
Astronomy
&Astrophysics

A&A, 713, A173 (2026)
https://doi.org/10.1051/0004-6361/202661559
© The Authors 2026

DESTINY: A new binding-energy-resolved astrochemical model

Self-consistent competitiveness using branched absorbing Markov chains

Maria Groyne⋆ , Cedric Baijot , and Michaël De Becker

Space Sciences, Technologies and Astrophysics Research (STAR) Institute, University of Liège, Quartier Agora, 19c, Allée du 6 Août,
B5c, 4000, Sart Tilman, Belgium

Received 19 June 2026 / Accepted 17 July 2026

ABSTRACT

Context. Under cryogenic interstellar conditions, the amorphous structure of interstellar ice results in binding-energy distributions
(BEDs) per species. However, only few studies attempted their inclusion in astrochemical models.
Aims. This paper introduces DESTINY, a deterministic astrochemical framework designed to incorporate BEDs while self-consistently
accounting for the competition among activated surface processes. The framework is currently constrained to a monolayer.
Methods. Surface processes initiated by surface species were reformulated using a trial-frequency-capped formalism represented
through branched absorbing Markov chains. The ordinary differential equations system is redefined based on normalized effective
probabilities.
Results. Preliminary results based on a reduced surface network are discussed. To isolate the effects of the probabilistic reformulation
from those of BED discretizations, DESTINY is benchmarked against Nautilus, a single-BE rate-equation based open source code. In
the single-BE limit, DESTINY reproduces the behavior of Nautilus for most species. The largest deviations are obtained for CHx∈[2,4];
these are traced to a different treatment of the H2 encounter effect, impacting both H2 surface exploration and desorption efficiencies
within the DESTINY framework. Introducing BEDs redistributes species among adsorption sites of different depths, altering the bal-
ance between diffusion, desorption, and reactions. Significant effects are found for H, H2, NHx, NO, CHx, CO, and HxCO.
Conclusions. Preliminary results showed that the self-consistent treatment of the H2 encounter effect coupled with the explicit
treatment of BEDs can substantially modify grain-surface chemistry. Further framework extensions are expected in the near future.
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1. Introduction
The chemical diversity of the interstellar medium (ISM) emerges
from the dynamical interplay between the gas-phase and dust-
grain chemistry. Dust grains are key actors because they act as
passive third bodies dissipating reaction energy excess and as
active catalytic surfaces while maintaining reactants in proxim-
ity (Cuppen et al. 2024). This opens chemical pathways that
cannot operate efficiently in the gas phase, which is essential
to account for the observed abundances of fundamental species
such as H2 and H2O (Gould & Salpeter 1963; Hollenbach &
Salpeter 1971; Watson & Salpeter 1972; Tielens & Hagen 1982)
while facilitating the buildup of molecular complexity in the
coldest part of the ISM (Garrod 2013; Marchand et al. 2025; Lu
et al. 2025; Navarro-Almaida et al. 2025). In addition, gas-grain
interactions through adsorption and desorption dynamically cou-
ple the solid and gas phases, strongly shaping the chemical
composition of the ISM (Jørgensen et al. 2020; Furuya et al.
2022b; Taillard et al. 2023, 2025a,b; Baijot et al. 2026). To
investigate and predict the chemical evolution of astrophysical
environments, astrochemical kinetic models have been devel-
oped. To this end, the rate equation (RE) approach is widely
used (Hasegawa et al. 1992; Hasegawa & Herbst 1993a,b; Ruaud
et al. 2016; Holdship et al. 2017; Wakelam et al. 2021, 2024;
Clément et al. 2023; Maitrey et al. 2025). This framework relies
on deterministic mean-field kinetics that neglect the stochastic-
ity and microscopic spatial structure of dust grains. Stochastic
⋆ Corresponding author: maria.groyne@uliege.be

approaches, such as kinetic Monte Carlo (kMC) methods
(Cuppen et al. 2013; Lu et al. 2018), overcome several limita-
tions of traditional RE-based models by explicitly simulating
individual chemical events and naturally accounting for fluc-
tuations arising from the discrete nature of grain chemistry
(Cuppen et al. 2009; Vasyunin et al. 2009; Garrod et al. 2009).
However, the inherent event-by-event treatment comes at a sig-
nificant computational cost, which becomes prohibitive for large
chemical networks and long timescales, making deterministic
RE-based models the method of choice for many astrochem-
ical applications. A recent benchmark study has nevertheless
highlighted the sensitivity of grain-surface chemistry predictions
to the adopted formalism, with discrepancies arising between
deterministic and stochastic approaches and among deterministic
formulations themselves (Jiménez-Serra et al. 2025).

The complexity of dust-grain chemistry remains a major
limitation for deterministic RE-based approaches in faithfully
reproducing the evolution of the chemical reservoir adsorbed
on dust grains. One of the main simplifying assumptions is
the use of a single binding-energy (BE) value per species to
characterize its dynamical journey across the ice in terms of
mobility and residence time (Cuppen et al. 2017). Neverthe-
less, under the cryogenic conditions prevailing in dark molecular
clouds, the icy mantle covering dust grains is known to be of
an amorphous, water-rich nature (Smith et al. 1989; Hama &
Watanabe 2013; Boogert et al. 2015; Slavicinska et al. 2024).
This amorphous character leads to a rich diversity of possi-
ble substrate-to-adsorbate binding configurations, resulting in
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a BE distribution (BED) per ice constituent (Bovolenta et al.
2020; Ferrero et al. 2020; Duflot et al. 2021; Tinacci et al.
2022; Groyne et al. 2025). While strongly bound configura-
tions favor kinetic trapping effects, shallower sites increase the
desorption efficiency and mobility, which is essential to acti-
vate the Langmuir-Hinshelwood (LH) reactive path (Hama et al.
2012; Furuya 2024). Recent efforts have been made to infer an
evolving set of BEDs for relevant interstellar species on amor-
phous icy substrates (Karssemeijer et al. 2014; Song & Kästner
2016; Bovolenta et al. 2020; Ferrero et al. 2020; Molpeceres
& Kästner 2020; Duflot et al. 2021; Minissale et al. 2022;
Tinacci et al. 2022; Groyne et al. 2025; Kakkar et al. 2025;
Roy et al. 2026). This constitutes the necessary prerequisite
for moving beyond the traditional single BE approximation,
the first step toward a more realistic description of solid-phase
astrochemistry. Although only a few studies have attempted to
incorporate BEDs into astrochemical models, a consistent con-
clusion emerges: accounting for BE heterogeneity significantly
alters grain-surface chemistry and its coupling with the gas phase
(Cuppen & Garrod 2011; Furuya et al. 2019; Grassi et al. 2020;
Furuya 2024; Furuya et al. 2026). For instance, changes in H2
formation efficiencies were already demonstrated by Cuppen
& Garrod (2011) using a continuous-time random-walk Monte
Carlo method (Chang et al. 2005) with two BEs for H. Grassi
et al. (2020) expanded the analyses to more species within a
newly proposed deterministic framework, using up to 51 bins.
This treatment was not fully self-consistent, however, because
the diffusion only served the LH mechanism without consider-
ing inter-bin redistribution. The latter has been formalized in
Furuya (2024). While the use of bins in Grassi et al. (2020)
increased the number of ordinary differential equations (ODEs)
and, inherently, the computational cost, the deterministic frame-
work proposed in Furuya (2024) introduced a probability density
function (PDF) to approximate the occupation of binding sites
(BS) without additional ODEs.

Nevertheless, some limitations remain (Furuya 2024). For
instance, the PDF is assumed to adjust instantaneously to time-
varying physical conditions. Another constraint is the restriction
to one representative of each species per BS, although up to
n distinct species can coexist on the same site. The resulting
vacancy factors associated with diffusive species (Eqs. (20)–
(21), (26), and (28)–(29) in Furuya 2024) have consequences
that extend beyond the constraint of site availability; they inher-
ently affect the surface exploration efficiency, especially at high
coverage for the diffusing species. On a surface with a non-
negligible coverage fraction from species j searching for a k con-
stituent, the vacancy factor for a diffusive j artificially reduces
its effective mobility and, consequently, its surface exploration
efficiency and mean exploration path for locating a reaction
partner.

Another open challenge persists in the self-consistent treat-
ment of surface process competitiveness. For instance, although
reaction–diffusion competition is accounted for when evaluating
activated reaction rates (e.g., Eqs. (28)–(29) in Furuya (2024),
based on the single-BE-based prescriptions in Garrod & Pauly
(2011)), its feedback onto the diffusive flux describing the redis-
tribution of occupation over the BE landscape is not treated; the
inter-bin redistribution is decoupled from the competing reactive
channel. A concrete example concerns the H2 encounter desorp-
tion mechanism discussed in Hincelin et al. (2015). Physically,
this mechanism implies a strong coupling between diffusion and
desorption: upon encountering another H2 molecule, the effec-
tive BE of H2 is substantially reduced, which should increase
its desorption probability as well as its mobility and associated

surface exploration efficiency. This mechanism is consequently
called H2 encounter effect and not H2 desorption encounter
mechanism for the rest of the paper. However, since Furuya
(2024) treated diffusion and desorption as independent fluxes,
the enhanced mobility associated with encounter-induced BE
lowering was not naturally captured. As proposed in Hincelin
et al. (2015), the H2 encounter effect can be introduced as
an additional surface reaction channel H2 + H2, allowing one
of them to desorb based on the diffusion–desorption compe-
tition factor, computed with the lowered BE. However, while
the framework in Furuya (2024) accounts for inter-bin diffusive
redistribution, it does not couple the non-desorbing H2 encounter
flux to the inter-bin redistribution channel, thereby neglecting the
associated enhancement of H2 mobility.

