Ice Age. Section [3.4] discusses how our results change if lower
dust temperatures are considered in our best models. In Section
M) we present the general trends obtained from the models and
discuss the uncertainties and caveats. Finally, our conclusions
are summarised in Section 3]

2. Description of the chemical models

Our aim is to model the ice chemical formation and evolu-
tion in the Chameleon I dense molecular cloud using different
astrochemical codes. These codes are built following different
philosophies: we have both rate equation codes such as MAG-
ICKAL (Garrod|[2019), MONACO (Vasyunin & Herbst|[2013;
Vasyunin et al.|2017)), Nautilus (Ruaud et al.|2016)) and UcLcHEM
(Holdship et al.|[2017)); as well as the stochastic Kinetic Monte
Carlo (KMC) model of |Cuppen & Herbst| (2007)). These codes
also include different levels of complexity for the formation and
chemistry of the ices and, thus, the idea of this work is to test the
features from these astrochemical codes that best reproduce the
JWST observations obtained toward NIR38 and J110621, which
are field stars with the highest extinction observed thus far (Mc-
Clure et al.[|2023)). For instance, while MAGICKAL, MONACO
and KMC include diffusive and non-diffusive chemistry, Nau-
tilus and UcLcHEM only include diffusive chemistry. On the other
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hand, Nautilus and UcLcHeEMm include some non-thermal desorp-
tion mechanisms that are not considered in the other codes.
See Table[]] for the main characteristics and features of each of
these codes. In this section, we briefly describe the astrochemi-
cal codes employed in this work (listed in alphabetical order) and
we report the physical parameter space used to run the models.

2.1. Kinetic Monte Carlo (KMC) simulations

The KMC method denotes a class of algorithms aimed at mod-
elling the time evolution of a given system by generating a
stochastic trajectory using random sampling. This is the only
code of the stochastic type used in this work. This method pro-
vides detailed information about the microscopic processes tak-
ing place on the surface of dust grains. For an overview of the
theoretical background and its application to interstellar ice lay-
ers, see|Cuppen et al.| (2013]).

In the present study, a microscopic type of KMC was
used called "continuous-time random-walk kinetic Monte Carlo"
(CTRW-KMC). This particular simulation program is an adap-
tation from the one used in |(Cuppen & Herbst| (2007), |Cuppen
et al.| (2009), Lamberts et al.| (2014)), and [Simons et al.| (2020).
The program exclusively simulates grain surface chemistry, but
the results can be coupled to the gas by submitting gas-phase
abundances as input, from which the adsorption fluxes are cal-
culated. For the present paper, the code was adapted to be able
to treat densities and gas abundances that vary with time. These
were simulated using the UcLcHEM code, where collapse was as-
sumed to follow free-fall and the input parameters were varied
in accordance with the physical parameter grid of Table [2| and
described in Section [2.6] The resulting time-dependent densi-
ties and a selection of gas abundances were then passed on to
the KMC grain code. Note that there is no feedback from the
thermal desorption of grain species onto the gas abundances, as
we assume the effect to be negligible at these low temperatures.
The selection of gas abundances transferred to the KMC model
was limited to a small set of species: H, CO, O, C and N, i.e.
the atomic and molecular species that contribute to the forma-
tion of the main ice species studied here (CO,, CH30H, and the
hydrides). The selection was kept minimal, because we do not
expect the results from the UcLcHEM grain surface chemistry to
conflate with those from the KMC simulations. This is due to the
low dust temperatures and UV radiation fields considered in our
models, which induce little desorption from the grain surface.

The surface of the grain is represented by a 50 x 50 lattice
with periodic boundary conditions upon which species can ac-
crete on top and layers can form. Apart from thermally acti-
vated processes such as diffusion (hopping) and desorption, the
lattice KMC model also includes the non-thermal processes of
direct photodissociation and cosmic-ray dissociation. Diffusion
and desorption are made site-specific processes where the bind-
ing energy is neighbour-dependent. The sequence of processes
and corresponding time advances are determined in a stochastic
manner from the rates. See (Cuppen & Herbst (2007) for a more
detailed account of the calculation of the rate coefficients for
these various processes. The chemical reaction networks used
were confirmed experimentally or by quantum mechanical cal-
culations in|Lamberts et al.| (2014)) (water network),|Simons et al.
(2020) (CO network) and [loppolo et al.| (2020) (glycine net-
work).

2.2. MAGICKAL code

The MAGICKAL code is a three-phase astrochemical model that
solves a set of rate equations describing chemical kinetics in the
gas, on the grain surface, and within the bulk of the ice man-
tle. Grain-surface chemistry is coupled with the gas through ac-
cretion and desorption of chemical species. The latter can pro-
ceed both thermally and non-thermally. Non-thermal desorption
mechanisms include chemical (reactive) desorption, and photo-
desorption by both external and CR-induced UV photons.

In this model, grain-surface chemistry is controlled by both
diffusive and non-diffusive mechanisms. The former represents
the chemical kinetics described by the thermal diffusion of sur-
face species by which surface species may meet and react. MAG-
ICKAL uses the modified-rate method of |Garrod (2008) for dif-
fusive surface reactions (see also|Garrod et al.[2009); this method
adjusts reaction rates to replicate the stochastic behaviour of the
system when particular reactions fall into the so-called “small-
grain” limit, i.e. when reactant populations are small and the dif-
fusion rate is large. In these cases, the reaction rate should be
limited by the accretion (or production) rate of the reactants on
the surface.

The diffusion rate is governed by the temperature of the dust
and the diffusion barrier (Eg;¢) of the relevant species. The dif-
fusion barriers of the surface species are assumed to be some
constant fraction of their binding energies to the surface (Eqes),
initially based on work on metal surfaces where often a ratio be-
tween the diffusion barrier and the binding energy of 0.3 was
observed. However, astrochemically relevant systems appear to
show a larger scatter for these data based on the few systems
for which both the diffusion barrier and the binding energy are
known (Karssemeijer & Cuppen|[2014; [Yang et al.|[2022). Be-
cause of this, astrochemical models usually assume a fixed value
in the approximate range of 0.3-0.8. In MAGICKAL, we as-
sumed 0.35 for the molecules, and 0.55 for other atomic species,
as these values best reproduce the production of interstellar CO,
ice (Garrod & Pauly|2011). For atomic H, average binding en-
ergy and diffusion barrier values of 661 K and 243 K, respec-
tively, are used, based on the calculations of |Senevirathne et al.
(2017). The bulk diffusion barriers for H and H, are twice the
values used for surface diffusion, as per |Garrod|(2013)).

The kinetics of non-diffusive mechanisms consider the prob-
ability by which a newly formed chemical species reacts with
other potential reactants in the proximity without diffusion. This
mechanism is important for accurately treating the production of
complex organic molecules (COMs) at low temperatures (Gar-
rod|2019; Jin & Garrod|2020). For the details of the four non-
diffusive mechanisms included in MAGICKAL, we refer to|Gar-
rod et al.[(2022).

The surface layer is coupled to the bulk ice phase through the
net gain/loss rate of material to/from the surface, which either
acts to cover up the existing surface or to expose the underlying
bulk ice material (Hasegawa & Herbst||1993a}; |Garrod & Pauly
2011). The chemical kinetics within the bulk ice is controlled
by both tunnelling-mediated bulk diffusion for H and H, (see
Garrod et al.|2022) and non-diffusive chemistry. The chemical
networks used in these models are based on that presented by
Garrod et al.| (2022)).

2.3. MONACO code

The gas-grain astrochemical model MONACO (Vasyunin et al.
2017; Jiménez-Serra et al.|2021}, Borscheva et al., in prep.) is de-
signed to simulate chemical evolution under interstellar condi-

Article number, page 3 of 29



A&A proofs: manuscript no. aa

Table 1. Main features of the astrochemical codes used in this work.

MAGICKAL MONACO Nautilus UcLCHEM KMC

Code type Rate Equation Rate Equation Rate Equation Rate Equation Stochastic
Thermal desorption v v v v v
Non-thermal desorption

UV photodesorption v v v v v
CR-induced photodesorption v v v v v
CR-induced heating v v v v v
Chemical (reactive) desorption v Vv v Vv Vv
H;-formation-induced desorption — - - v -
CR sputtering - - v - -
Diffusive chemistry v v v v v
Non-diffusive chemistry v v - - v

tions using a rate equations approach. Similar to MAGICKAL,
the MONACO astrochemical code is also a three-phase model
that considers the gas phase, the surface of the icy mantle and
the bulk of the ice. Note that the surface of the icy mantle corre-
sponds to the four uppermost surface layers of the ice.

Chemistry in the gas phase and on grains is coupled via ac-
cretion and desorption. Four types of desorption processes are
included in the MONACO code: thermal sublimation, photodes-
orption, cosmic ray-induced desorption and reactive (chemical)
desorption. Although several treatments of reactive desorption
are included in the code (following|Garrod et al.|[2007}; [Vasyunin
& Herbst|2013]; Minissale et al.||2016), here we employ the ap-
proach of |Garrod et al.|(2007)).

In the code, diffusive and non-diffusive chemical processes
on grains are both considered. Diffusive chemistry is imple-
mented following the classical approach by Hasegawa et al.
(1992) with several modifications. First, the treatment of re-
action/diffusion competition is added following |Chang et al.
(2007). Next, time-dependent adjustment of binding energies of
species on the surface due to the presence of H, molecules is
added following |Garrod & Pauly| (2011). Note, however, that
while (Garrod & Pauly| (2011) adjusted binding energies for all
species, we do it only for H and H,. Heavier species are consid-
ered to penetrate through the top monolayer of H, molecules on
ice surface during accretion, and bind to the regular ice surface
beneath. For diffusive chemistry, only thermal hopping is con-
sidered as a source of mobility of species. Diffusion-to-binding
energy ratios are assumed different for atomic and molecu-
lar species. For atoms, Egig/Eges = 0.5, while for molecules
Ejitt/ Eqes = 0.3. In the bulk, diffusion energies are twice higher
than on the surface for all species except for H and H,. For H
and H,, their bulk diffusion energies are 1.5 times higher than
values in the ice surface. Tunnelling through reaction activation
barriers is allowed.

Non-diffusive chemistry is considered following the ap-
proach proposed by Jin & Garrod| (2020). Excited three-body
reactions are excluded. Ice photochemistry and chemistry in-
duced by cosmic rays is treated as in Vasyunin et al| (2017),
although rates of some processes are updated according to re-
cent estimates (see e.g. Jiménez-Serra et al.[2018| 2021).

2.4. Nautilus code

Nautilus is an astrochemical gas-grain code based on the rate
equation method and available through a git repositoryﬂ (Ruaud
et al.[2016; Wakelam et al.|2024). It is also a three phase model

! https://astrochem-tools.org/codes/
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meaning that it takes into account the gas-phase chemistry and
it makes a distinction between the few upper layers (four mono-
layers) of molecules and the rest of the mantles (bulk) on top of
interstellar refractory grains. The diffusion of the species is less
efficient in the bulk than on the surface. The ratio between the
diffusion energies and binding energies is assumed to be 0.8 in
the bulk and 0.4 on the surface. Diffusion is assumed to occur
via thermal hopping but also through tunnelling depending on
the mass of the species. Grains are assumed to be of one size and
composition (silicate grains of 0.1 um in radius). Non-diffusive
chemistry is not considered in Nautilus.

In addition to thermal desorption, a number of non thermal
desorption processes are included: whole grain heating induced
by cosmic-rays (Hasegawa & Herbst||{1993b)), photodesorption
(Ruaud et al.[[2016)), chemical reactive desorption (Minissale
et al.|[2016), and sputtering by cosmic-rays (Wakelam et al.
2021)). Note that this is the only code in this work that considers
the effects of cosmic-rays sputtering as a desorption mechanism
following the experimental results of Dartois et al.| (2020) and
Dartois et al.|(2021). The chemical networks and parameters are
the same as in|Clément et al.| (2023).

2.5. UcLcHEM code

Ucrcuem (Holdship et al.|[2017) is a time-dependent gas-grain
chemical model based on the rate equation approach. UcLcHEM
is a public open source codeE] that considers the gas phase as
well as the bulk and the surface of dust grains (i.e. it is also
a three-phase model). Gas phase reactions are two-body reac-
tions, including interactions with cosmic rays and UV photons.
Gas species can accrete onto grain surfaces. Diffusive chem-
istry is considered as described in |(Quénard et al.| (2018)), using
a constant ratio between diffusion and binding energies of 0.5.
However, UcLcHeM does not include non-diffusive processes in
the ices. Both thermal and non-thermal desorption mechanisms
are considered in this code. For thermal desorption, UcLcHEM
follows the formalism of |Vit1 et al.| (2004), while for the non-
thermal desorption processes UcLcHEM includes desorption pro-
duced by the energy released in H, formation, incident cos-
mic rays, UV photo-desorption, cosmic-ray-induced UV photo-
desorption (as described in |[Holdship et al.|2017) and chemical
reactive desorption following the formalism of Minissale et al.
(2016) (see/Quénard et al.[2018)). The default grain chemical net-
work is based on the one developed by|Quénard et al.|(2018]), and
the gas-phase chemical network is taken from the Umist 2013
database (McElroy et al.|2013). The default grain chemical net-

2 https://uclchem.github.io/.
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work was updated by adding the new reactions for CH3;0OH ice
formation proposed in Section [2.6] and by changing the activa-
tion energy of reaction H,CO + O — CO, + H; from 0 to 335
K (Minissale et al.|[2015). We also added a set of reactions in-
volving HOCO and CO,, which are relevant for the production
of CO» in the ice (see Appendix [A]and references therein). Note
that these reactions were already included in the other codes.

2.6. Physical parameters and chemical reactions explored by
the models

The chemistry of the Chamaeleon I molecular cloud is modelled
considering its evolution from its translucent phase to the dense
cloud stage. To do this, we first consider a “phase 0 stage in
which the chemistry of a translucent cloud is modelled for a du-
ration of 10° yr assuming that the cloud is static and adopting a
number density of total H nuclei of ny = 2x10° cm™3, a dust and
gas temperature Tg = Tgys = 15 K, visual extinction Ay = 2 mag,
UV radiation field Gyp=1 hab, and a cosmic-ray ionisation rate
=1.3%x10717 71,

The chemical evolution of the cloud collapse is modelled in
a subsequent "phase 1" stage, in which the output gas and ice
(both surface and bulk) abundances from “phase 0 are used as
input abundances for the “phase 1” simulations. For the cloud
collapse, we assume a free-fall collapse treatment with the gas
density (ny) evolving with time (¢) as (Brown et al.|[1988}; Rawl-

ings et al.||[1992):
d O
! 247G my no [("—H) - 1” . )
nH,0

1
O
dt ny,0
npo is the initial hydrogen nuclei central density, my is the
mass of a hydrogen nucleus, and G is the gravitational constant.
We also include a factor b in the equation so that we can test
the effects of an accelerated collapse in the chemistry of the ices
(Holdship et al.[2017)). The collapse finishes when ny reaches the
final density values at the final collapse times shown in Table[2]
As the density ny evolves during the collapse, the visual extinc-
tion Ay increases as a function of density (and, therefore, time),
following Equation 1 of Jiménez-Serra et al.| (2018).

Table [2] reports the grid of physical parameters considered
for the models of the two field stars NIR38 and J110621. The
assumed visual extinctions are Ay = 60 mag and Ay = 95 mag,
respectively; however, these values may be lower (see |Dartois
et al|2024, and Section [4.7). The considered gas/dust temper-
atures are 14 K for NIR38 and 12 K for J110621, as inferred
from the Herschel-based dust temperatures maps of |Vaisild et al.
(2014ﬂ For the MAGICKAL and MONACO codes, the dust
temperature is assumed to decrease from 15 K during the core
collapse with increasing visual extinction as described in|Garrod
& Pauly| (2011)). If the temperature reaches the minimum value
of the line of sight (12 K or 14 K depending on the field star;
Table E]), the temperature is then fixed. For the rest of the codes,
Tqust 1s kept constant at either 12 K or 14 K (see Table E]) The
gas temperature is set to be the same as the dust temperature in
all runs and for all codes.

The final ny densities at the end of the "phase 1" collapse
stage are 2x10%, 2x10° and 2x10° cm™. These densities have
been selected from the H, volume gas densities estimated by

3 The uncertainties associated with these Ty, values are as high as
+0.6 K, after considering a 8 range between 1.8 and 2.2 and the uncer-
tainties due to photometric noise (Vaisila et al.[|2014).

Belloche et al.| (2011) toward the Chal-C1 and Chal-C2 cores
(see their Table 6), which are consistent with the results of
Viisili et al. (2014). These densities lie between some 10° and
10° cm™>. For completeness, we also explore the lower-density
case with nyg = 2x10* cm™>.

For the final collapse times, we assume time-scales of 10%,
10° and 10% yr. Free-fall collapse time correspond to ~10° yr
for an initial gas cloud density of ny(=2x10° cm= (i.e. the one
used in the "phase 0" stage of the simulations). The collapse
times of 10* and 10° yr are tested by modifying the b param-
eter in Equation which adopts values from 1 (free-fall, ~ 10°
yr) to 120 (accelerated collapse, ~ 10* yr). The three different
collapse times assumed in our grid of models are included to test
the effects of a fast/slow collapse on the chemical composition
of the ices. Note that short time-scales of the order of 10* yr
are typically not observed for prestellar cores (Keto & Caselli
2010). However, accelerated collapse is considered in this study
to investigate the possible effects of gravitational collapse driven
by stellar feedback from nearby star formatimﬂ We note that
we deliberately do not explore a larger grid of models because
the KMC simulations are computationally very expensive. The
cosmic-ray ionisation rate and UV radiation field assumed for
the "phase 1" stage in all models are, respectively, £=1.3x10"""
s~! and Gy=1 hab.

As initial elemental abundances, we consider the low-metal
abundance case (the "EA1” case) from |Wakelam & Herbst
(2008|, see Table@. All models consider a constant grain size of
0.1 wm. The output fractional abundances are given with respect
to the number density of total H nuclei. The conversion from
ice molecular abundances to ice molecular column densities is
performed using the column densities of total H nuclei toward
NIR38 and J110621 calculate(ﬂ as Ny = 1.6x10% x Ay cm™2.

For the formation of methanol, besides the classical route of
multiple CO hydrogenation reactions in the ice, we also include
the following chemical processes: 1) the chain of neutral-neutral
grain surface reactions CHy + OH — CHj3; + H,O and CH3; + OH
— CH;3;O0H proposed by |Qasim et al.[(2018)); and 2) the reaction
C + H,0 — H,CO and subsequent hydrogenation reactions pro-
posed by Molpeceres et al.| (2021)) and |Potapov et al.| (202 1)).

3. Results

In this Section, we analyse the results obtained with each code,
presenting the evolution of the chemical composition of the ices
and the main processes that lead to their formation for the grid of
models described in Section[2.6l We focus on some of the molec-
ular species observed with JWST toward NIR38 and J110621,
namely H,0O, CO, CO,, CH3;OH, NH3 and CHy4. The model re-
sults are thus compared to the observational data reported in Mc-
Clure et al. (2023) and presented in Table @ In Section 3.1} we
compare the output from all models for their phase O runs to
identify any possible difference arising from this stage of the
simulations. In Sections [3.2.1] 3.2.2] [3.2.3] [3.2.4] we present the
results for the phase 1 runs from the rate equation codes MAG-
ICKAL, MONACO, Nautilus and UcLcHEM, respectively, while

4 Free-fall collapse times are calculated as fiee_guy =~ 4 X 107/ V7o YT,
with ny the initial gas cloud density.

> A 10 km s~! shock propagating through a preshock gas with density
of ~10* cm™ would induce a density compression in the postshock gas
by only a factor ~3 for time scales ~10* yrs (see Jiménez-Serra et al.
2008 |(Gusdorf et al.[2008).

° This expression differs only by a factor of ~1.1 with respect to the
one reported by |Lacy et al.[{(2017) of Ny = 1.8 x 10?! Ay cm™2.
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Table 2. Physical parameters assumed for the grid of models.

NIR38 J110621
Model ny T dust Ay Collapse time ny T dust Ay Collapse time
em®)  (K)  (mag) (yr) em’)  (K)  (mag) (y1)
1 2x10% 14 60 10* 2x10% 12 95 10*
2 2x10% 14 60 10° 2x10* 12 95 10°
3 2x10* 14 60 100 2x10* 12 95 100
4 2x10° 14 60 10* 2x10° 12 95 10*
5 2x10° 14 60 10° 2%10° 12 95 10°
6 2x10° 14 60 100 2x10° 12 95 100
7 2x10° 14 60 10% 2x10° 12 95 10*
8 2x10° 14 60 10° 2x10° 12 95 10°
9 2x10° 14 60 100 2x10° 12 95 100
Notes. Ty, is assumed to be the same as gy in all models.
Table 3. Initial elemental abundances with respect to ny Abundance evolution during static phase
Species Abundance ‘ ‘
He 1.40x10°! o
N 2.14x1073 1o
(0] 1.76x10~* 107
C 7.30x10°° 100 eoIIIIT I 100
Notes. Abundances correspond to the "EA1” low-metal abundance case e =z == i e [

of \Wakelam & Herbst| (2008). These values consider the partial deple-
tion of these elements into dust grains.

in Section [3.2.5] we report the results from the stochastic KMC
model.

3.1. Comparison of the Phase 0 results from all models

Figure[I]shows the abundances with respect to H, resulting from
the phase 0 stage of the simulations, where we report the time
evolution of the relevant species modelled by the different as-
trochemical codes. For the gas-phase, we only plot the relative
abundances of atomic C and CO since these two species are es-
sential to understanding the amount of C that will be locked into
CO, CO,, and CHy ices during the phase 1 of the simulations.
Note that we do not show the phase 0 results for the KMC model,
because they are similar to the ones from the UcLcHEm code. The
largest differences found between the UcLcHEm and KMC phase
0 results are the abundances of CO, for which several reactions
have been added within UcLcuem (see Appendix [A).