While the pioneering works proposed in Grassi et al. (2020);
Furuya (2024) constitute a major step forward toward BE-
resolved deterministic astrochemical modeling, important open
challenges persist, especially in the treatment of diffusion-driven
processes and their interplay with desorption and reactivity
across heterogeneous BE landscapes. Altogether, these chal-
lenges motivate the further development of the emerging gen-
eration of BE-resolved deterministic astrochemical frameworks.
To this end, we introduce DESTINY (discretized binding energy-
based grain site coverages for trial frequency capped integrated
kinetics with normalized yields), designed to self-consistently
treat the interdependence arising from the mutual competitive-
ness of diffusion, desorption, and reaction processes, enforcing
a proper redistribution of chemical fluxes across the BE land-
scape. Surface processes are represented through a probabilistic
absorbing Markov chain representation, naturally accounting
for process competition and flux branching. While DESTINY
assumes that each BS can host one species at most at the
ODE level, a transient subspace permits temporary double BS
occupancy. Idle states are introduced to ensure probability con-
servation. The stationary distribution of all possible outcomes
from the current state toward any transient or absorbing states
enables the branching of chemical fluxes into BE-discretized
normalized effective rates, which are subsequently injected into
the right-hand side (RHS) of the ODE system.

The mathematical framework is presented in Sect. 2. We
comment on code-specific numerical treatments in Sect. 3. In
Sect. 4 we discuss the first DESTINY result, based on a reduced
chemical network with static physical parameters. The discus-
sion is primarily focused onto (i) a comparative study with
a single-BE RE-based open-source code and (ii) the quantifi-
cation of the relative effect of the BEDs on the simulated
grain chemistry. Our conclusions and outlooks are presented in
Sect. 5.

2. General DESTINY framework

Provided that the BEDs are sampled over a sufficiently large
number of BSs, they can be assumed to be representative of
an entire grain surface. In this context, the normalized BED of
species i can be interpreted as the PDF of BSs with a BE Ei,
denoted gi(Ei), naturally satisfying Eq. (1),

∫ ∞

0
gi(Ei) dEi = 1. (1)

The BE-resolved coverage θi(Ei) denotes the fraction of BSs
Ei filled by species i. Averaging over the BED yields the surface
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coverage of the species i, as given in Eq. (2) (Furuya 2024),∫ ∞

0
θi(Ei)gi(Ei) dEi = Θi =

< Ni >

Nsite
, (2)

where < Ni > is the average number of species i on a single
dust grain, and Nsite is the number of sites per grain surface. The
surface is therefore described statistically as a collection of Nsite
BSs without explicit spatial resolution.

We also introduce Θ, the total fractional coverage of a mono-
layer summed over all surface species. The definition of Θ is
based on the DESTINY working hypothesis that each BS can be
filled at most by one species at the ODE solver level. Within the
monolayer approximation, Θ is therefore constrained by Eq. (3),∑

i

Θi = Θ ≤ 1. (3)

The temporal evolution of the solid-phase system is
computed from a set of coupled ODEs that describe the
time evolution of each θi(Ei), as explained in the following
subsections.

2.1. Trial-frequency-capped monolayer formalism

In order to properly describe the dynamics of surface chem-
istry, the frequency at which a given species attempts to initiate
any activated process has to be quantified. In the context of
astrochemical kinetics, this characteristic attempt rate is gener-
ally identified with the trial frequency, νi(Ei). Following Tielens
& Allamandola (1987) and Hasegawa et al. (1992), the trial
frequency is approximated as the vibrational frequency of an
adsorbate oscillating within its surface potential well. Under the
harmonic approximation of the adsorption potential, it is given
by Eq. (4),

νi(Ei) =
(

2 nsite Ei

π2 mi

)1/2

, (4)

where nsite is the surface site density, and mi is the species mass
(Tielens & Allamandola 1987; Hasegawa et al. 1992). It therefore
represents a capping agent imposing an upper bound on solid-
phase process initiation, defining the intrinsic event-initiation
clock of species i. Consequently, capping-relevant events must
mutually compete for this finite budget, such that their collec-
tive initiation rate cannot exceed νi. This competition naturally
applies to all processes whose kinetics are governed by the
crossing of an energetic barrier separating two states.

It is worth mentioning that this limitation only applies to
processes actively initiated by a grain species i, namely non-
reactive and reactive diffusion, as well as thermal desorption.
In contrast, adsorption and Eley–Rideal (ER) reactions are trig-
gered by incoming gas-phase species and therefore do not draw
from the dynamical budget of the solid-phase species. The same
applies to UV- and CR-photon-induced desorption. Their com-
petition with surface-initiated events is instead naturally captured
through the coupling of the ODE system and the associated con-
servation constraints, excluding them from the trial-frequency
capping constraint.

2.1.1. Branched Markov chain level description

As previously stated, the proposed framework aims to self-
consistently treat inter-process competition within BE-resolved

surface populations. To this end, the evolution of a trial
frequency-capped (TFC) monolayer system over a time step is
represented as a succession of attempts for competing event ini-
tiation, leading to distinct possible outcomes. The competition
between all accessible processes should be explicitly evaluated at
each attempt, ensuring a consistent treatment of process compet-
itiveness throughout the system evolution. Under the assumption
that the event sequence satisfies the Markov property, such that
each event depends solely on the instantaneous state, this TFC
system representation naturally maps onto a branched Markov
chain with absorbing states, as schematically depicted in Fig. 1.
An absorbing state defines here any terminal state from which
the considered species cannot initiate any further surface pro-
cesses within the current sequence. This includes desorption
and idle states. Surface reactions are treated as quasi-absorbing
states: they behave as absorbing states within the TFC Markov-
chain formalism but may subsequently be followed by a desorp-
tion event through the coupled ODE framework (Sect. 2.2). Their
quasi-absorbing nature reflects this conditional irreversibility:
in the absence of post-reaction desorption, the reaction prod-
uct remains adsorbed, and the sequence terminates. In Fig. 1,
absorbing and quasi-absorbing states are shown in red and green,
respectively.

Between the initial state (initial state of the chain, i.e. the
current state for the ODE solver; mauve node in Fig. 1) and
the absorbing outcomes, species i may enter a transient sub-
space (blue box in Fig. 1) composed of diffusive and pseudo-idle
states. The dynamics of this non-absorbing subregion of the
Markov chain unfolds through a sequence of internal diffusive
and pseudo-idle states prior to termination. We define a pseudo-
idle state as a transient idle configuration on a double-filled site,
which is considered an idle state within the transient subspace
but is not absorbing with respect to the Markov chain. In con-
trast, the absorbing idle state represents the terminal outcome
of a transient sequence not ended by a reaction or desorption.
To remain consistent with the ODE-level single-occupancy con-
straint of Eq. (3), absorbing states are restricted to mono-filled
site outcomes, whereas double-filled configurations are confined
to the transient subspace. Consequently, chains are initiated and
terminated on singly occupied sites, while double-filled states
contribute exclusively through transient dynamics.

More specifically, from the current state node, the flux asso-
ciated with species i at a site of binding energy Ei is partitioned
into three main branches

I. Direct thermal desorption from the current site, with direct
access to the absorbing desorption state.

II. Idle state on the current site, leading to a direct transition to
the absorbing idle state from the starting mono-filled site.

III. Entrance within the transient substate. The unique entry
point to the transient state is a diffusion event from the cur-
rent mono-filled site. This acts as a gateway to the transient
diffusive substate, from which all pathways of the transient
dynamics (light blue arrows) originate.

Once entered, the transient state is composed of two cou-
pled substates: a transient idle substate on double-filled sites
and a transient diffusive substate (i.e., site-to-site diffusion
on vacant or filled site, leading to mono- or double-filled
site). The transient state persists until subchain termina-
tion toward absorbing states, occurring through three distinct
pathways.

First, it may follow a nonreactive diffusive pathway with-
out any subsequent event, ending in the absorbing idle state.
This occurs either after landing on an empty site (mono-
filled configuration), or after landing on a site occupied
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Fig. 1. Branched absorbing Markov chain representation of a TFC monolayer system evolution. The green and red gears represent (quasi-) absorbing
states and the blue box delimits the transient subspace and its diffusive and pseudo-idle subregions (see the text for the full explanation).

by species j, leading to a double-filled site, provided that
species j leaves the site through diffusion or desorption
before any action of i. The latter case restores a mono-
filled configuration, consistent with the ODE-level mono-
occupation constraint. Alternatively, the subchain may pro-
ceed through a nonreactive diffusive pathway with a down-
stream desorption from either a mono-filled or a double-
filled site.

The third transient subchain termination pathway corre-
sponds to reactive diffusion after landing on an occupied
site, leading to a double-filled configuration (LH-like mech-
anism). The presence of an activation barrier introduces two
distinct LH regimes, requiring separate treatments within
the TFC formalism. In the general case, the reactive chan-
nel constitutes a competitive branch alongside the other
TFC-relevant processes. In the barrierless limit, however,
reaction occurs immediately upon formation of the double-
filled configuration (encounter), bypassing the competitive
branch. Outside the TFC subsystem, the resulting product
may subsequently undergo chemical desorption (Sect. 2.2).

From a mathematical perspective, the absolute probabilities
associated with each trial-initiated process should first be
defined. These quantities describe the intrinsic probability of
the individual processes when considered independently, prior
introducing competition with other TFC-relevant events.