From Figure [T} it is clear that for all models atomic C has
been efficiently converted into CO by the end of the phase O stage
with a CO gas-phase abundance that goes up to ~7x107> with re-
spect to the total H nuclei at the end of the simulations. As shown
in Sections [3.2.1} 3.2.2] 3.2.3] [3.2.4] this will largely affect the
subsequent production of CO, and CH, during the phase 1 stage
of the models. For the Nautilus and MAGICKAL codes, the tem-
poral evolution of the gas and ice molecular abundances are sim-
ilar, although some differences can be seen for CH3;OH and CHy.
In these models, H,O and CO, are the most abundant ice species
with relative abundances lying between 10~ and 10~°. Due to
the dust temperature of T4, = 15 K considered for the phase 0
runs, any CO molecule sticking on the grains is converted into
CO,, which explains the high abundance of CO, ice (even higher
than that of CO) for these models. For the MONACO code, the
final abundances of the phase 0 runs are somewhat higher than
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Fig. 1. Time evolution of the gas and ice molecular abundances for
most relevant species predicted by the different astrochemical codes
for the phase O runs. Solid lines indicate gas-phase abundances, while
dashed lines show ice abundances. Colours indicate the different molec-
ular species as shown in the upper part of the figure.

for the other codes (see Figure E]), with an ice thickness of ~10
monolayers, versus ~1 monolayer or less.

For the UcLchem code, Figure [T] shows that the ices grow
at a slower effective rate compared to the other codes. This
is produced by the higher efficiency of non-thermal desorp-
tion in UcLcHEM as compared to other codes. In particular, UV-
photodesorption is the mechanism responsible for the slow net
ice growth at these low visual extinctions (Ay=2 mag). We note,
however, that if the assumed UV yield in UcLcHEM (i.e. the num-
ber of molecules desorbed per UV photon) is reduced from 0.1
molecules photon~! to 0.03 molecules photon~!, the predicted
ice abundances become similar to those given by the other codes.
For the remaining of this work, we use the default value of 0.1
molecules photon‘l given in UcLcHEM, to evaluate the effects of
a less efficient ice growth during the static phase O stage in a
translucent cloud (see Section [3.2.4).

In the following sections, we present the results from the
phase 1 calculations: first, for all rate equations codes (presented
in alphabetical order); and second, for the KMC code.
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Table 4. Observed column densities and column density ratios with respect to H,O toward NIR38 and J110621 (McClure et al.|2023)

NIR38 J110621
(Ay = 60 mag) (Ay = 95 mag)

Molecule N(molecule) N(molecule)/ N(H,O) N(molecule) N(molecule)/N(H,0)

(10" cm™2) (in %) (10" cm™2) (in %)
H,O 6.9f}:? 100 13.4f}:§ 100
co 3.0%54 43+12 3.7+06 28+
CO, 1.38f8:§8 20f§ 1.74f8:§é 13.13:(5)
CH;0H 0.61+01! 87423 0.517010 39112
NH; O.30t8:(2)§ 4.6?:(1) O.66f8:(')2 S.OJ_'(')%
CH, O.ISOfgigg 2.6fg:g 0.250f8:8;8 1.84f832

3.2. Collapse Phase 1 results
3.2.1. Results from the MAGICKAL code

In Figure [2| we plot the time evolution of the gas and ice rel-
ative abundances of H,O, CO, CO,, CH3;0H, CH, and atomic
C during the phase 1 stage of the collapse, for four represen-
tative models obtained with the MAGICKAL code. As exam-
ples, we report the most extreme cases with the lowest-density
and fastest-collapse models (models #1; left panels) and the
highest-density and slowest-collapse models (models #9; right
panels) for NIR38 and J110621, to provide information about
the maximum changes expected within the grid of models. In the
low-density and fast-collapse models (left panels, Figure [2), the
chemical evolution is nearly identical for NIR38 and J110621
regardless of temperature, except for CH3;OH ice. The gas phase
abundances of CO remain largely unchanged over time due to
the collapse timescale being much shorter than the accretion
timescale of CO. Consequently, this leads to almost constant
abundances of CO ice and thus CO,, as CO, primarily forms
from the association of CO and OH on the surface. However, in
the model of J110621 with Tgu=12 K, hydrogenation becomes
more efficient, resulting in the formation of more CH3OH via the
hydrogenation of CO.

In the models with high density and slow collapse (right pan-
els; Figure[2), gas-phase CO and C efficiently deplete on grains
as density evolves, significantly impacting surface chemistry. As
can be seen from this figure, the abundance of CO ice remains
relatively constant (or even decreases) until the density of the
gas becomes high enough for the catastrophic depletion of CO
to take place. Surface CO then rapidly reacts forming primar-
ily CO, through the grain surface reaction CO + OH — CO, +
H (see |Garrod & Pauly|2011; (Clément et al.[2023), where OH
forms via the hydrogenation of adsorbed atomic oxygen. Once
CO; is formed, it accumulates in the ice due to its chemically
inert characteristics. Consequently, the ice abundance of CO, in
these models gradually increases over time, while CO does not,
resulting in a CO, / CO ratio > 1. The abundance of CH;0H
ice exhibits an evolutionary trend similar to that of CO since it
primarily forms from the hydrogenation of CO on the surface.
In the model with Ty,=12 K, methanol is more abundant due to
the higher abundance of CO on the grain surface and the higher
efficiency of CO hydrogenation. The contribution of the reac-
tions CH; + OH and C + H,0 to the production of methanol
in these models is minor compared to grain-surface CO hydro-
genation. This is due to the fact that atomic C is mainly converted
into gas-phase CO, which quickly freezes out onto dust grains to
form either CH3;OH or CO,. This leaves little atomic C in the gas
phase to adsorb on grains and subsequently hydrogenate form-

ing CHy, or to react with H,O in the ice forming H,CO (see also
Sectionsf.2] and [4.4).

The final ice chemical compositions toward NIR38 and
J110621 for the whole grid of models can be found in Figures 3]
and [4] In these figures, we provide the absolute column densi-
ties of H,O predicted in the ice at the end of the phase 1 simula-
tions, together with the ice abundance ratios of the rest of species
analysed in this study (CO, CO,, CH30H, NHj3 and CHy4) with
respect to H,O in %. From Figures [3] and 4 we find that, re-
gardless of the model used, both lines of sight consistently un-
derpredict water ice column densities and the ice abundances
of CH,4. However, the water ice column density of the model
with the longest collapse timescale (f.o; = 10° yr) and the high-
est density (ng = 10% cm™) aligns with observations within the
margin of error. This is due to the fact that models with longer
collapse timescales enable the accumulation of larger amounts
of H,O in the ice mantle. CO, CO, and CH3OH are the most
sensitive species to variations depending on the model parame-
ters. Ice abundances of CO, surpass observational values in all
models for both lines of sight. CO, becomes more abundant in
the ice than even CO yielding CO, / CO ratios >1, which is not
observed toward either the field star NIR38 or J110621. For NH3
and CHy, we find similar ice abundances across all models given
that both species are formed through the consecutive hydrogena-
tion of atomic N and C.

To summarise, despite the observed differences among mod-
els, the ones that better match the observations are those with
higher densities and longer collapse timescales. In Section [3.3]
we will evaluate the model that best matches the ice chemical
compositions observed within Ice Age.

3.2.2. Results from the MONACO code

The evolution of the ice chemical composition during the col-
lapse (phase 1) stage obtained with the MONACO code is pre-
sented in Figure in Appendix [B] The evolution of the ice
molecular abundances along the collapse is similar to that pre-
dicted by the MAGICKAL code. The final ice compositions for
all considered models with the MONACO code are presented in
Figures[C.T]and[C.2]

As can be seen from these Figures, the abundances of ma-
jor ice species (H,O, CO, CO;) behave differently in the models
with Tyuee = 14 K from those with Tgu = 12 K. At Tyt = 14 K,
solid CO is converted into CO, ice more efficiently than at
Taqust = 12 K. The major route for CO, ice formation is the re-
action CO + OH — CO, + H. At Tgq. = 14 K, this reaction
proceeds more efficiently both due to the higher probability to
overcome the reaction activation barrier and also due to the non-
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Fig. 2. The time evolution of gas (solid) and ice (dashed) abundances in MAGICKAL during the collapse “phase 17 stage. Models with Tgu=14 K
and A,=60 mag correspond to NIR38, while models with Ty,,=12 K and Ay=95 mag correspond to J110621.

zero mobility of CO molecules at this dust temperature. Interest-
ingly, the contribution of the surface reaction O + CO — CO,
to the formation of CO; is minor in the MONACO model both
at Taust = 14 K and Ty = 12 K. Solid H,O, on the contrary,
forms more efficiently on colder grains, which results in twice
higher final abundance of H,O ice at 12 K. The abundance of
solid CO, surpasses that of solid H,O at 14 K, despite the con-
tinuous H,O ice accumulation. At 12 K, however, the result is
the opposite: H,O is the most abundant ice species, with a pre-
dicted solid abundance that is a factor of ~3 higher than those of
CO and CO; ices.

From Figures [C.I] and [C.2] we find that the fast-collapse
models (7.,;=10" years) exhibit the worst agreement with the
Ice Age observations both in terms of absolute H,O ice column
densities and ice chemical composition. The models of NIR38
significantly overproduce solid CO,, yielding abundances that
clearly exceed those of H,O ice, which is not observed (Mc-
Clure et al.[|2023)). The models of J110621, with lower dust tem-
peratures (Tgust = 12 K), produce in general more reasonable
results. For the J110621 runs, CO and CO, are produced in sim-
ilar amounts (i.e. 20—-40% the abundance of H,O ice) in models
with intermediate/slow collapse times (#.o;=10° and 100 yrs) and
intermediate/high final densities (2x10° and 2x10% cm~>). How-
ever, for the slow-collapse models (#,,;=10° yrs), the CO/CO, ice
abundance ratio reaches values ~2, which is similar to the one
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measured with the Ice Age data. We note that the rest of models
results in CO/CO, abundance ratios <1.

Methanol ice is severely underproduced in the models with
Taust = 14 K, which can be related to the overproduction of
CO, ice (Figures[C.I]and [C:2). The formation of CH3;OH in the
MONACO model runs occurs via successive hydrogenation of
CO, which is driven by diffusive H-addition reactions. No sig-
nificant impact on the final CH30H ice abundance is observed
when including the chain of grain-surface reactions CHy + OH
and C + H,O proposed by|Qasim et al.|(2018)), Molpeceres et al.
(2021)) and|Potapov et al.|(2021). The final abundance of CH;OH
ice is higher in the model with Ty = 12 K as expected from the
low binding energy of atomic hydrogen. As for CH;0H, CHy ice
is also underproduced in all models, although the slow-collapse
models tend to provide better agreement with the Ice Age obser-
vations.

In summary, models with higher final densities and collapse
timescales of 10°—~10° yrs provide a closer match to the ice chem-
ical composition obtained by the Ice Age observations. This con-
clusion is similar to those obtained for the MAGICKAL chemi-

cal code (see Sections[3.2.1]and 3.2.3).

3.2.3. Results from the Nautilus code

The evolution of the ice and gas phase abundances obtained by
the Nautilus code for the phase 1 stage is reported in the Ap-



I. Jiménez-Serra et al.: Modelling CH;OH and hydride formation in the JWST Ice Age era

Ay =60mag, T=14K

[ nir3s

e oy =104 cm3
B = 10°cm™?
B = 10°cm™ L 100
[ ter=10%yr
E t=10°yr
X teo = 10°yr

100 A

101 F10
F g
° z
2 S

14 Fl

0.1 F0.1

co CO, CH3OH NH3 CHy4

Fig. 3. Ice compositions predicted by MAGICKAL for NIR38 for the models listed in Table Left panel: Predicted water ice column densities.
Wide right panel: Ice column density ratios with respect to water for the remaining species. Histograms are coloured and drawn as indicated in the
upper right part of the panel. The visual extinction and dust temperatures assumed in the models are reported in the upper part of the panel. Black

wide histograms report the observed Ice Age column density of water and ice column density ratios obtained by [McClure et al.| (2023)). The 30
error bars are also shown.
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Fig. 4. Predicted ice compositions by MAGICKAL for J1110621. Details are as for Figure
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pendix (Figure [B.2). The evolution of the ice molecular abun-
dances is similar to that predicted by the MAGICKAL and
MONACO codes as described in Appendix [B]

The predicted column densities of water ice and the ice abun-
dance ratios obtained by the Nautilus code for phase 1 for the
different collapse models are shown in Figures [C.3]and [C.4] As
for the MAGICKAL and MONACO codes, CO is formed in the
gas-phase and subsequently depletes onto the surface of dust
grains. The CO ice molecular abundances increase with density
and time, although not linearly. Because of the dust temperatures
Taust>12 K, a large fraction of the CO that sticks on the grains
is converted into either CH30H or CO,. For CH30OH, the main
formation process is hydrogenation of CO. However, for CO,,
its conversion from CO does not occur via the reaction CO +
OH — CO; + H as found for the MAGICKAL and MONACO
codes, but through the grain surface reaction CO + O — CO,.
This conversion is very efficient, and the fraction of CO ice is
clearly underestimated while the CO, and CH3OH fractions tend
to be overestimated with respect to the Ice Age observations, in-
dependently of the ny gas density and the collapse timescales
considered in the models. However, note that the ice abundances
of CO increase for the highest-density, slowest collapse models,
which induce a decrease in the predicted CO, ice abundances.
As found for the MAGICKAL and MONACO codes, the pre-
dicted ice abundances get closer to the observed values for the
latter models, and hence they are the ones that best reproduce the
Ice Age observations.

For NH; and CHy4, these species are mostly formed by the
successive hydrogenation of N and C on the grain surfaces.
While our models do a good job at reproducing the measured
ice abundances of NHj3, CHy is systematically underproduced in
all cases except for the slow-collapse models with 7,,;=10% yrs

(see Figures [C.3]and [C.4).

3.2.4. Results from the UCLCHEM code

In Figure [B.3] we present the evolution of the relevant species
both in the ice and in the gas phase for the phase 1 runs (collapse
stage). The growth of the ices mainly occurs at the end of the
collapse phase with the rapid increase of the density. The rate
of ice growth in the UcLcHEM models is, however, higher than
for the previous codes (MAGICKAL, MONACO and Nautilus)
because the initial abundances for the phase 1 runs are lower as
a result of the efficient non-thermal desorption during the static
(phase 0) translucent cloud stage (see Section[4.6)). This is likely
the reason for the underproduction of water ice in the UcLcHEM
runs, although the predicted values for some of the models still
lie within a factor of 10 with respect to the ice abundances ob-
served with the JIWST (see Figures[C.5]and[C.6).

For CO, CO, and CH;0H, the predicted ice abundances are
either underestimated or overestimated depending on the model.
Like for the other codes, the overproduction of CO; is detrimen-
tal for CH3;OH formation as the majority of atomic C is locked
into the inert CO, species. According to our models, the main
formation route of CH;OH on grains at the high visual extinc-
tions of the field stars NIR38 and J110621 is the hydrogena-
tion of CO on dust grain surfaces. Regarding CO,, its formation
mainly occurs on the surface of dust grains via the reaction CO
+ OH — H + CO,. We find no difference in the final ice abun-
dance of CO, CO, and CH3OH between the case of adding the
reactions C + H,O — H,CO, and CH4 + OH — CH3 + H,0 and
CH3; + OH — CH3O0H to the chemical network and the case of
not adding them.
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For NH; and CHy, UcLcHEM tends to overpredict the ice
abundance of these molecules by factors ~2-8. It is interesting
to note that UcLcHEM provides the best match to the observed ice
CH, abundance. This is due to the fact that gas-phase atomic C is
roughly one order of magnitude more abundant in the UcLcHEM
runs than in the runs for the other codes (see Figure[B.3), which
yields the depletion of larger amounts of atomic C onto dust
grains, enhancing the production of CHy ice.

Overall, the models that best reproduce the observed
ice compositions are those with intermediate collapse times
(foo = 10°yr) and intermediate or high final densities (ny =
10°, 106 cm™) (see Section , although there are larger mis-
matches for the field star J110621 (see Figures[C.5and [C.6).

3.2.5. Results from the KMC model

Figure shows the evolution of the ice chemical com-
position during the phase 1 runs for the low-density, fast-
collapse models and for the high-density, slow-collapse mod-
els. The time-dependent gas abundances of CO and C — mod-
elled by UCLCHEM gas-phase simulations — are also included
in Fig. The high initial CO abundance compared to C (10~
versus 10~° with respect to total H nuclei) drives the CO-based
chemistry on the grain. With fast collapse and low density, no
significant freeze-out of CO occurs, while with the slow-collapse
high-density models, depletion of CO starts at later times (>10°
yrs) induced by the rapid increase of density. A steady increase
of ice (Bulk) abundances is generally observed throughout the
collapse. We note that the increase rate seems unaffected by the
accelerated increase of density, except for CO in the slow col-
lapse models, when the above-mentioned freeze-out occurs.

The heavy fluctuations observed for CHy is a finite-size ef-
fect, due to the very low concentration numbers generated by the
KMC on the grain. That is, the CH4 abundance is found to fluc-
tuate between 1 and 0 on our 50 x 50 lattice. Hence, not much
value should be given to the variation of CH4 abundance shown
in this Figure. Note that the 50 X 50 size surface model is chosen
as a compromise between simulation time and size effect. The
algorithm scales at least with N?log N and hence much larger
sizes become prohibitively expensive. Fortunately, because of
the large number of species on the grain the finite size effect
is rather limited and indeed a few short test simulations show
that the 100 x 100 size grains lead to the same results as the cho-
sen 50 x 50 grain. This is for the initial stage where the number
density is low and the largest effect would be expected.

The final ice abundances predicted by the KMC simulations
are shown in Figures and [C.8] We note that due to the long
computation times not all models of NIR38 reached the final col-
lapse times and the results shown correspond to slightly shorter
collapse times (at least 90% of the final collapse time; see cap-
tion in Figure [C.7). See section[d.10|for a discussion of the lim-
ited applicability of the KMC models.

As shown in Figures and [C.§] the absolute column den-
sities of H,O ice tend to be underproduced for all models and
towards both sources. While for the shortest collapse time mod-
els (10* yrs) there is a clear mismatch, for the intermediate and
longer collapse times (>10° yrs), the H,O abundance is still
within a factor 10 of the observed column density. In terms of
ice composition, an increasing trend in abundance is observed
for CO, CO, and CH3OH with increasing density and collapse
time, where the models with collapse times >10° yrs match bet-
ter the observations with the exception of CHy. The ice fractional
abundances with respect to HO, however, remain fairly similar
for most species for a given collapse time independently of the
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density considered in the model. Notable differences are seen
for CO and CO,, where we observe an increasing trend with
density, although with the largest collapse time (f.o;=10° yr) the
fractional abundances level off. Hence, if enough time is given to
the ices to grow, these species converge to some final fractional
value with respect to HyO, which is reached faster for higher
densities.

Comparing CO, to CO, we find that their final column den-
sity ratio is relatively close to 1 (i.e. CO,/CO~0.3-3.7). Both
species tend to have slightly lower fractional abundance than ob-
served for shorter collapse times and lower densities, while the
opposite is true for longer collapse times and higher densities.
For methanol, some differences are found between the simula-
tions for J110621 (Fig. [C.8) and for NIR38 (Fig. [C.7). For the
higher dust temperature models (Tquy = 14 K), the methanol
fraction is well reproduced, except for the longest collapse times
for which it is overproduced. For the lower dust temperature sim-
ulations (Tqus = 12 K), methanol is always slightly overpro-
duced, regardless of collapse times and densities. This might be
due to the limited network that misses some reactions leading to
more complex molecules such as ethanol. We find that our main
formation route for methanol is through successive hydrogena-
tion of CO since there is not enough atomic carbon or CHy to
lead to efficient formation of CH3OH from these reactants (Sec-
tion .2). Therefore, the C + H,O — H,CO pathway towards
CH3OH plays only a minor role.

Unlike the other main ice species, the relative abundances of
NH; show rather homogeneous results for the different physical
conditions with only a minor dependence on dust temperature,
collapse time, and density. For CHy4, however, this species shows
larger variations. It is heavily underproduced when compared to
the observed value for both sources and it does not obey the up-
ward trend in fractional abundance with collapse time. We find
that the formation of CHy4 is hindered by the lack of available
atomic carbon on the grain, since elemental carbon is mainly
locked up in CO in the gas phase (see Section [3.1). As reported
in Figure the gas-phase abundances of CO and atomic C
show CO/C > 1 for all models during the entire duration of
collapse. Note that, in fact, this ratio is already rather high at the
start of collapse (~ 50), as CO is efficiently produced in the gas
during the phase 0 translucent cloud stage.

3.3. Best fit models

To identify the model that best matches the Ice Age observa-
tions, we calculate the median absolute error (MAE) between
the model predictions and the observed column densities in two
steps as described in Appendix [D| This method is also called
mean distance of disagreement, as introduced in|Wakelam et al.
(2006). In the initial step, we identify a sub-sample of best mod-
els characterised by H,O column densities consistent with the
Ice Age observations within a factor of a few. The models that
are favoured are those with longer collapse timescales and higher
densities because the efficiency of H,O ice accumulation is en-
hanced and photo-dissociation, a primary mechanism for H,O
ice destruction in low-density environments, is mitigated. In a
second step, we obtain the MAE between the predicted and the
observed ice abundance ratios for the rest of species with respect
to H,O and on logarithmic scale, in order to select the model
(or models) with the lowest MAE value (see Appendix D). Table
[5] summarises the results of this analysis, and Figure[d presents
the comparison of the predicted ice column densities between all
codes and with the Ice Age observations.

For MAGICKAL, the code generally shows best agree-
ment with observations for higher densities and longer collapse
timescales. For NIR38 (Ay=60 mag, T4,=14 K), the most suit-
able model conditions are ny=2x10°%m=3, #,o; = 10° yr, with
logarithmic MAE value for the ice abundances with respect to
H,0 of 0.43*3¢. For J110621 (Ay = 95 mag, Tguq = 12K), the
observed ice abundance ratios are best explained by the same

model conditions, with a corresponding MAE value of 0.56f8:(1)8.

Similarly, for MONACO, the best fitting models for both
NIR38 and J110621 are the ones with ng = 2 x 10°cm™ and
feor = 10° yr. The MAE values are 0.63%0]> and 0.4570-0. re-
spectively.