The absolute probability of thermally promoted desorption
from a species i, Pdes(Ei), is evaluated from the Boltzmann fac-
tor associated with the BE Ei, e−Ei/T , with T being defined by
the thermal state of the grain. Within the present framework,
two contributions are considered: (i) pure thermal desorption

evaluated at the quiescent dust temperature T quiescent
dust (P

T quiescent
dust

des ,
Eq. (5)), and (ii) CR-heating-assisted desorption evaluated at the

peak temperature TCR−heating
peak reached during transient cosmic-

ray (CR) heating events (PCR−heating
des (Ei), Eq. (6)). TCR−heating

peak is
generally set to 70 K (Hasegawa & Herbst 1993a),

P
T quiescent

dust
des (Ei) = e−Ei/T

quiescent
dust , (5)

with Ei and Tdust in K. Hereafter, all energy barriers are in K,

PCR−heating
des (Ei) = f CR−heating

peak e−Ei/T
CR−heating
peak (6)

f CR−heating
peak = min

(
1, ζGrain

Fe+ ∆tCR−heating
peak

(
ζCR

1.3 × 10−17

))
,

where f CR−heating
peak is the fraction of time during which a

grain resides near the transient CR-heating temperature peak
(Hasegawa & Herbst 1993a). Within the probabilistic interpre-
tation adopted here, it is equivalent to the probability that a
surface species experiences a CR-heating episode, assuming a
thermal equilibration timescale between the grain and the adsor-
bate shorter than the peak duration. Following Hasegawa &
Herbst (1993a), f CR−heating

peak is estimated as the product of the

cooling time after a heating event, ∆tCR−heating
peak , driven by des-

orption from volatiles, and the effective frequency ζGrain
Fe+ of

whole-grain heating events induced by heavy CR nuclei (Fe+).
The latter is derived from the Fe+ flux and the grain geometri-
cal cross section, and corresponds to the inverse time interval
between successive efficient heating events. ζCR denotes the CR
ionization rate.

The two thermal equilibrium states, characterized by
T quiescent

dust and T CR−heating
peak , are treated as mutually exclusive. The

A173, page 4 of 24



Groyne, M., et al.: A&A, 713, A173 (2026)

corresponding desorption probabilities are therefore combined
through the law of total probability. This follows from the
assumption of thermal equilibrium between the adsorbate and
the grain surface, together with the requirement that the char-
acteristic thermal equilibrium timescale remains shorter than
the duration of a CR-heating episode. Under these conditions,
a species experiences either the equilibrium grain temperature
Tdust or the transient peak temperature T CR−heating

peak at a given
instant. The absolute desorption probability is therefore obtained
from Eq. (7),

Pdes(Ei) = PTi=Tdust Pdes |Tdust (Ei) + PTi=T CR−heating
peak

Pdes |T CR−heating
peak

(Ei)

=
(
1 − f CR−heating

peak

)
e−Ei/Tdust + f CR−heating

peak e−Ei/T
CR−heating
peak

=
(
1 − f CR−heating

peak

)
P

T quiescent
dust

des (Ei) + PCR−heating
des (Ei). (7)

Analogous to the desorption case, the absolute diffusion
probability, Pdi f f (Ei), for species i from a BS with BE Ei toward
any BS is constructed by distinguishing the two mutually exclu-
sive thermal states of the grain: the quiescent equilibrium state
at T quiescent

dust and the transient CR-heated state at T CR−heating
peak . Ther-

mally promoted hopping is conditioned by the thermal state of
the grain and is therefore combined through the law of total
probability. Quantum tunneling, by contrast, is treated as an
independent diffusion pathway not affected by Tdust. The total
diffusion probability is obtained by combining the thermally
promoted hopping probability with the tunneling contribution
as independent pathways. The absolute probability of thermally
promoted hopping, PT

di f f (Ei), is given by Eq. (8),

PT
di f f (Ei) =

∫
e−

Ehop (Ei→E′i )
T gi(E′i ) dE′i . (8)

The activation barrier for diffusion, Ehop(Ei → E′i ), is given by
Eq. (9), as used in Furuya (2024). It depends on the initial and
final BEs Ei and E′i , based on the consideration in Cazaux et al.
(2017) founded on microscopic reversibility,

Ehop(Ei → E′i ) = χ × min(Ei, E′i ) + max(0, Ei − E′i ), (9)

where χ is the hopping-to-binding energy ratio. The absolute
probability of a CR-heating-assisted diffusion of species i from
a site with BE Ei, PCR−heating

di f f (Ei), is obtained by multiplying

Eq. (8) evaluated at T CR−heating
peak by f CR−heating

peak .
Under the approximation of rectangular activation barriers,

the absolute quantum-tunelling-mediated diffusion probability,
Ptunn

di f f (Ei), is expressed as in Eq. (10),

Ptunn
di f f (Ei) =

∫
e

−2adi f f

√
2µEhop(Ei→E′i )

ℏ2


gi(E′i )dE′i , (10)

with µ, the reduced mass, and adi f f , the diffusion barrier width.
Combining the independent tunneling-assisted and thermally

activated contributions while considering the mutual exclusivity
of the dust thermal state, the absolute probability of site-to-site
diffusion, Pdi f f (Ei), is given by Eq. (11),

Pdi f f (Ei) = 1 −
(
1 − Pthermal

di f f (Ei)
) (

1 − Ptun
di f f (Ei)

)
(11)

Pthermal
di f f (Ei) =

(
1 − f CR−heating

peak

)
P

T quiescent
dust

di f f (Ei) + PCR−heating
di f f (Ei).

The intrinsic probability of reaction upon encounter, Pi, j
cross,

is constructed analogously to the diffusion probability (Eq. (12)).
The mutually exclusive thermal states and related thermal cross-
ing probabilities conditioned on the thermal state are combined
through the law of total probability. In contrast, this combined
thermally promoted contribution and quantum tunneling prob-
abilities are treated as independent pathways toward the same
reactive outcome. The corresponding thermally activated, CR-
heating-assisted, and quantum-tunneling-mediated probabilities
are denoted Pi, j

Tdust
, Pi, j

TCR−heating
peak

, and Pi, j
tunn, respectively,

Pi, j
cross = 1 −

(
1 − Pi, j

thermal

) (
1 − Pi, j

tunn

)
(12)

Pi, j
thermal =

(
1 − f CR−heating

peak

)
Pi, j

T quiescent
dust

+ Pi, j
CR−heating,

with a reaction barrier EA and an associated barrier width areac,

Pi, j
tunn = e

(
−2areac

√
2µEA
ℏ2

)
& Pi, j

Tdust
= e−

Ei, j
A

Tdust

Pi, j
CR−heating = f CR−heating

peak Pi, j

TCR−heating
peak

.

From these absolute probabilities, the absolute probability
of TFC evolution of the system can be defined. As previously
discussed, mono-filled and double-filled configurations must be
treated separately. The treatment of the mutual exclusivity of
thermal states and the independence of microscopic pathways
within a given event type has already been embedded in the
corresponding absolute probabilities. The absolute probabilities
for desorption, diffusion, and reaction barrier crossing (Eqs.
(7), (11), and (12), respectively) can therefore be combined as
independent evolution channels. For a species i occupying a
mono-filled site of binding energy Ei, the probability of evolving
away from the mono-filled configuration through the accessible
evolution channels, namely diffusion and desorption, is given by
Eq. (13),

Pmono
evol (Ei) = 1 − (1 − Pdi f f (Ei))(1 − Pdes(Ei)). (13)

The relative diffusion and desorption probabilities,
Prel,mono

di f f (Ei) and Prel,mono
des (Ei), are obtained by redistribut-

ing the evolution probability according to the relative weights
of the diffusion and desorption channels. Equivalently, they
correspond to the probabilities of diffusion and desorption
conditioned on the occurrence of an evolution event, multiplied
by the total evolution probability, as given in Eqs. (14) and (15),

Prel,mono
di f f (Ei) =

Pdi f f (Ei)
Pdi f f (Ei) + Pdes(Ei)

× Pmono
evol (Ei) (14)

Prel,mono
des (Ei) =

Pdes(Ei)
Pdi f f (Ei) + Pdes(Ei)

× Pmono
evol (Ei). (15)

The relative probability of an idle state on a mono-filled
site, Prel,mono

idle (Ei), can be evaluated as the mutually exclusive
probability to Pmono

evol (Ei), as given in Eq. (16),

Prel,mono
idle (Ei) = 1 −

∑
event

Prel,mono
event (Ei) = 1 − Pmono

evol (Ei). (16)

Concerning the absolute probability of the evolution of the
system for species i on a site with BE Ei concurrently filled by a
species j with BE E j, it is defined in Eq. (17),
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Pdouble
evol (Ei, E j) = 1 −

[
(1 − Pdi f f (Ei))(1 − Pdes(Ei)) (17)

× (1 − Pdi f f (E j))(1 − Pdes(E j))

× (1 − Ptot,excl
cross,i+ j)

]
Ptot,excl

cross,i+ j = 1 −

i+ j
sub−channels∏

ck

(1 − Pi+ j,ck
cross ),

where, as a working assumption, the BE of a species is assumed
to be unaffected by the transient presence of a second adsorbate
on the same BS. Accordingly, Ei and E j are treated indepen-
dently in double-filled configurations. The sole exception is
the H2 encounter-desorption mechanism, for which the BE is
sharply reduced. This assumption is not fundamental and can
be relaxed, as discussed in Appendix A and referenced where
relevant throughout the following derivations.

Prel,double
idle (Ei, E j), the relative probability of an idle state of

species i on a double-filled BS, is defined as the mutually exclu-
sive probability to Pdouble

evol (Ei). The relative probabilities for diffu-
sion, desorption, and reaction within double-filled configurations
are given in Eqs. (18), (19), and (20), respectively,

Prel,double
di f f (Ei, E j) =

νi(Ei)Pdi f f (Ei)

Wdouble
branching(Ei, E j)

(18)

Prel,double
des (Ei, E j) =

νi(Ei)Pdes(Ei)
Wdouble

branching(Ei, E j)
(19)

Prel,double
reac,i+ j (Ei, E j) =

νi, j(Ei, E j)Ptot,sum
cross,i+ j

Wdouble
branching(Ei, E j)

, (20)

with

Wdouble
branching(Ei, E j) = νi, j(Ei,E j)Ptot,sum

cross,i+ j +
∑
k=i, j

∑
event

νk(Ek)Pevent(Ek)∑
k=i, j

∑
event

νk(Ek)Pevent(Ek) = νi(Ei)(Pdi f f (Ei) + Pdes(Ei))

+ ν j(E j)(Pdi f f (E j) + Pdes(E j))

and

Ptot,sum
cross,i+ j =

i+ j
sub−channels∑

ck

Pi+ j,ck
cross .