For Nautilus, the best fitting models for NIR38 and J110621
are respectively (ng = 2 x 10*cm™, 1,,=10° yr) and (nyg = 2 x
10° cm™3, £, =10° yr). For NIR38, the model underproduces the
H,0 column density by a factor of ~ 1.5-2, with an associated

MAE of 0.54*0%. The second best model is the one with the

highest density and longest collapse phase (ny = 2 x 10° cm™,
teor=10% yr) with a MAE of 0.95f8'{é. Although the latter gives
in general closer values to the observed H,O column density and
ice abundance ratios of CO, CO,, CH30H and NHj;, it fails to
produce any CHy4 and this is the reason for obtaining a worse
MAE for this model. The observations toward J110621 are better
reproduced by the models with an overproduction of H,O only
by a factor of ~ 1.2-1.4 between the modelled and the observed
value. The associated MAE is 0.4670%_ Slower collapse overall

-0.09°
reproduces more closely the observed column densities.

For UcLcHEM, the two best models are the ones with interme-
diate collapse times (t.o; = 10° yr) and intermediate or high final
densities (ny = 2 x 10°, 2 x 10° cm™3). Between these two mod-
els, we cannot favour one over the other, as both the errors in
column density and the logarithmic MAE for the abundance ra-
tios with respect to H,O show similar values and range between

0.48*017 and 0.687012.

Similarly to UcLcheMm, the intermediate physical conditions
yield the best results for the KMC code. That is, models with
collapse time #.,;=10° yr and final density ny = 2x 10° cm ~3 are
the ones that best fit the observed ice abundances. These models
underproduce the H,O column density by a factor of ~5 and 8
and show a MAE of 0.8*01* and 0.76*J0° for the fractional abun-
dances of NIR38 and J110621, respectively. Other models with
lower MAE (~ 0.6-0.7) are found for shorter collapse times, but
they are off in terms of absolute H,O column densities with an
underproduction by factors ~ 20-70.

From Figure[5] we find that the largest discrepancies between
the best-fit models with the observed ice column densities are
found for CH30H and CHy4. These species tend to be underpro-
duced in the ice, especially for the models of NIR38. This is
related to the majority of atomic C getting locked into CO in the
gas-phase early in the simulations (Section [3.1)), which is sub-
sequently converted into CO, ice upon accretion, preventing the
formation of CH3;OH and CHy in the ice.

To summarise, the models that better reproduce the ice chem-
ical composition observed toward NIR38 and J110621 are those
with intermediate/high densities and intermediate/slow collapse
times; models with fast collapse and low densities are clearly dis-
carded. These results nicely match the densities and time-scales
required by grain growth models (n3>10° cm™ and t.,;>10° yr)
to obtain molecular cloud grains of 0.9 um in size, which is the
size inferred from the JWST Ice Age observations (see [Dartois
et al.|[2024).
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Table 5. MAE results for the models for NIR38 and J110621.

NIR38 J110621
(Ay = 60 mag, Tgys=14 K) (Ay =95 mag, Tgy=12 K)
Chemical Code nyg (cm™) teol (Y1) MAE nyg (cm™) teol (Y1) MAE
MAGICKAL 2x10° 10° 0.4370.11 2x10° 10° 0.560:19
MONACO 2x10° 10° 0.6370:13 2x10° 10° 0.4570:19
Nautilus 2x10% 100 0.54+0:12 2%10° 10° 0.46+0%9
UCLCHEM 2x10° 103 0.48*0-17 2x10° 103 0.62+0:11
KMC 2108 108 080l 208 108 07670

Notes. The errors associated with the MAE results correspond to the 30 level.
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Fig. 5. Comparison between the ice column densities predicted by all
codes for the best fit models, and with the Ice Age observed values. Dif-
ferent colours indicate different molecular species and different symbols
label the distinct astrochemical codes used in this work (see legend in
the upper part of the Figure). Horizontal lines show the observed ice
column densities reported in Tablefd]and the shaded areas indicate their
associated errors.

3.4. Models with Tq,=10 K

In the model runs explored above, we have considered Tgys =12
K and 14 K as estimated from Herschel-based dust temperature
maps (see Section @) Howeyver, it is well known that these
maps are representative of the outer and slightly warmer layers
of molecular clouds (see e.g. [Hocuk et al.|2017; |Clément et al.
2023). In order to test the influence of the dust temperature on
the ice chemical composition toward the field stars NIR38 and
J110621, we have repeated the simulations for the best mod-
els identified in Table [5} but assuming a dust temperature of
Tauste = 10 K. The results differ significantly for the codes that
include only diffusive chemistry (Nautilus and UcLcHEM) from
those that include both diffusive and non-diffusive chemistry
(MAGICKAL, MONACO and KMC).

For Nautilus, the main impact on the results comes from the
severe decrease in the production of CO, by factors of 55 and
65 for NIR38 and J110621, respectively. At the same time, CO
is more abundant in the 10 K models (by factors of 3.6 and 1.8,
respectively) as a consequence of a slower diffusion of both CO
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and O on the surface of dust grain CH3OH production is thus
increased in both models by factors of 2 and 25 for NIR38 and
J110621, while CHy4 is also increased in the T = 10 K model, for
which CHy production is in competition with methanol. Simi-
larly to Nautilus, the decrease of T4y in the UcLcHEM simula-
tions induces a drastic reduction in the formation of CO, as well
as an increase in the formation of CH3;OH. This behaviour was
hinted from the results for J110621 (Ay = 95, T = 12 K), for
which we already observed an underproduction of CO, due to
the decrease in the efficiency of the reaction CO + OH — CO; +
H.

In contrast to UcLcHem and Nautilus, we do not observe any
significant differences when the temperature decreases down to
10 K for the MAGICKAL, MONACO and KMC codes. For the
MAGICKAL code, the chemistry hardly changes for dust tem-
peratures <12 K because non-diffusive chemistry takes over dif-
fusive chemistry at these low dust temperatures. As an example,
CO, predominantly forms at Tgy,=14 K via diffusive associa-
tion of CO and OH. However, for lower Ty, the reaction rate of
diffusive association of CO and OH declines, and non-diffusive
mechanisms begin to dominate the formation of this molecular
species. Indeed, the formation rate of both mechanisms becomes
equivalent at ~ 13 K. Thus, the decrease in CO, (by a factor of
2) is not as drastic as observed for UcLcHEM or Nautilus, because
CO; can still form through non-diffusive mechanisms at Tqyg <
12 K.

In the case of CH30H, a moderate increase in CH;OH ice
abundance is predicted (by a factor of 2), which is related to
the increase of CO ice abundance as a result of its slower con-
version into CO, at the lower dust temperature. As shown by
the KMC simulations, CH3OH is predominantly formed through
CH;0 + H — CH3O0H, but CH30 + H,CO — CH30H +
HCO also plays a role (Simons et al.|[2020; [Santos et al.[[2022).
Therefore, the dominant mechanisms responsible for ice forma-
tion at Tgus=10 K for the MAGICKAL, MONACO and KMC
codes are non-diffusive, which can operate with the same effi-
ciency independently of the dust temperature considered in the
model.

7 The diffusion rate of each species is proportional to
exp(—Ebind/kTaust), Where Eping is the binding energy and k is the
Boltzmann constant. This implies that the diffusion rate of atomic O,
for instance, decreases by 11 orders of magnitude at 10 K with respect
to the case at 12 K.
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4. Discussion
4.1. Depletion of CO onto ice grains

From the Ice Age observations of [McClure et al.| (2023), CO
is the second most abundant species in the ices along the lines
of sight of NIR38 and J110621. Despite the significant abun-
dance of CO in solid state (~30-40% with respect to H,O; see
Tablef), it has been proposed that the cloud local gas density to-
ward these field stars may not exceed the limit of ny~10° cm™
required for the catastrophic depletion of CO (McClure et al.
2023)). This idea is supported by the similar ice chemical com-
position of the NIR38/J110621 field stars to Elias 16 (McClure
et al.|2023)), whose visual extinction is Ay~19 mag.

By using the results from the best models reported in Table
Bl we can provide information about the level of CO depletion
predicted for the dense cloud regions toward field stars NIR38
and J110621. The depletion factor of CO, fp, is calculated as:

104

o= L COm

2

where x(CO)g,s is the gas-phase CO abundance predicted by
our best models, and where 10~ is the assumed canonical value
for the gas-phase abundance of CO, as measured toward nearby
star-forming regions (see e.g. [Frerking et al.[|[1982; [Fuente et al.
2019), and that should be considered as a lower limit.

In Table @, we report the values of y(CO),,s at the end of
the collapse and the CO depletion factors predicted by each best
model. From Table[6] we find that for UcLcuem and KMC codes,
the CO depletion factors in our best models range between ~2-3.
This is produced by the intermediate time-scales for the collapse
of their best models, and it would be consistent with the idea
of CO not being severely depleted toward the lines of sight of
NIR38 and J110621 (McClure et al.|2023)). Something similar is
found for the Nautilus results of NIR38. However, for J110621,
Nautilus gives a very large depletion factor (fp>1400), which is
due to the catastrophic depletion of CO in its highest-density,
slowest-collapse model. The same applies to the MAGICKAL
and MONACO codes, for which their predicted depletion fac-
tors are clearly >10. Maps of CO ice recently obtained with the
JWST toward the Chamaeleon I molecular cloud estimate that
between 45%-85% of CO is depleted onto dust grains, although
large uncertainties do exist (Smith et al.[2025)). Large-scale maps
of gas-phase CO and of its '*C and "0 isotopologues toward the
Chamaeleon I cloud, will be analysed in the future to accurately
measure the level of CO depletion toward the lines of sight of
NIR38 and J110621.

4.2. Formation of CH;OH ice

In all the codes used in this modelling effort, we have consid-
ered the same formation routes of methanol on the surface of
dust grains. These formation routes are: 1) successive CO hydro-
genation in the reaction chain CO — HCO — H,CO — CH;0
— CH;0H (Watanabe & Kouchi|[2002); 2) the reaction chain
CH; + OH — CHj; + H;0 and CH; + OH — CH3;OH (Lam-
berts et al.|2017; |Qasim et al.[|2018; Lamberts et al.[2022); and
3) the formation of formaldehyde through C + H,O and subse-
quent hydrogenation processes (Potapov et al.[2021; Molpeceres
et al.|[2021).

For MAGICKAL, CH;0H is predominantly (> 99.99%)
formed via the successive hydrogenation of CO. The formation

of methanol via CH3; + OH is negligible, given that the hop-
ping rate of heavy species such as radicals is too slow at the
low Tguse Of the simulations. The diffusion of heavy radicals is
very slow and the chemistry is dominated by atomic hydrogen
at this temperature regime (<20 K; |Garrod et al.|2008)). Indeed,
for Tguse=10-16 K, all hydrogen atoms landing on the grain will
quickly be involved in a hydrogenation or abstraction reaction
and will not desorb, because the surface concentration of reac-
tants is large and the hydrogen atom will only need to diffuse
a short distance to react. The same applies to the Nautilus and
MONACO codes, for which CH3OH is only (> 99.99%) formed
by hydrogenation of CO on grains. The methanol formation from
CH; + OH — CH3OH is insignificant, regardless the tempera-
ture, density and final collapse time.

For the KMC simulations, we also find that methanol is pre-
dominantly formed through the successive hydrogenation of CO.
Around 30% of the total methanol present in the ice has been
formed through hydrogenation of CH3O whereas the radical-
neutral reaction CH;0 + H,CO —— CH3;OH + HCO accounts
for ~ 10% only. The remainder 60% comes predominantly from
hydrogenation of CH,OH, which should not be considered as a
formation reaction since CH,OH is exclusively formed through
H-abstraction of methanol. The reaction CH; + OH — CH3;0H
hardly occurs in the simulations of both sources (only once in
10° yr) and the contribution of the C + H,O reaction to the for-
mation of formaldehyde is very marginal: only ~0.2% of the
reaction flux towards H,CO is found to be of this type.