The relative probabilities from double-filled configurations
are weighted by the characteristic initiation frequencies of the
competing channels. For diffusion and desorption, the relevant
clock is the trial frequency of the species that initiates the event,
νi(Ei) or ν j(E j). For the reactive channel, an encounter-level
reaction attempt frequency νi, j(Ei, E j) is introduced, associated
with the local oscillatory attempts of the two reactants to cross
the reaction barrier. Following the same considerations as in
Garrod & Pauly (2011), this frequency is taken as

νi, j(Ei, E j) = max
[
νi(Ei), ν j(E j)

]
, (21)

so that the reaction clock is governed by the largest trial fre-
quency of the encounter pair. The introduction of the trial
frequencies into the relative probabilities restores the intrin-
sic initiation timescale associated with each species. Weighting
the competing channels by their corresponding trial frequencies

therefore ensures that both the probability of success of a pro-
cess and its characteristic initiation frequency contribute to the
competition. Consequently, species associated with larger trial
frequencies are assigned a proportionally larger weight in the
branching probabilities.

The absence of explicit multiplication by the evolution prob-
ability in double-filled relative probabilities is worth highlight-
ing. The probabilistic meaning nevertheless remains identical
to that of mono-filled sites, as they still represent evolution-
conditioned relative probabilities. This apparent difference arises
from the subsequent treatment of the transient pseudo-idle state.
Unlike the terminal idle state associated with mono-filled config-
urations, the pseudo-idle state belongs to the transient subspace
and therefore does not correspond to a directly observable out-
come at the ODE-solver level. Consequently, the pseudo-idle
state contribution must be accounted for over its multiple pos-
sible revisits prior to any subsequent event. This is quantified
through a geometric summation over Prel,double

idle , given in Eq. (22),∑
n=0

(Prel,double
idle (Ei, E j))n =

1

1 − Prel,double
idle (Ei, E j)

(22)

=
1

Prel,double
evol (Ei, E j)

,

effectively canceling out the explicit evolution factor appearing
in the mono-filled formulation. To avoid unnecessarily burden-
ing the following expressions, the multiplication by the evolution
probability is therefore kept implicit. As discussed in the fol-
lowing subsections, this factor is naturally recovered during the
treatment of repeated pseudo-idle revisits and the associated
geometric-series formulation. The resulting treatment preserves
the single-occupation constraint imposed at the ODE-solver
level while consistently accounting for transient double-filled
configurations and their intrinsic process competitiveness.

The relative probabilities introduced above provide a self-
consistent framework to describe the competition between all
accessible processes while preserving the correct branching of
the associated probability fluxes. An immediate consequence of
this competitive formalism concerns the H2 encounter effect and
its natural inclusion within the present formalism. When two H2
occupy the same BS, the effective BE entering the diffusion and
desorption probabilities is reduced to the encounter-desorption
value (23 K in Hincelin et al. (2015)). As a result, the diffusion
and desorption channels are simultaneously affected through
their respective absolute probabilities, and their relative preva-
lence is self-consistently accounted for through the competitive
branching formalism. As further formalized in the following,
this coupling naturally captures the interplay between enhanced
desorption and enhanced mobility. The resulting behavior is nat-
urally accounted for from the competition between diffusion and
desorption, without requiring any additional ad hoc treatment, in
contrast to the pure RE-based method.

A binary switch, noted si+ j
barrierless, is introduced to distinguish

between the competitive and noncompetitive LH regimes (Eq.
(23)). It takes a value of unity for barrierless channels and zero
otherwise. In the barrierless limit, the reaction occurs immedi-
ately upon encounter, and the reactive channel directly reaches
the quasi-absorbing reaction state. For activated reactions, by
contrast, the reactive channel is a competitive branch within the
TFC framework, requiring the explicit treatment of its competi-
tion with all other TFC-relevant processes and a proper branch-
ing of the resulting fluxes. The switch therefore naturally selects
between direct reaction upon encounter and competitive barrier
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crossing while preserving a unified probabilistic formalism,

si+ j
barrierless =

1, Ptot,excl
cross,i+ j = 1,

0, otherwise.
(23)

2.1.2. Subspace description of transient states

Upon entering the transient subspace, species may undergo
successive hopping interspersed with pseudo-idle states before
eventually reaching an absorbing state. In this scope, Ptransient,eff,i

survival
denotes the effective probability for a transient trajectory to
remain within the transient subspace after an additional trial
rather than reaching a (quasi-)absorbing state. As commented
previously, the revisit multiplicity of pseudo-idle double-filled
configurations is already embedded in the relative probabil-
ities for double-filled configurations; Ptransient,eff,i

survival could con-
sequently be viewed as an effective probability of transient
subchain survival. Ptransient,eff,i

survival , given in Eq. (24), is constructed
from the conditional probabilities of transient state survival
from mono-filled and double-filled configurations, Peff,mono

re−diff and
Peff,double

re−diff , weighted by the corresponding probabilities Pmono and
Pdouble of the next event initiation being from these respective
configurations:

Ptransient,eff,i
survival = PmonoPtransient,eff,i

survival,mono + PdoublePtransient,eff,i
survival,double, (24)

where PmonoPtransient,eff,i
survival,mono can be computed from

(1 − Θ)
∫ (1 − θi(E′i ))gi(E′i )

(1 − Θi)
Prel,mono

di f f (E′i ) dE′i ,

while the definition of the double-filled contribution is given by

PdoublePtransient,eff,i
survival,double

=
∑
j,i

∫
θ j(E j)g j(E j)

∫ (1 − θi(E′i ))gi(E′i )
(1 − Θi)

× (1 − si+ j
barrierless)

[
Prel,double

di f f (E′i , E j)

+ (Prel,double
di f f (E j, E′i ) + Prel,double

des (E j, E′i ))P
rel,mono
di f f (E′i )

]
dEi dE j

+

∫
θi(E′i )gi(E′i ) × (1 − si+i

barrierless) ×
[
Prel,double

di f f (E′i , E
′
i )

+ (Prel,double
di f f (E′i , E

′
i ) + Prel,double

des (E′i , E
′
i ))P

rel,mono
di f f (E′i )

]
dEi,

where the first double integral accounts for double-filled con-
figurations for i + j pairs with j different from i. The second
simple integral accounts for the cases where the filling species
is a species i. We note that if the diffusion/desorption of j
occurs first, then the species i is left alone at its BS; the rela-
tive probability of subsequent diffusion must be evaluated using
the mono-filled definition, as given in the last term of the two
integrals.

The microscopic sequence of transient states is not explicitly
resolved. Instead, its cumulative effect is captured statistically
through the effective transient state survival probability. More
specifically, analogously to the geometric summation over the
pseudo-idle state discussed above (Eq. (22)), whose effect is
implicitly incorporated into the normalization of the double-
filled relative probabilities entering the definition of Ptransient,eff,i

survival ,

repeated returns to the transient subspace are accounted for
through a geometric summation over Ptransient,eff,i

survival . This sum-
mation quantifies the expected multiplicity of transient revisits
prior to irreversible absorption, as expressed in Eq. (25),∑
n=0

(Ptransient,eff,i
survival )n =

1

1 − Ptransient,eff,i
survival

. (25)

This multiplicity factor does not specify how the transient
revisits are distributed among the accessible transient configu-
rations. The corresponding statistical weighting is determined
from the BED-integrated transient entry probability together
with the species-resolved coverages and vacancy fractions asso-
ciated with the current state. Their combination defines the
quasi-stationary distribution (QSD) of the transient subspace,
which describes the statistical distribution of transient configura-
tions visited prior to absorption. The QSD provides the complete
statistical description required to evaluate the cumulative contri-
bution of transient trajectories originating from a given current
state without resolving their microscopic sequence. This there-
fore provides the deterministic closure of the transient dynamics.
The resulting formalism is presented in the following subsection.

2.1.3. TFC ODE-level description: BE-resolved stationary
distribution of Markov states and net event rate

Fig. 2 illustrates the conversion from the absorbing Markov-
chain formalism into the BE-resolved rates required for the ODE
system definition of the θi(Ei) time-derivative. During a single
solver time step, the BE-resolved coverages θi(Ei) are constant.
Since the characteristic number of trials required for chain termi-
nation is much smaller than the number of trials occurring within
one solver time step, numerous absorbing-chain realizations can
be successively generated under fixed BE-resolved species cov-
erages. The concatenation of these realizations corresponds to a
statistical collapse of the ensemble of possible chains, weighted
by their respective probabilities of occurrence. The microscopic
ordering of individual realizations is not retained; only the sta-
tistical weight associated with each Markov state on BS Ei is
preserved. An equivalent mathematical formulation is obtained
by reconnecting the absorbing states of the Markov chain to the
current state. The resulting ergodic chain possesses a nontrivial
stationary distribution over all Markov states, including the tran-
sient configurations. This stationary distribution is mathemati-
cally equivalent to the absorbing chain concatenation procedure
and provides the statistical weights associated with the Markov
state BE-resolved stationary occupancies. Fig. 2 illustrates these
two complementary views of the same construction.