One may think that the low efficiency in the formation of
CH;OH ice through the reaction chain starting from CHy +
OH, is due to the underproduction of CH4 in the models (see
SectionE]). However, note that, even when CHy is efficiently
formed, as in the case of the UcLcuem code, the CH3OH ice for-
mation reaction CH; + OH — CH3OH contributes <1.4% to the
total CH30H ice produced for the best models of NIR38 and
J110621.

Therefore, all codes show that the most efficient forma-
tion mechanism of methanol for the high extinction conditions
probed toward the lines of sight of NIR38 and J110621, is the
hydrogenation of CO on grain surfaces. We note, however, that
we do not exclude that the other two mechanisms of methanol
formation (namely, the chain of reactions starting from CHy +
OH and C + H,0) are efficient at lower extinctions and den-
sities, but that the dominant mechanism toward the densest re-
gions in the Chamaeleon I cloud is CO hydrogenation. In fact,
the JWST observations reveal that a CH;OH:CO mixture alone
is not sufficient to reproduce the observed 9.8 um band (McClure
et al.|2023)), which suggests that some mixing with water may be
present toward the outer shells of the cloud (see also Section[4.8)).

4.3. Conversion of CO into CO,

Multiple laboratory and theoretical works have been carried out
to understand the conversion of CO into CO; in ices. The most
studied surface reactions are: (i) CO + O — CO, (Goumans &
Andersson|[2010; [Raut & Baragiola/ 2011} loppolo et al.|[2013;
Minissale et al.|2013); (ii)) HCO + O — CO, + H (Ruffle &
Herbst/[2001} [Toppolo et al.|2013); and (iii) CO + OH — CO,
+ H (Oba et al.|2010; [loppolo et al.|2011; Noble et al.[[2011}
Molpeceres et al.[|[2023)). While reactions (i) and (iii) have been
found to form CO, in different quantities, reaction (ii) has been
proven to be inefficient (Loppolo et al.|2013) and hence, it is not
included in the astrochemical codes. Therefore, the main routes
for CO, ice formation are reactions (i) and (iii).
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Table 6. Predicted CO depletion factors for the best models.

NIR38 (Ay = 60 mag)

J110621 (Ay = 95 mag)

Code X(Co)gas (10_4) fDa X(Co)gas (10_4) fDa
MAGICKAL 0.04 25 0.03 30
MONACO 0.0007 1360 0.001 790
Nautilus 0.3 ~3 0.0007 >1400
UCLCHEM 0.52 ~2 0.53 ~2
KMC 0.5 ~2 0.6 1.7

Notes. (a) The depletion factor, fp, is calculated as 10‘4/X(C0)gas, with y(CO),,, the abundance of CO in the gas phase predicted by the best model

from each code (see Table[3).

A general result for all models that use directly the values
of Ty inferred from Herschel data (14 K and 12 K for NIR38
and J110621, respectively; see Section E]), is that CO, is overpro-
duced as compared to the CO, ice abundances measured with the
JWST. Note that the abundances in McClure et al.| (2023)) could
be a factor of ~1.45 higher, due to uncertainties in the determi-
nation of the CO, 4.7 um band strengtlﬂ The overproduction of
CO; is a well-known effect that was pointed out by e.g. (Garrod
& Pauly| (2011) and, more recently, by (Clément et al.|(2023)). In-
deed, the formation of CO, ice in the ices is strongly dependent
on T4y and it is extremely efficient once T4y:>12 K. However,
note that the reaction mechanisms responsible for this CO, ice
overproduction is different in different codes.

For the MAGICKAL code, the dominant mechanism for
CO;, ice formation is the reaction CO + OH — CO, + H when
Tause>12 K. At higher T4, CO becomes mobile enough to reach
and react with OH radicals before H or H,, efficiently converting
CO into CO; (see Section [3.2.1). This reaction is also the dom-
inant CO, ice formation process in the MONACO and UcLcHEM
chemical codes. In contrast, for the Nautilus code, CO, ice is
produced via the grain-surface reaction CO + O — CO,, after
CO and atomic O being adsorbed onto the icy mantles from the
gas phase. It has been proposed that this difference could be due
to distinct binding energies of atomic oxygen used in the codes
(Clément et al.|[2023)). However, in our case, the binding energy
used in all codes is ~1600-1660 K, which is consistent with that
recently revisited by|He et al.|(2015) and Minissale et al.|(2022)),
and with the lack of detection of O, in the Orion Bar (Melnick
et al.|2012). Alternatively, the model discrepancies could be pro-
duced by differences in the activation energy barrier assumed for
the CO + O — CO; reaction. For example, while MAGICKAL
uses 1000 K and 1.27 A for the height and width of the reaction
barrier (chosen to reproduce the tunnelling rate in the quantum
chemical calculations of(Goumans & Andersson|2010), Nautilus
uses 627 K and 1 A, respectively, following the experimental re-
sults of [Minissale et al.| (2013). This would explain why this re-
action is more efficient in Nautilus than in MAGICKAL. Given
all uncertainties, it thus remains unclear which of these two reac-
tions (i.e. CO + OH — CO; + H or CO + O — COy) is respon-
sible for the main production of CO; ice in the dense molecular
regions toward the NIR38 and J110621 field stars.

In order to investigate this problem in detail, we have used
the KMC model where we have included all these different re-
actions for CO, ice formation. First, we considered the reactions
where i) CO; can form directly from CO + OH — CO, +
H; and ii) CO; can form through a minor channel in a two-step

8 The band strength used in McClure et al| (2023) was
1.1x107'"* cmmolec™! as revisited by [Bouilloud et al. (2015), but
a value of 7.6x107'7 cmmolec™' can be found in earlier works
(Gerakines et al.|1995).
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fashion CO + OH — HOCO and HOCO + H — CO, + H,.
The model adopts a branching ratio of 0.8 and 0.2 between the
two routes. Quantum chemical calculations and laboratory ex-
periments (Arasa et al.|2013; Molpeceres et al.||2023} [Ishibashi
et al.|[2024) suggest that the latter route should be more impor-
tant, since HOCO is found to stabilise in the ice rather than to
fall apart into CO, and H. This latter process is endothermic.

Additional simulations were performed with an updated net-
work that included CO + O — CO; (k = 10 '%"!;|Goumans
& Andersson|2010), HCO + O —— CO, + H (no barrier; |West-
enberg & DeHaas||1972} |[Campbell & Handy|1978) and only the
indirect HOCO route with a rate constant of 10'"s~! (Molpeceres
et al.|[2023)). Interestingly, our results show that all routes con-
tributed roughly equally to the formation of CO,, while the
rate constants dictate that CO reacting with O should be less
favourable by 20 orders of magnitude. The most probable expla-
nation for this is the higher mobility of atomic O on the grain.
The species diffuse rapidly in the shallow sites until they reach
high binding sites that can act as a “sink” where species reside
for a long time, long enough to react even for low reaction rate
constants. This mechanism is more effective for O than for OH,
as a result of its lower diffusion barrier distribution. Therefore,
the chemical modelling of CO, on grain surfaces should con-
sider the two formation mechanisms, CO + O —— CO, and the
indirect HOCO route.

4.4. Formation of hydrides in the ice: H,O, NH; and CH,

As shown in Section [3] the models tend to underproduce water
for all codes. The models that generate the largest amounts of
water are the ones with a slow-collapse phase and with high-
densities, reproducing the observed water ice abundances within
a factor of 10.

Similarly, CHy also tends to present lower abundances in all
model runs as compared to the ones measured by the Ice Age
observations. An exception is the UcLcHEM code, for which the
models reproduce within factors of 2-4 the CH, ice abundances
observed toward NIR38 and J110621 (see Figure[5). The for-
mation of CHy ice is intimately linked to the formation of CO,
ice since both molecular species compete for the conversion of
atomic C depleted onto dust grains. This conversion, however,
is expected to take place at lower extinctions during the translu-
cent cloud (phase 0) stage (see e.g. Garrod & Pauly|2011)). As
explained in Section [3.1} the amount of gas-phase atomic C
available for depletion in the translucent cloud (phase 0) stage
is roughly one order of magnitude higher in the UcLcHEM mod-
els than for the other codes. For NHj3, its formation in the ice
occurs predominantly via the hydrogenation of atomic N. The
models reproduce fairly well the ice abundances observed with
the JWST, which differ by typically factors of a few.
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We finally note that lowering the temperature from
12 K/14 K to 10 K in our simulations has, in general, little to
no effect on the resulting ice abundances of H,O, CH4 and NHj.
This is particularly true for the codes that include non-diffusive
chemistry such as MAGICKAL, MONACO and the KMC codes.

4.5. Oxygen budget in the models

For our modelling, we have considered an initial abundance of
1.76x10~* for atomic oxygen, as proposed in the "EA1” low-
metal abundance case of [Wakelam & Herbst| (2008, see TableE]).
We can check whether this abundance is consistent with the oxy-
gen budget locked into H,Ojce, COjce, and CO, ¢ in the models.
Taking into account that our best models provide values close to
those measured with the JWST, we use the abundances shown
in Tablefd] to make this estimate. For NIR38, the oxygen ele-
mental abundance locked into the ice can be calculated from
the sum N(H;Ojce) + N(COjee) + 2XN(COy ), Which gives
~1.3x10' cm™2. Since the column density of hydrogen nuclei
toward NIR38 is ~10?*cm™2, this yields an oxygen abundance
of 1.34x107*, which corresponds to 76% of the initial oxy-
gen assumed in the models. However, the "EA1" abundance of
1.76x10~* considers depletion onto dust grains and hence, when
compared to the cosmic abundance of oxygen (~4.9x107%; see
Asplund et al.[2009), the oxygen abundance locked into ices rep-
resents 27% of the total atomic oxygen. On the other hand, the
derived oxygen abundance in the ice toward the J110621 line-
of-sight is ~2.1x107%, i.e. higher than the initial atomic oxygen
abundance assumed in our models. Therefore, the "EA2" and
"EA3" cases proposed by [Wakelam & Herbst (2008)), provide a
more realistic initial abundance for elemental oxygen for astro-
chemical modelling of dense molecular clouds.

4.6. Importance of the length of the collapse

In our models, we have considered different collapse time
lengths to establish the impact of this parameter on the ice chem-
ical composition. As shown in Section [3] the abundances of ma-
jor ice species such as H,O, CO or CO, change little in the
fast-collapse models because the collapse time length (f.,=10*
yrs) is orders of magnitude shorter than the depletion timescale
(treezo—ont = 10°/ny yr). Only for the highest-density models
with n(H)=10° cm™3, for which the depletion time-scales are
similar to the collapse time length, the predicted ice abundances
reach values closer to those measured in the Ice Age observa-
tions. As discussed in Section [3.3] the best agreement with the
observations is achieved for models with longer collapse time
lengths (i.e. with time-scales #.;=10% yrs and t.o1=10° y18; see
Table [5)), although note that shorter collapse times favour the
formation of species such as CHy (see Figures|C.8and[C.7). The
high densities and long timescales for ice formation are broadly
consistent with the ny=10% cm™ and t=10° years required by
grain growth models for molecular clouds (Ormel et al.|2009) in
order to reproduce the 0.9 um grain sizes found for NIR38 and
J110621 by Dartois et al.| (2024)). The convergence of models for
two different physical and chemical phenomena adds weight to
these results.

4.7. Uncertainties in the determination of the extinction

toward NIR38 and J110621

The visual extinction values first reported in McClure et al.
(2023) toward the lines-of-sight of NIR38 and J110621 (Ay=60

mag and Ay=95 mag, respectively), were pre-flight estimates. A
more recent analysis of the NIRSpec spectra obtained with the
JWST toward these two field stars, has however yielded A val-
ues of 4.1 for NIR38 and 5.6 mag for J110621 (Dartois et al.
2024). If we assume Ay/Ag = 8.4, these values correspond to
visual extinctions of Ay=34 mag and Ay=47 mag, respectively.
These values are different from those given by McClure et al.
(2023), because these authors used the pre-launch extinctions de-
termined photometrically under the assumption that both back-
ground stars were both G or K giants. Instead, |Dartois et al.
(2024) fitted the photospheric absorption features to determine
that both stars were K7 dwarfs.

The new Ay values are therefore factors of ~2 lower than
those reported in [McClure et al.| (2023)) and than those used in
our chemical modelling simulations (see Section[Z] and Table @)
which explains the similar ice compositions of NIR38/J110621
and Elias 16. However, we note that we do no expect significant
differences for these lower visual extinctions because UV photo-
chemistry (the only one that could be affected by the lower ex-
tinction values) is inefficient at Ay>10 mag. The only impact is
expected for the predicted column densities of water ice reported
in Figures [3}{C.8] whose values would be lower by roughly a fac-
tor of ~2. The ice column density ratios would not suffer any
change because they are calculated directly from the ice abun-
dances predicted by the models. The predicted CO depletion fac-
tors would not be affected either by the change in visual extinc-
tion for NIR38 and J110621, because fp are inferred from the
CO gas-phase abundance given by the models (see Section .T).

4.8. Other possible effects not considered in the models:
Grain growth, cloud dynamics and line-of-sight effects

The aggregation and clustering of icy dust grains during the
collapse of a cloud will modify their size distribution, as ex-
plored numerically in e.g. 'Weingartner & Draine| (2001)); |Ormel
et al.| (2011); |Silsbee et al.| (2020); Marchand et al.| (2023)); Le-
breuilly et al.| (2023). For the two background sources behind
Chamaeleon I studied here, NIR38 and J110621, it has been
shown by simulating the observed absorption spectra that the
largest grains in the distribution have increased in radius by a
factor of about four (Dartois et al.|[2024) with respect to the
largest grains in the expected diffuse ISM distribution (Mathis
et al.|[1977), giving rise to clear scattering features. Enhanced
scattering observed more widely across this cloud with Spitzer
photometric filters has also been attributed to grain growth
(Lefevre et al|[2014). Grain growth is accompanied by a low-
ering of the visual extinction per dust mass (see Section
and is expected to lower the peak dust temperatures and mod-
ify the radiative and sublimation-induced cooling efficiencies of
dust grains (Herbst & Cuppen/[2006). In addition, the surface to
volume ratio might be affected and thus influence, possibly di-
minish, the available total surface for chemistry and the surface
available for depletion from the gas phase. Clues as to the local
ice structure and morphology were given by the observation of
the “dangling OH” absorption features of H,O ice along both
lines of sight (Noble et al.|[2024). These features, while not pro-
viding a direct measure of porosity/compaction of the ice, trace
H,0 molecules not fully bound to surrounding H,O molecules in
the ice, whether due to interaction with other molecules such as
CO, CO,, or due to a non-bound OH in the bulk or at the ice sur-
face. The surface to volume parameter will depend on the degree
of compaction of the ice during the aggregation process. Modifi-
cation of the grain surface morphology due to energy dissipation
following grain collision or cosmic ray hits can also impact the
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chemistry that occurs in and on the grain, as the availability and
nature of binding sites changes. All of these physical modifica-
tions to the grain will, in turn, modify binding energy distribu-
tions at the surface and in the bulk, and thus activation barriers
to diffusion and adsorption/desorption (Noble et al.|2012; |Cup-
pen et al.|2013; [Karssemeijer & Cuppen|2014; Nguyen et al.
2018} Minissale et al.||2022)), impacting the availability of reac-
tants for, and the relative rates of, the various chemical processes
discussed above (Herbst & Cuppen!2006; |Penteado et al.|[2017}
Igbal & Wakelam|2018)).

Another parameter that could affect the results of our sim-
ulations is the history of the evolution of the molecular cloud.
In the simulations presented in this paper, we have considered a
simple evolution of the physical properties of the cloud (temper-
ature and density) during its collapse phase (we have assumed
free-fall collapse; see Section@] and [Brown et al.||{1988; Rawl-
ings et al.[1992). However, by doing so, we have only considered
a small portion of the possible evolutionary pathways that a par-
cel of gas in the Chamaeleon I cloud could undergo. By using
hydrodynamical simulations, |Clément et al.| (2023)) have shown
that the passage from the diffuse to dense cloud phase in these
simulations, was key to producing CO, very early in the cloud’s
evolution when the dust temperature is larger than 12 K, but also
to generate enough hydrides before atoms are fully converted
into other molecules in the gas-phase. In addition, note that, for
the sake of simplicity, we have kept the dust and gas temperature
equal in our simulations, and have varied them only between 14
and 10 K. As explored by |Clément et al.| (2023), the decoupling
between the gas and dust temperatures may lead to different ice
chemical compositions.

Finally, the model results compared to the JWST observa-
tions are those at the end of the phase 1 collapse stage, which is
characterised by constant physical conditions. In reality, JWST
observations toward the two field stars NIR38 and J110621 are
probing all material along the two lines of sight from the outer
edges to the central zone of the molecular cloud. Therefore, line-
of-sight effects due to the inhomogeneous structure of the molec-
ular cloud are not taken into account by the modelling. This
could be one of the reasons behind the general difficulty of the
models to reproduce the observed CH3;0H and CHy ice com-
position simultaneously, as these two observed ice components
may probe different locations along the line of sight. For exam-
ple, CHy-rich ice could be present in the outer shell of the cloud,
where the C to CO conversion is not complete (so that C atoms
can be efficiently hydrogenated once accreted onto dust grains).
In contrast, CH3;OH ice should copiously form toward the cen-
tral colder and denser regions of the cloud, where most atomic C
is locked into CO and CO can efficiently freeze out onto the sur-
face of dust grains to be transformed into CH3OH via successive
hydrogenation. However, note that visual extinctions Ay <2 mag
are required for carbon to remain in its atomic form in the gas
phase. Indeed, as shown in Figure[I] even in the translucent cloud
regime with visual extinctions Ay=2mag, atomic C is almost
completely converted into gas-phase CO. This implies that the
region where atomic C could avoid conversion into CO extends
at most Ay=2mag into the cloud from the surface. Considering
that every cloud has two surfaces — the one on the observer’s
side and the second one on the far side — the surface layer would
extend for 4 mag in total, which represents <12% of the NIR38
line of sight, assuming that its extinction is at least A,=34 mag
(as mentioned in Sectiond.7). Detailed physical and chemical
modelling of the cloud is needed to reconstruct such line-of-sight
effects, and this requires a dedicated observational effort, includ-

Article number, page 16 of 29

ing dust continuum and spectral line emission mapping, which
is undergoing.

4.9. Differences between diffusive versus non-diffusive
chemistry

In this work, we have used astrochemical codes that consider dif-
fusive chemistry only (e.g. Nautilus, UcLcHEM) and codes that in-
clude both diffusive and non-diffusive chemistry (MAGICKAL,
MONACO, KMC). The largest differences between these codes
are mainly found for models with very low dust temperatures of
Taust=10 K. Indeed, in codes with diffusive-chemistry-only, dif-
fusion of grain-surface species becomes activated at higher Tgyg.
This is the reason why the production of species such as CO; is
largely decreased, in favour of CH3OH and CHy4. In contrast,
for codes that include diffusive and non-diffusive chemistry, the
formation of new molecular species at Tq,=10 K occurs exclu-
sively by non-diffusive processes (i.e. in-situ on the grain sur-
face upon the formation of the reactants) and therefore, it does
not require the species to diffuse across the surface. This implies
that non-diffusive chemistry is efficient at Tgu5,=10 K. As shown
in Section [3.4] no differences are found between models with
Taust=10, 12 and 14 K for codes with non-diffusive chemistry,
which indicates that the formation of H,O, CO, CO,, CH;0H,
CH,4 and NH3 in these models occurs mainly non-diffusively at
these Tqus- This could explain the rather constant ice chemical
composition observed not only in Chamaeleon I but also in other
dense molecular clouds (as e.g. toward the Elias 16 background
star; [Knez et al.|2005), as found by [McClure et al.|(2023)).

4.10. Differences between rate equation codes versus
stochastic KMC models

Rate equation codes are macroscopic models in which every dif-
ferent chemical reaction results in a term in the rate equation that
combines the meeting of the reactants and the subsequent reac-
tion. Whether the reactants meet by diffusion or through some
non-diffusive mechanism should be explicitly included in the
rate equations, thereby requiring an estimation of the coupling
between the different processes and the average outcome.

In contrast, the lattice KMC model is microscopic in the
sense that it simulates every move of each individual species
on top of the grain surface, monitoring their exact location. In
this model, the effect of diffusion on reactions is observed as an
outcome of the simulation of each individual move of a species.
This can pose an advantage, especially when the coupling be-
tween processes is difficult to model or when assumptions for the
rate equations do not hold throughout the entirety of evolution of
the system. Another advantage is that the surface structure of the
grain can be taken into account. The rates of various processes
(e.g. diffusion, reaction and desorption) is made site-specific and
so the effect of surface morphology on the surface chemistry can
be modelled in detail.

On the other hand, the microscopic approach of the lattice
KMC grain model comes with a cost in terms of practical appli-
cability. Certainly, when compared to macroscopic rate equation
models, the computation time is very long. Even so much so, that
for the highest final densities and longest collapse times of the
grid studied in this work, the computation time becomes inappli-
cable (estimated time is on the order of months). Therefore, for
some combinations of parameters, we have not been able to in-
clude results for the entire collapse time duration (instead at least
94% of collapse time). Moreover, as a single KMC run simulates
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one possible (stochastic) evolution of the system (grain), ideally
one would like to perform multiple runs and average over the re-
sults. Evidently, this is currently unfeasible for the densities and
collapse times studied here.

Long computation times also place restrictions on the reso-
lution that we can use with our KMC model. As is obvious from
the CH4 abundance, which we found to fluctuate between 1 and
0 on the grain, we would like to use larger lattice size N. How-
ever the simulation time scales with N”log(N), making higher
resolution simulations unattainable for the present effort. Con-
versely, if one would like to reduce the computation time, the
discrete fluctuations in abundance for some species shows that
we are already at the limit of being able to resolve one particle
in our system.