The mathematical implementation of the concatenation pro-
cedure requires the evaluation of the occurrence probabilities
of each BE-resolved Markov state associated with the different
subbranches of absorbing-chain realizations. In the particular
case of subchains passing through the transient subspace, the
corresponding statistical weights are described by the QSD intro-
duced in Sect. 2.1.2. The construction of this QSD requires the
BED-integrated effective probability for a species i to enter the
transient subspace from the current state through the mandatory
diffusive gateway, noted Pe f f ,i

diff,gateway, as given in Eq. (26),

Pe f f ,i
diff,gateway =

∫
θi(E′i )gi(E′i )P

rel,mono
di f f (E′i ) dE′i . (26)

The BE-resolved occurrence counts combine direct contri-
butions from the current state and contributions originating from
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Fig. 2. Schematization of the concatenation procedure toward the stationary distribution of Markov states. This defines the ODE-relevant informa-
tion level. The central schematic elements (collapse funnel and state box) were designed using Blender version 4.0.1.

transient-mediated subchains. The total diffusion count on BSs
of energy Ei, #tot

di f f (Ei) is given by Eq. (27),

#tot
di f f (Ei) = #start

di f f (Ei) + #transient
di f f (Ei), (27)

where #start
di f f (Ei) and #transient

di f f (Ei) are, respectively, the counts of
starting diffusion from the current state and transient diffusion
states on BS Ei, as

#start
di f f (Ei) =

1
νi,0(Ei)

θi(Ei)Prel,mono
di f f (Ei)

and

#transient
di f f (Ei) =

1
νi,0(Ei)

×
Pe f f ,i

diff,gateway

(1 − Ptransient,eff,i
survival )[

(1 − Θ)
(1 − θi(Ei))

(1 − Θi)
Prel,mono

di f f (Ei)

+
∑
j,i

∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

(1 − si+ j
barrierless)

×

[
Prel,double

di f f (Ei, E j)

+ (Prel,double
di f f (E j, Ei) + Prel,double

des (E j, Ei))Prel,mono
di f f (Ei)

]
dE j

+ θi(Ei)(1 − si+i
barrierless) ×

[
Prel,double

di f f (Ei, Ei)

+ (Prel,double
di f f (Ei, Ei) + Prel,double

des (Ei, Ei))Prel,mono
di f f (Ei)

]]
.

We note that in the case of #transient
di f f (Ei), the

occupancy/vacation-related terms multiplied by the multi-
plicity of transient revisit, weighted by the effective probability
of entrance to the transient state, account for the transient-
mixing QSD. This comment holds for each of the following
counts for internal or terminal states of a transient subchain.

In the case of idle states, we defined three forms. These are
(a) the starting event of the Markov chain from the current state

with direct access to the absorbing idle state,
(b) an internal transient state after diffusion on an occupied

site, with a sequence of transient, pseudo-idle states on
double-filled BSs, before any subsequent event (diffusion or
subchain termination), and

(c) a terminal state of the transient subspace, restricted to
effective mono-filled BSs.

The total count for (pseudo-)idle states for species i on a site Ei
is consequently given in Eq. (28),

#tot
idle(Ei) = #start

idle (Ei) + #transient/terminal
idle (Ei), (28)

with #start
idle (Ei) describing the counting of idle states of type (a),

#start
idle (Ei) =

1
νi,0(Ei)

θi(Ei)Prel,mono
idle (Ei),

while #transient/terminal
idle (Ei) quantifies the counting of transient

pseudo-idle states (type b) and terminal idle states ending
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transient subchains (type c defined above),

#transient/terminal
idle (Ei) =

1
νi,0(Ei)

×
Pe f f ,i

diff,gateway

(1 − Ptransient,eff,i
survival )[

(1 − Θ)
(1 − θi(Ei))

(1 − Θi)
Prel,mono

idle (Ei)

+
∑
j,i

∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

(1 − si+ j
barrierless)

×

[
Prel,double

idle (Ei, E j)

Pdouble
evol (Ei, E j)

+ (Prel,double
di f f (E j, Ei) + Prel,double

des (E j, Ei))Prel,mono
idle (Ei)

]
dE j

+ θi(Ei)(1 − si+i
barrierless) ×

(
Prel,double

idle (Ei, Ei)

Pdouble
evol (Ei, Ei)

+ (Prel,double
di f f (Ei, Ei) + Prel,double

des (Ei, Ei))Prel,mono
idle (Ei)

)]
,

where the contribution (b) associated with a pseudo-idle con-
figuration Prel,double

idle (Ei, E j) is weighted by its revisit multiplicity
prior to a subsequent evolutionary event, consistent with the nor-
malization previously introduced for the relative probabilities of
double-filled configurations.

In the case of desorption events, the total counts from species
i on site with BE Ei are defined by Eq. (29),

#tot
des(Ei) = #start

des (Ei) + #terminal
des (Ei), (29)

with the direct desorption contribution from the current state
given by

#start
des (Ei) =

1
νi,0(Ei)

θi(Ei)Prel,mono
des (Ei),

while the terminal contribution after passing through the tran-
sient subspace is expressed as

#terminal
des (Ei) =

1
νi,0(Ei)

×
Pe f f ,i

diff,gateway

(1 − Ptransient,eff,i
survival )[

(1 − Θ)
(1 − θi(Ei))

(1 − Θi)
Prel,mono

des (Ei)

+
∑
j,i

∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

(1 − si+ j
barrierless)

×

[
Prel,double

des (Ei, E j)

+ (Prel,double
di f f (E j, Ei) + Prel,double

des (E j, Ei))Prel,mono
des (Ei)

]
dE j

+ θi(Ei)(1 − si+i
barrierless) ×

[
Prel,double

des (Ei, Ei)

+ (Prel,double
di f f (Ei, Ei) + Prel,double

des (Ei, Ei))Prel,mono
des (Ei)

]
.

Finally, the counting of reaction events is given in Eq. (30).
Actually, the TFC-capped reactive channels only concern the

LH-like mechanism, as previously commented, and therefore
define the reactive terminal path transient subchain,

#tot
reac,i+ j(Ei) = #terminal

reac,i+ j(Ei), (30)

where #terminal
reac,i+ j(Ei), the counting of the total terminal reaction of

i and j on double-filled sites is given if j , i by

#terminal
reac,i+ j(Ei) =

Pe f f ,i
diff,gateway

(1 − Ptransient,eff,i
survival )∫

1
νi, j(Ei, E j)

θ j(E j)g j(E j)
(1 − θi(Ei))

(1 − Θi)

{si+ j
barrierless + (1 − si+ j

barrierless)P
rel,double
reac,i+ j (Ei, E j)} dE j.

If j = i, then

#terminal
reac,i+i (Ei) =

1
νi,i(Ei, Ei)

×
Pe f f ,i

diff,gateway

(1 − Ptransient,eff,i
survival )

θi(Ei){si+i
barrierless + (1 − si+i

barrierless)P
rel,double
reac,i+i (Ei, Ei)}.

The dynamical counterpart for reaction events from j species
landing on a site filled by species i is defined in Eq. (31),

#tot
reac, j+i(E j → Ei) = #terminal

reac, j+i(E j → Ei). (31)

When j , i, #terminal
reac, j+i(E j → Ei) is expressed as

#terminal
reac, j+i(E j → Ei) =

1
νi, j(Ei, E j)

×
Pe f f , j

diff,gateway

(1 − Ptransient,eff,j
survival )

θi(Ei)
(1 − θ j(E j))

(1 − Θ j)

(
si+ j

barrierless + (1 − si+ j
barrierless)P

rel,double
reac, j+i (Ei, E j)

)
,

while if j = i, it reduces to

#terminal
reac,i+i (Ei → Ei) = #terminal

reac,i+i (Ei).

The counting of the total number of Markov states implying
species i on a site with BE Ei is then given in Eq. (32),

#tot(Ei) =
∑
state

#tot
state(Ei) = #tot

di f f (Ei) + #tot
idle(Ei) + #tot

des(Ei) (32)

+
∑
j,i

#terminal
reac,i+ j(Ei) + #terminal

reac,i+i (Ei).

The effective probability of each Markov state for species i
on a BS with BE Ei is defined as its statistical weight within the
BE-resolved stationary occupancies. It is expressed by Eq. (33),

Pe f f
state(Ei) =

#tot
state(Ei)
#tot(Ei)

. (33)

We note that the dynamical counterpart of reactive channels
for which a species j is landing on a species i on a BS with BE
E j, Ei is limited by the trial frequency and dynamical budget of
species j on BS E j. The effective probability of a j + i reaction
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from species j landing on a species i on a BS with BE E j, Ei is
therefore given by Eq. (34),

Pe f f
reac, j+i(E j → Ei) =

#tot
react, j+i(E j → Ei)

#tot(E j)
. (34)

The corresponding BE-resolved net event rates are then
defined in Eqs. (35) and (36). Only coverage-affecting states (dif-
fusion, desorption, and reaction) are considered, as idle states
leave the surface coverages unchanged and therefore carry no
contribution to the ODE-level temporal evolution. These rates
are constructed by multiplying the effective event probabil-
ity with the corresponding trial frequencies and BE-specific
coverages, thereby recovering the canonical structure of rate
expressions,

Revent(Ei) = νi,0(Ei)θi(Ei)P
e f f
state(Ei). (35)

The trial frequency appearing in Eq. (35) is fundamentally
dictated by the characteristic frequency at which a microscopic
event occurs within a BS of BE Ei. However, since local
chemical reactions (Eq. (21)) and encounter mechanisms can
dynamically alter the localized trial frequency of the system, this
parameter must be transformed into an event-dependent effective
trial frequency, as derived explicitly in Appendix A. The reactive
counterpart from j diffusing on i is given by Eq. (36),

Rreac, j+i(E j → Ei) = νi, j(Ei, E j)θ j(E j)P
e f f
reac, j+i(E j → Ei). (36)

The last equation can finally be integrated over E j, as
expressed in Eq. (37), in order to prepare its subsequent inclusion
within the contributions to the θi(Ei) time derivatives,

Rreac, j+i(Ei) =
∫

Rreac, j+i(E j, Ei)g j(E j) dE j. (37)

Branching ratios for the detailed contributions of the micro-
scopic pathways underlying a given Markov state are provided
in Appendix B. These include the contributions associated with
the different thermal equilibrium states, as well as the inde-
pendent tunneling-mediated channels when applicable. Such
branching ratios are not required for the ODE integration itself,
which only depends on the total contribution associated with
a given coverage-affecting Markov state. They are nevertheless
useful for output pre-processing purposes, allowing the individ-
ual microscopic pathways contributing to a given event to be
reconstructed, visualized, and quantitatively analyzed.

2.2. Formulation of the coupled ODE system

In the previous subsection, we introduced an absorbing Markov
chain-based treatment of the TFC system. However, processes
that are not limited by a trial frequency must be incorporated
separately. These include ER reactions, accretion from the gas
phase, and ice processing driven by nonthermal mechanisms
such as CR-sputtering and (secondary) UV photon-induced
desorption.

The ER reaction rates between a solid-phase species i and a
gas-phase species j, RER

i+ j(Ei), can be computed straightforwardly
using Eq. (38),

RER
reac, j+i(Ei) = θi(Ei)S j

σgr

Nsite
vth, jn jP

tot,excl
cross, j+i, (38)

where σgr is the grain cross-section (= πr2
grain), S j is the stick-

ing coefficient [0 − 1], vth, j is the thermal velocity, and n j is the
number density of the gas-phase species j. We note that, in cases
where the gas and grain species are not characterized by the
same temperature (Tgas , Tdust), the temperature used in Pi+ j

cross
is computed via Eq. (39) (Minissale et al. 2013),

T ER
e f f = µ

(
Tdust

mis

+
Tgas

m jg

)
. (39)

Similarly, the accretion rate on a BS with BE Ei for species
i, Racc(Ei) can be computed through Eq. (40),

Racc(Ei) = (1 − Θ)
(1 − θi(Ei))

(1 − Θi)
S i
σgr

Nsite
vth,ini. (40)

The net gain rate for θ(Ei) can then be computed via Eq. (41),

Rgain(Ei) = Racc(Ei) +
(1 − θi(Ei))

(1 − Θi)
×

∫
Rdi f f (E′i )gi(E′i ) dE′i

+
∑

j+k→i+...
j,k

[(
1 − f j+k

cd (Ei)
)
× αstoechio

j+k→i
P j+k→i+...

cross

Ptot,sum
cross, j+k

(41)

×

( ∫
(Rreac, j+k(E j) + RER

reac, j+k(E j)) × g j(E j) dE j

+

∫
(Rreac,k+ j(Ek) + RER

reac,k+ j(Ek)) × gk(Ek) dEk

)]
+

(1 − θi(Ei))
(1 − Θi)

×
∑

j+ j→i+...

[(
1 − f j+ j

cd (Ei)
)
× αstoechio

j+ j→i
P j+ j→i+...

cross

Ptot,sum
cross, j+ j

×

∫
(Rreac, j+ j(E j) + RER

reac, j+ j(E j)) × g j(E j) dE j

]
,

where αstoechio
j+k→i is the stoichiometric coefficient of the product i.

The ratio Pi+ j,ck
cross

Ptot,sum
cross,i+ j

accounts for the branching ratio of reactions

originating from the same reactive pair, leading to a distinct
set of products, as further discussed in Appendix B. f j+k

cd (Ei)
quantifies the chemical desorption efficiency, ranging between 0
and 1; it therefore defines an absolute probability of desorption
induced by an exothermic surface reaction (Sect. 3.4). We note
that chemical desorption is only considered for reaction prod-
ucts that have just formed. We therefore neglect the possibility
that a juxtapozed species benefits from the excess energy of the
reaction. We also note that chemical diffusion is not considered,
since it would involve an iterative problem-solving process with
constraints on the dissipation time before thermalization with the
surface.

It is worth highlighting the j + j contribution, treated
separately due to the indistinguishability of identical-reactant
encounters and the associated mass-conservation constraint.
This is equivalent to the usual (1/2) symmetry correction
employed in classical rate equations, which is implicitly
compensated here by a factor (2) associated with the two
identical R(ER)

reac, j+ j(E j) and related dynamical counterpart gain
contributions.

Concerning the loss term, the remaining contribution to be
defined is the nonthermal desorption (Eq. (42)). In the present
formulation of a monolayer, energetic processing is restricted
to enhanced desorption, including CR-sputtering and photodes-
orption. The internal contributions are detailed in Appendix D,
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Rnon−th,tot
des (Ei) =

∑
X=[CR−sput,UV]

Rnon−th,X
des (Ei). (42)

Rloss(Ei) is then obtained through Eq. (43),

Rloss(Ei) = Rdi f f (Ei) + Rdes(Ei) + Rnon−th,tot
des (Ei) (43)

+
∑

j

[
Rreac,i+ j(Ei) + RER

reac, j+i(Ei) + Rreac, j+i(Ei)
]
.

Finally, the final coupled ODE system is simply given by

dθ(Ei)
dt

= Rgain(Ei) − Rloss(Ei). (44)

The associated gas-phase gain and loss terms are derived
from the integration of Eqs. (41) and (43) over the species i BED,
scaled by Nsite and the dust grain number density to consistently
recover coupling terms expressed in gas-phase number densities.
Their expressions are given in Appendix C.

3. Numerical code DESTINY

Since astrochemical networks inherently constitute highly stiff
ODE systems, the implementation of Backward Differentia-
tion Formulae methods is requisite to numerically simulate the
temporal evolution of molecular abundances. To this end, the
CVODES solver from the SUNDIALS suite (Hindmarsh et al.
2005; Gardner et al. 2022; Hindmarsh et al. 2024) is coupled
with the newly developed DESTINY architecture in Modern For-
tran, which computes the right-hand-side vector of the governing
ODE problem (Eq. (44)). In contrast to the standard CVODE
package, the CVODES variant natively integrates sensitivity
analysis capabilities, thereby providing pertinent diagnostics
regarding parametric dependencies and model constraints.

As detailed in Sects. 3.1–3.4, DESTINY numerically
resolves the mathematical framework delineated in the preced-
ing section. Furthermore, the software architecture incorporates
modular switches designed to activate or deactivate diverse
numerical resolution techniques and astrochemical processes;
a comprehensive description of these operational switches and
their associated inputs is provided in Appendix E.

3.1. Representation of the binding energy distribution

An advantage of the DESTINY framework is the absence of a
priori assumptions regarding the form of the BED. In the code
architecture, this flexibility is achieved by parameterizing any
input BED as a linear combination of Gaussian functions. The
resulting continuous BED is subsequently discretized onto bins
via one of the two alternative discretization schemes, as cho-
sen by the user: (i) maintaining a uniform resolution ∆E across
all simulated chemical species, wherein the BED of a given
species i is partitioned into ni discrete bins, or (ii) enforcing
a constant number of n bins for all species, which conversely
necessitates an adaptive resolution ∆Ei. Since true Gaussian dis-
tributions possess infinite support, they must be truncated at
their boundaries and renormalized prior to numerical resolu-
tion. Consequently, boundaries are established at a distance of
nsigma × σ from the mean, where nsigma is a user-defined param-
eter. For the case of a Gaussian mixture, the definitive global
limits of the BED are computed via Eq. (45). While the majority

of current BEDs are well described by single Gaussian profiles,
recent investigations show that some BEDs are better captured by
double-Gaussian combinations, as exemplified by NH3 (Tinacci
et al. 2022; Groyne et al. 2025),

Emin = min(µk − n × σk); Emax = max(µk + n × σk) (45)

for a mixture of k Gaussians, where µk and σk are respectively
the mean and the standard deviation of the kth Gaussian. The
absolute weight of each individual bin is subsequently evalu-
ated via the complementary error function, a choice specifically
implemented to mitigate numerical instabilities arising from bins
characterized by vanishingly small statistical weights. To ensure
conservation, these values are divided by the sum of all bin
weights across the entire distribution. Following this normaliza-
tion step, the effective energy of a given bin – required for the
explicit BE-discretization of the trial frequency of species i – is
obtained by integrating the energy-weighted BED over the bin
domain and normalizing by the corresponding bin weight.

3.2. Integration methods

Numerical integration methods are of central importance within
the DESTINY architecture, owing to their frequent recurrence
arising from the BED discretization framework. Since TFC-
event absolute probabilities are described through exponentially
decreasing functions that constitute strictly convex functions,
Jensen’s inequality (Jensen 1906) demonstrates that evaluating
them using the effective energy value (i.e., the energy weighted
by the BED) of each individual bin inherently underestimates
the true integral values. To circumvent this underestimation, a
change of variables is systematically implemented whenever fea-
sible to cast the equations into the standard form A ×

∫ b
a e−t2

dt,
thereby permitting an exact analytical solution via either the
standard or complementary error function, the latter being
favored in order to mitigate numerical noise for low-weight bins,
as previously stated. Conversely, in instances where the govern-
ing equations cannot be mapped onto this analytical form—such
as the bin-integrated absolute diffusion probability PTx

diff(Ebini ),
the absolute quantum tunneling diffusion probability evaluated
over the specific energy domain [E′i | E′i < Ei], as well as
the subsequent overall integration of the absolute quantum tun-
neling diffusion probability over the source bin Ptunn

diff (Ebini )—
an adaptive Gauss-Legendre quadrature scheme is deployed
to numerically approximate the integral, as described in
Appendix F.

3.3. State vector projection under physical constraints

During the numerical integration, small deviations from the
physically admissible coverage domain may arise, particularly
when the system evolves close to the coverage bounds or the
monolayer saturation limit. To guarantee physically meaning-
ful BE-resolved coverages throughout the integration, a ded-
icated projection function was implemented and supplied to
the CVODES projection interface, allowing the state vector to
be projected onto the admissible coverage domain after each
accepted time step. This custom projection enforces the indi-
vidual coverage bounds and the global saturation constraint
while preserving the closest admissible state under the Euclidean
norm. It also improves the robustness and convergence of the
integration by preventing unphysical coverages from entering
and propagating through the RHS of the ODE system. The
resulting constrained projection problem is solved through a
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combination of analytical and numerical procedures, ensur-
ing machine-precision satisfaction of all physical constraints
while minimizing computational overhead. A detailed mathe-
matical derivation of the projection formalism is provided in
Appendix G.