5. Conclusions

In this work, we have used state-of-the-art astrochemical codes
(MAGICKAL, MONACO, Nautilus, UcLcaem and KMC) to
model the ice abundances measured with the JWST within the
Ice Age ERS program toward the highly-extinguished back-
ground stars NIR38 and J110621 in the line of sight of the
Chamaeleon I dense molecular cloud (see McClure et al.|[2023]).
To do this, we have considered a small grid of physical param-
eters covering gas densities ny=2x10%, 2x10° and 2x10° cm™3,
dust temperatures of Tq,=10, 12 and 14 K, and cloud collapse
time-scales of t.;=10*, 10° and 10° yr. The comparison of the
model predictions with the observed JWST ice abundances to-
ward NIR38 and J110621 allow us to understand the chemical
processes behind the ice formation of CH3;OH (and hence, of
CO and CO,, which are tightly related to the ice chemistry of
CH;OH) and of hydride species such as H,O, CH4 and NH;.
The main conclusions of our work are listed below:

1. The best match between the predicted and the observed ice
abundances is found for the higher-density and slower col-
lapse models with ng>2x10° cm™ and t.,;>10° yr. Low-
density (ny=2x10* cm™3), fast models (t.o;=10* yr) are ruled
out because their collapse time-scales are shorter that the
depletion time-scales preventing the efficient growth of the
ices. These results nicely match the densities and time-
scales required by grain growth models to grow molecular
cloud dust grains to sizes of 0.9 um as measured toward the
Chamaeleon I cloud.

2. The models provide mixed values for the CO depletion fac-
tor, which range from fp~2-3 to fp>25. Large-scale maps of
gas-phase CO are therefore needed to constrain the level of
CO depletion onto dust grains.

3. All our models find that CH;OH ice formation toward the
highly-extinguished lines-of-sight of NIR38 and J110621 in
the Chamaeleon I cloud, predominantly occurs via the suc-
cessive hydrogenation of CO. The contribution of other pro-
posed CH3OH formation mechanisms, such as the reaction
chains starting from CH4 + OH or from C + H,CO, is minor
for the high-extinction conditions probed toward the NIR38
and J110621 field stars.

4. Our modelling effort shows that CO, ice abundance tends
to be overpredicted in all models, but significant discrepan-
cies are found across codes regarding the dominant reaction
for CO, ice formation (i.e. reaction CO + OH forming an
HOCO intermediate versus reaction CO + O — CQO,). Our
KMC simulations, however, reveal that both reactions should
be considered in any ice chemical modelling given that they
contribute equally to the formation of CO; ice as a result of

the higher mobility of atomic O on the grain as compared to
OH.

5. The formation of H,O ice tends to be underpredicted in all
models, although the predicted values lie within a factor of
10 with respect to the JWST observations. CHy is largely un-
derproduced for all codes except for UcLcHEM, which shows
a higher gas-phase abundance of atomic C during the translu-
cent cloud phase due to more efficient non-thermal desorp-
tion. The models reproduce fairly well the observed ice abun-
dance of NHj.

6. Models with dust temperatures Tq,5=10 K show significant
changes in the results for codes with diffusive chemistry only
as compared to the results with Tgy=12/14 K (i.e. Nautilus
and UcLcuem). However, no differences are found for codes
that consider non-diffussive chemistry. This is due to the fact
that non-diffusive mechanisms take over at lower T gy, com-
pensating for the less efficient diffusiveness of atomic species
and radicals at these low dust temperatures.

As discussed in Section[4.8] our chemical modelling does not
consider the effects of grain growth and/or ice morphology (Dar-
tois et al.[[2024} [Noble et al.|2024), cloud dynamics (Clément
et al.[[2023) or the presence of multiple ice components along
the line-of-sight. Future chemical modelling will have to be car-
ried out to assess the importance of all these effects in detail.
Furthermore, spatial information on the gas-phase abundances
of these major ice compounds will be obtained in the near future
to complement the JWST Ice Age observations, which will help
us to constrain key parameters in the modelling of the chemistry
of ices (such as the depletion of CO, fp) toward the Chamaeleon
I molecular cloud.
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Appendix A: Additional grain-surface chemical
reactions included in UcLcHem for HOCO and CO,

For the UcLcuem calculations, we have added several chemi-
cal reactions involved in the grain-surface chemical network of
the hydrocarboxyl radical (HOCO) and CO,. These reactions
are listed in Table [A.T] and they have been extracted from the
works by Goumans et al.|(2008), Goumans & Andersson|(2010),
Arasa et al.|(2013), Ruaud et al.|(2015),|Qasim et al.|(2019)), and
Molpeceres et al.|(2023).

Table A.1. Grain-surface reactions included in UcLcuaem for HOCO and
CO,.

Reaction Energy barrier (K)
CO+0 — CO, 2500
CO+OH — HOCO (50%) 150
H+CO,  (50%) 150
N + HOCO —s NH + CO, (50%) 0
OH + OCN  (50%) 0
O +HOCO — OH +CO, 0
H, + CO,  (70%) 0
H+HOCO — CO+H,0O (20%) 0
HCOOH  (10%) 0

Notes. The third reaction, forming H and CO,, was already present in
the default chemical network of UcLcHEM, but we updated the energy
barrier from 1000 K to 150 K (Ruaud et al.|2015)).

Appendix B: Evolution of the ice and gas phase
abundances for each code

We present here the evolution of the ice abundances obtained
during the collapse (phase 1) stage by the MONACO, Nautilus,
Ucrcaem and KMC models for H,O, CO, CO,, CH3;0H, CH,4
and atomic C. Four representative models are shown correspond-
ing to the cases of a low-density, fast collapse model and of a
high-density, slow collapse model for both field stars NIR38 and
J110621. In these Figures, we also show the evolution of the gas
phase abundances of CO and atomic C.

The evolution is similar for all codes: the ices undergo a fast
growth by the end of the collapse for the high-density, slow col-
lapse models, when the density rapidly increases and the catas-
trophic depletion of CO takes place (see right panels in these Fig-
ures). We note that the evolution of the density follows the free
fall equations, meaning that the increase of density is very rapid
towards the end of the calculations. As a consequence, for the
models with final ng densities of 2 x 10* cm™3, the increase from
about 2 x 10 cm™ to 2 x 10* cm =3 is done very rapidly (regard-
less the collapse timescales) and thus, the ice chemical composi-
tion does not have time to evolve and it reflects the chemistry at
very low densities inherited from the beginning of the collapse.
Therefore, the ices do not experience significant growth.
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Appendix C: Predicted ice composition and
comparison with Ice Age observations

Figures|C.T}{C.8|show a comparison between the ice composition
predicted by the MONACO, Nautilus, UcLcHem and KMC codes,
and the ice abundances reported by McClure et al.[(2023) toward
the NIR38 and J110621 field stars.

Appendix D: Evaluating the error of the models

To evaluate the performance of the models in a systematic way,
we used the same algorithm for all models. First, we select the
models that predict H,O column densities closer to the Ice Age
observations, that is, the models with the lowest difference or er-
ror. Then, we calculate the mean absolute error (MAE) between
the predicted and observed abundances with respect to H,O on
a logarithmic scale. Note that we have used the H,O ice column
densities for the first step of the MAE calculations, because the
H,O0 ice feature is the one with the highest signal-to-noise ratio
in the JWST observations, and therefore, it presents the lowest
associated uncertainties.
The equation used for the MAE is:

&
MAE = = 3 [log,() — logio(]| (D.1)
i=1

where y; represents the observed value of species i (in abundance
with respect to H,O), y; is the value predicted by the astrochem-
ical model, and N is the number of species observed with the
JWST. We propagate the uncertainty in the values reported by
McClure et al.|(2023)) to derive the uncertainty in the MAE. The
best model corresponds to the one that presents the lowest MAE
value within the estimated uncertainty coming from the observa-
tions.

As an example, Fig. shows the H,O error and the MAE
for all the NIR38 models using UcLcuem, while Fig.[D.2]presents
the same but for J110621. The error bars correspond to the 30
level. For NIR38, we can see that there are four models with the
lowest MAE value (within the uncertainties), but the one with
the lowest final density (2x10* cm™) presents an error for H,O
column density which is too high and clearly larger than the rest,
so we discard it. Then, the best models are the ones with inter-
mediate collapse times (fo; = 10° yr) and intermediate/high final
densities (ng = 2 x 10, 2 x 10°cm™>), and also the one with
high final density and fast collapse. However, if we now repeat
the same procedure but with J110621 (Fig.[D.2), we obtain the
same models except for the last one with fast collapse. There-
fore, we conclude that the two best models for UcLcHEM are, for
both sources, the ones with intermediate collapse times and in-
termediate/high final densities (second and fifth models from the
right).

‘We obtained analogous Figures for the remaining codes used
in this paper. The results of the MAE analysis are reported in Ta-
ble 5] of Section [3.3] We also note that we performed some tests
using the root mean squared error (RMSE) and found similar re-
sults. The main difference is that the RMSE penalises the models
that have bigger discrepancies between observations and predic-
tions for some molecules. Therefore it would yield a big error if
one species were very wrongly predicted, while it would favour
models with a more uniform error between the different species
predictions. For the RMSE, the equation used is:

1Y LY
RMSE v ;(loglo(yi)—loglo(yi))z . (D.2)
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Ay =60mag, T=14K
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Fig. C.1. Predicted ice compositions by MONACO for NIR38. Details are as for Figure
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Fig. C.2. Predicted ice compositions by MONACO for J110621. Details are as for Figure
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Fig. C.3. Predicted ice compositions by Nautilus for NIR38. Details are as for Figure Missing bars indicate ice abundance ratios <0.03% relative
to Hzo
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Fig. C.4. Predicted ice compositions by Nautilus for J110621. Details are as for Figure [3| Missing bars indicate ice abundance ratios <0.03%
relative to H,O.
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Ay =60mag, T=14K
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Fig. C.5. Ice compositions predicted by UcLcHeM for NIR38. Details are as in Figure
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Fig. C.6. Ice compositions predicted by UcLcHem for J110621. Details are as in Figure [3] Missing bars indicate ice abundance ratios <0.03%
relative to H,O.
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Ay =60mag, T=14K
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Fig. C.7. Predicted ice compositions by the KMC simulations for NIR38. For models 6 (ny = 2 X 10° cm™, #,q=10° yr), 8 (nyg = 2 x 10®cm™3,
te1=10° yr) and 9 (ny = 2 x 10° cm™3, £,,=10° yr), the final abundances are taken from simulations that completed 96.8, 99.5 and 94.7 % of their
intended collapse times, respectively. Missing bars indicate ice abundance ratios <0.03% relative to H,O.
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Fig. C.8. Predicted ice compositions by the KMC simulations for J110621. Missing bars indicate ice abundance ratios <0.03% relative to H,O.
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Ay =60 mag, T =14 K, error: MAE
3.0

§ abundances w.r.t. H,0
4 H20 column density

ny=2-10cm™3
ny=2-10°cm™3
ny=2-10%cm™3
teol = 10% yr
teol = 10° yr
teol = 108 yr

mean log error
= N N
(6] o w
gOosnnn

=
o

o
&

0.0
model

Fig. D.1. Logarithmic errors between the predicted ice compositions by the different models of UcLcHem for Ay = 60 mag with Ty, = 14 K.
Errors for only the H,O column densities are indicated with blue rhombus, while black squares mark the errors calculated with the abundances
with respect to water, both superimposed to the bars that represent the models in previous figures. Error bars correspond to 3c-.
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Fig. D.2. Same as Fig. but for J110621 (Ay = 95 mag). The two best models correspond to intermediate collapse times and intermediate/high
final densities (second and fifth models from the right).
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