3.4. The chemical desorption efficiency

Analogous to the treatment of the trial frequency, the chemical
desorption efficiency, f j+k

cd , is parameterized via three alternative
configurations: (i) a unique factor specified for each individual
reaction within the grain-surface network; (ii) multiple user-
defined coefficients explicitly mapped to each reaction pathway;
or (iii) the predictive formalism prescribed by Minissale et al.
(2016), which utilizes their parameterized formulation for kinetic
energy transfer efficiency (Eq. (46)),

f j+k
cd (Ei) = e

−
Ei

ϵEexcess
Reac /N , (46)

where Eexcess
Reac = min(0,−∆HR) denotes the excess reaction

energy. It takes nonzero values for exothermic channels. It is
obtained from the reaction enthalpy and corresponds to the dif-
ference between the total formation enthalpies of the reactants
and products. The parameter N denotes the total number of
degrees of freedom, defined by the relation N = 3× natoms, while
ϵ is defined by the fraction of the liberated reaction energy
retained by the desorbing adsorbate. This energy retention fac-
tor equals ϵ = (M−m)2

(M+m)2 , with m the adsorbate mass and M the
effective surface mass, as prescribed in Minissale et al. (2016).
Here, M is currently set to 120 amu according to the silicate-
based value inferred by Minissale et al. (2016). Some specific
reactions necessitate distinct chemical desorption efficiencies.
These reaction-dependent factors are integrated directly within
the DESTINY architecture, as outlined in Appendix D. Further-
more, since the chemical desorption formalism introduced by
Minissale et al. (2016) is conceptually tailored to monoprod-
uct reaction channels, DESTINY accommodates multiproduct
pathways by permitting the optional integration of independent,
user-defined efficiency factors for these reactions.

4. Results and discussions

The results presented throughout this section are obtained using
a reduced surface chemical network comprising 27 solid-phase
species and 45 surface reactions. The complete list of solid-phase
species and reactions included in the benchmark network is pro-
vided in Appendix H. This reduced network was constrained to
the key solid-phase species in order to keep the interpretation
of the results tractable and ease the assessment of the behavior
of the proposed framework. We note that the gas-phase net-
work comprises 584 species for 7667 reactions, as taken from
Wakelam et al. (2024). Simulations are performed for a cloud
with nH = 3 × 104 cm−3, Tgas = Tdust = 12 K, AV = 15, and
ζCR = 1.3 × 10−17 s−1, adopting the same initial gas-phase abun-
dances as in Ruaud et al. (2016). Reaction and diffusion barrier
widths for tunneling-assisted barrier-crossing are respectively set
to 1 and 2.5 Å. A χ of 0.4 is adopted for all species. The input
parameter list we used is given in Appendix E.

4.1. Benchmarking DESTINY within the single-BE limit:
highlights on the H2 encounter effect

Before investigating the BED-induced effects, it is first neces-
sary to assess the impact of the TFC/Markov-chain formalism

Fig. 3. Comparison between the surface coverage predicted by DES-
TINY and Nautilus in the single-BE limit. Top panel: temporal evo-
lution of selected surface species coverages, θi, together with the
total surface coverage, θtot. Solid lines correspond to DESTINY,
while dashed lines show the corresponding Nautilus predictions. Bot-
tom panel: logarithmic abundance ratio of DESTINY and Nautilus,
log10(θDESTINY

i /θNautilus
i ), for the same set of species. The horizontal

dashed lines indicate deviations of one order of magnitude.

itself and the resulting effective event probabilities derived
from the stationary distribution of the Markov states. A bench-
mark against the open-source code Nautilus (Ruaud et al. 2016;
Wakelam et al. 2021) is thereby carried out in the single-BE
limit, where each species is represented by a single BE bin. This
removes any effects associated with BED discretizations, allow-
ing the consequences of the probabilistic reformulation alone
to be evaluated. For this comparison, the two models employ
the same reduced surface network presented in Appendix H,
and the same gas-phase network, disabling ER reactions. For
atomic H, χ = 0.34 is used in order to reproduce the diffusion
barrier employed in Nautilus and ensure consistency with the
benchmark configuration. The chemical desorption efficiency is
evaluated using the formula from Minissale et al. (2016), except
for species O+H and OH +H cases, as detailed in Appendix H.

Figure 3 compares the temporal evolution of the surface
abundances predicted by Nautilus and DESTINY in the single-
BE limit for H2O, CO, CH4, NH3, NO, and HCN. The compari-
son is limited to the pre-monolayer regime based on the Nautilus
first layer saturation time (∼3500 years).

In the case of H2O, NO, and HCN, sticking matches are
observed. CH4 exhibits the largest deviations among the species
displayed in Fig. 3, particularly at early times. In this regime, the
total surface coverage remains low and the monolayer correction
factor (1 − Θ) is essentially inactive. The observed differences
therefore primarily reflect the impact of the TFC/Markov-chain
probabilistic reformulation itself, free from any influence of the
monolayer constraint. Transient deviations are also observed
for NH3, although these emerge at later times and are con-
fined within the earlier onset of its sharp abundance increase
in DESTINY. The (1 − Θ) is still not dominant, however. These
deviations are attributable to the inherently different coupling of
competitive fluxes and, more specifically, the treatment of the
H2 encounter effect; while DESTINY couples the H2 encounter
effect with the diffusivity and desorption efficiency, Nautilus
treats it as an enhanced H2 desorption channel.
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Fig. 4. Comparison between the surface coverage predicted by DES-
TINY and Nautilus in the single-BE limit for HCO- and methanol-
related species.

The C + H2 → CH2 reaction and subsequent CHx chain
toward CH4 constitute a particularly sensitive diagnostic of the
surface H2 chemistry. In contrast to most hydrogenation path-
ways present in the reduced network, the initiation efficiency of
the CHx chain from atomic C is directly controlled by the avail-
ability and mobility of H2 rather than atomic H. This distinction
is especially important at early times, where the abundances of
C, O, and N (the most abundant species after H2 and He in the
initial cloud composition) are primarily governed by accretion
from the gas phase. While O and N must first undergo interme-
diate hydrogenation steps before entering H2-driven pathways
(Appendix H), carbon can react directly with H2 through C +
H2 → CH2. The resulting CH2 can then be further converted
into CH3 through CH2 + H2 → CH3 + H before the chemistry
becomes increasingly dominated by atomic-H additions.

The abundances of CH2, CH3, and ultimately CH4 conse-
quently provide a direct probe of the treatment of H2 encounter
effect, as the enhanced H2 mobility predicted by DESTINY nat-
urally promotes the H2-driven CH4 formation pathway relative to
Nautilus. Since this reaction sequence is one of the few pathways
in the reduced network whose initiation is directly controlled
by H2, it offers a particularly clean tracer of the impact of the
H2 encounter formalism independently of the broader atomic-H
chemistry. Additional evidence supporting the role of the differ-
ent H2 encounter treatments in the CH4 coverage discrepancies
is provided in Appendix I. It is also worth mentioning that, in the
case of the CHx chain, the initial atomic carbon is strongly kinet-
ically trapped within its adsorption sites, with a BE of 10.000 K.
When converted into CH2 by encounter with the diffusive H2, the
BE decreases to 1400 K. This decreasing trend from the atomic
C to the hydrogenated forms CHx is not retrieved in the case of
the NHx and OHx chains (Table H.1 in Appendix H). This has a
positive feedback effect on the enhanced H2 mobility on the CHx
chain abundances toward CH4.

The transient discrepancy observed in the case of CO, with
a lower coverage in the case of DESTINY, can be attributed to
the HCO chemistry through the H + CO channel. In this scope,
Fig. 4 provides the comparison between the pre-monolayer tem-
poral evolution of the surface abundances predicted by Nautilus
and DESTINY for HCO and methanol-related species. Actually,
the discrepancies between DESTINY and Nautilus arise from

two successive mechanisms. Around 100 years, they are gov-
erned by the earlier rise in the surface abundance of atomic H
in DESTINY (Appendix I). As a result, the CO hydrogenation
sequence is initiated sooner through CO + H → HCO, leading
to an earlier enhancement of the HCO abundance. This increase
subsequently propagates to H2CO through the barrierless reac-
tion HCO + H → H2CO and, in turn, to CH3O and CH3OH
through H + H2CO and H + CH3O, respectively. In contrast,
the onset of the sharp increase in the H surface abundance is
delayed in Nautilus. The dominant source of discrepancy shifts
to the treatment of the competing H + H2CO reaction channels.
As verified from the Nautilus source code and the related list of
channel-specific branching ratios, the three reactions implying
H + H2CO (Appendix H) are treated independently, meaning that
the reaction flux is not partitioned among the competing chan-
nels through channel-specific branching ratios. Consequently,
each channel consumes H2CO independently, such that the total
H2CO destruction rate is given by the sum of the three indi-
vidual reaction rates. In practice, this is equivalent to counting
the same H + H2CO encounter multiple times, leading to an
artificial overconsumption of H2CO together with the simultane-
ous overproduction of CH2OH, CH3O, and HCO. In DESTINY,
an explicit channel-specific branching ratios is computed for
each reactant pairs harboring different set of products from the
ratio of barrier-crossing absolute probabilities, as discussed in
Appendix B.

At first sight, the independent treatment of the three com-
peting H + H2CO reaction channels in Nautilus should lead to a
net depletion of H2CO due to its artificially enhanced destruc-
tion. Surprisingly, the opposite is observed. During the early
stages, H2CO remains too scarce for this enhanced destruc-
tion to significantly affect the HCO abundance. Once H2CO
becomes comparable in abundance to HCO, a self-sustaining
feedback loop is established. The reaction H + H2CO → H2 +
HCO overproduces HCO, which is efficiently recycled back into
H2CO through the barrierless reaction HCO + H→ H2CO. The
regenerated H2CO is then again overconsumed through the three
competing H + H2CO channels, producing additional HCO that
is subsequently converted back into H2CO. Consequently, the
HCO/H2CO cycle continuously reinforces itself. Owing to the
absence of an activation barrier for HCO + H → H2CO, the
regeneration of H2CO ultimately outweighs its artificial destruc-
tion, resulting in the net overproduction of H2CO observed in
Nautilus.

While the CH4 discrepancies can be traced back to the
different treatment of the H2 encounter effect, DESTINY and
Nautilus remain intrinsically different frameworks. Nevertheless,
the overall agreement obtained for the remaining species indi-
cates that DESTINY preserves the main chemical trends while
introducing physically motivated modifications to the competi-
tive surface chemistry whose effects can be isolated. It should
be emphasized that the present benchmark relies on a reduced
chemical network specifically designed to isolate the impact of
the TFC-based formulation. Consequently, the quantitative dif-
ferences reported here should not be directly extrapolated to full-
scale astrochemical networks, for which the overall impact of
the framework remains to be established. Nevertheless, the non-
negligible deviations obtained for key species such as CH4 and
primary reaction intermediates (Appendix I), especially at times
when the factor 1 − Θ negligibly impacts the accretion regime,
suggest that measurable consequences can be expected for the
formation pathways of more complex molecules. Interestingly,
CH4 has previously been identified as one of the key species
exhibiting the strongest model-dependent variations across the
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deterministic and stochastic grain-surface chemistry frameworks
(Jiménez-Serra et al. 2025). Given its pronounced sensitivity
to the adopted formalism, its behavior in large-scale networks
should be revisited to determine whether the TFC-based frame-
work and related H2 encounter effect treatment can alleviate
the systematic underproduction of CH4 abundances relative to
observations highlighted in the comprehensive benchmark study
performed in Jiménez-Serra et al. (2025). The dust temperature
of 12 K was chosen to match the lower-temperature case inves-
tigated in Jiménez-Serra et al. (2025), thereby strengthening the
comparison. In the scope of this framework presentation paper, a
single representative temperature was considered to keep the dis-
cussion focused on the qualitative behavior of DESTINY rather
than on its temperature dependence. Nevertheless, since 12 K is
commonly regarded as the threshold above which the surface dif-
fusion of O and OH becomes efficient (Clément et al. 2023), we
repeated the DESTINY–Nautilus comparison at Tgas = Tdust =
10 K to assess the robustness of the conclusions presented above.
We found that all qualitative trends remain unchanged.

The abundance discrepancies observed for CH4 should also
be interpreted in the context of its binding behavior. In Groyne
et al. (2025), a larger mean BE was inferred for CH4 (1388 K)
than the single value adopted from Wakelam et al. (2017).
Under the single-BE approximation employed in the present
benchmark, this difference has only a limited influence at the
considered temperature. However, it becomes particularly rel-
evant when resolving BEDs since adopting a lower reference
BE artificially overemphasizes weakly bound configurations and
their associated desorption channels, while lowering the kinetic
trapping effect for the stronger BSs. For this reason, the larger
mean BE derived in Groyne et al. (2025) will be used in the
following section when investigating the BED impacts.

4.2. Effect of the BED-based species coverage discretization

A preliminary qualitative assessment of the impact of BED
inclusion was conducted by comparing a simulation in the
single-bin limit against a multi-bin simulation with a common
number of ten bins per solid-phase species. The underlying
physical parameters remain invariant, except that the ER mech-
anism is activated. Since the current iteration of DESTINY is
constrained to the monolayer approximation, physical interpre-
tations are confined to the epoch preceding total monolayer
saturation, as the underlying model formalism loses physical
validity beyond this threshold, which is reached slightly before
104 years within the current input configuration. As illustrated
in Fig. 5, the BED inclusion alters the abundance of critical
species, such as NH3, by several orders of magnitude while pre-
serving a nearly identical evolutionary profile for others, such as
H2O. These divergent behaviors are elucidated via a comprehen-
sive microscopic pathway analysis, with further insights given in
Appendix J.

The most prominent divergence manifests in the evolution-
ary profile of NH3, whose formation is substantially accelerated
from the onset of the simulation, where the monolayer correc-
tion term (1 − Θ) remains negligible. The chemical synthesis
pathway toward NH3 is initiated with the sequential atomic
hydrogenation of N atoms. In a single-value framework, both
atomic precursors possess relatively low BEs (650 K and 720 K
for H and N, respectively). The structural inclusion of a realistic
BED introduces a fraction of highly bound BS. This signif-
icantly extends the surface residence times of these volatile
species, thereby enhancing the probability of reactive encounters
with H and H2 (once NH2 is formed), associated with efficient

Fig. 5. Surface coverages predicted by DESTINY with ten bins as com-
pared to the single-BE limit. Top panel: temporal evolution of selected
surface species coverages, θi, together with the total surface coverage,
θtot. Solid lines correspond to DESTINY, while dashed lines show the
corresponding results in the single bin limit. Bottom panel: logarithmic
abundance ratio of DESTINY and Nautilus, log10(θ10 bins

i /θ
Single−bin
i ), for

the same set of species.

tunneling-assisted diffusivity, especially from the shallower BSs
inherent to the inclusion of the BEDs. This subsequently drives
the downstream evolution of the NHx hydrogenation chain.

Conversely, this behavior does not translate into an increase
in the integrated diffusivity, owing to the kinetic competi-
tion between trapping mechanisms and rapid diffusion out of
shallow BS. This phenomenon is clearly illustrated by the unper-
turbed evolutionary profile of H2O. Given the higher BE of
atomic O (1600 K) with respect to atomic N, it is predomi-
nantly trapped within its BS; its characteristic surface residence
time is thereby not significantly modified by the distribution at
the considered Tdust, as the characteristic encounter time with
highly diffusive and reactive H and H2 partners is smaller than
the characteristic inter-bin redistribution and desorption time
for atomic O. Any structural enhancement in H2O production
would therefore require a net increase in the integrated diffu-
sivity of either atomic H or O, which is not observed within
the numerical framework. Similarly, the HCN abundance profile
exhibits a comparable insensitivity to the inclusion of a BED.
Within the reduced chemical network, the synthesis of HCN
is exclusively governed by the encounter between highly dif-
fusive atomic H and the CN partner. Since the latter possesses
an inherently high BE (2800 K), it remains heavily trapped on
the grain surface across both model configurations at the consid-
ered Tdust. This already-efficient trapping effectively neutralizes
any potential kinetic variations between the single-bin and multi-
bin regimes, locking the evolutionary trajectory of HCN into a
BED-independent profile.

The NO relative underproduction within the multi-bin pre-
dictions can be attributed to two primary factors. First, the
production rate during the early stages of the simulation is
substantially suppressed upon the BED inclusion; this trend is
arguably driven by enhanced chemical competition for available
atomic N via the LH mechanism in favors of the accelerated NHx
pathway. Furthermore, the prolonged surface residence times of
N alter the relative weights of competing microchemical path-
ways; a small shift in importance toward the ER mechanism
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Fig. 6. Surface coverages predicted by DESTINY with ten bins as com-
pared to the single-BE limit for HCO- and methanol-related species.

is observed in the multi-bin simulation (Appendix J). Second,
enhanced thermal desorption plays a critical role in the BED
effect on the NO surface chemistry. In contrast to less abun-
dant species, NO molecules sufficiently accumulate to saturate
the deepest potential wells of their BED, leading to the subse-
quent occupancy of shallower BSs; this configuration effectively
elevates the integrated thermal desorption rate for NO. These
shallow configurations are continuously replenished by ongoing
chemical synthesis via the localized N + O reaction, creating a
persistent desorption channel that systematically diminishes the
net surface abundance of NO. This physical mechanism remains
valid due to the absence of efficient chemical consumption path-
ways—for which the characteristic encounter timescale would
otherwise be shorter than the desorption timescale—and the rel-
atively low NO mean BE. Consequently, this does not manifest
in the case of more heavily bound species, such as OH, H2O, and
the NHx family members, for which thermal desorption remains
inefficient across all available BS configurations.

Regarding CH4, it is predominantly regulated by H2-driven
chemistry, as previously established. The H2 surface abundance
is markedly elevated in the multi-bin simulation (as shown in
Appendix J), further amplifying the H2 encounter mechanism.
However, this kinetic enhancement does not translate into a cor-
responding increase in the net CH4 fractional coverage. Owing to
its intermediate BE (1388 K), the variations induced by the BED
introduction are primarily driven by the emergence of shallower
BSs, which systematically accelerate thermal desorption. Ulti-
mately, these counteracting physical mechanisms exert opposing
kinetic influences and effectively offset one another, leaving the
global surface coverage of CH4 fundamentally unaltered.

The CO profile is intrinsically linked to the HxCO and
CHxOHx families, as shown in Fig. 6. During the early stages
of ice formation, the HCO and H2CO surface coverages exhibit
pronounced discrepancies relative to the single-BE limit; con-
versely, the abundance profiles of CH3O and CH3OH remain
fundamentally unperturbed. These divergent kinetic behaviors
are governed by the primary chemical pathways mediating the
synthesis of each species and their respective coupling with H2-
driven chemistry. In the single- and multi-bin regimes, methanol
is almost exclusively produced via the direct hydrogenation of
CH3O. During the initial epoch, this radical precursor is gener-
ated via the oxygenation of CH3 mediated by the ER mechanism.

Analogous to the trend identified for CH4, the H2-driven inter-
mediate abundances remain largely invariant provided a kinetic
equilibrium is established between the local inflation of surface
H2 and the concomitant acceleration of thermal desorption—a
balancing effect that is manifested for CH3.

Prior to 100 years, HCO is synthesized within the single-bin
limit via the addition of atomic O to CH radicals, subsequently
initiating the production of H2CO through a sequential addition
of H. Conversely, within the multi-bin regime, CH is directly
consumed to form CH2 due to the elevated H abundance during
the earliest phases of the simulation, thereby effectively shut-
ting down this primary reaction channel. The net abundance of
HCO experiences a more pronounced suppression than that of
H2CO under multi-bin conditions, owing to a critical shift in the
dominant synthetic pathway of the latter. While the direct hydro-
genation of HCO is deactivated, an alternative formation route,
namely, the oxygenation of CH2 (itself a key product of H2-
driven chemistry) becomes dominant during this initial epoch,
ultimately mitigating the divergence between the two models.

Beyond 100 years, the HCO, H2CO, and CH3O abundances
become noticeably enhanced in the multi-bin configuration com-
pared to the single-BE limit as their synthesis shifts toward the
sequential hydrogenation of CO, which has accumulated suf-
ficiently on the grain surfaces. Conversely, the formation of
methanol exhibits a minor delay during this intermediate stage
of the simulation; this temporary lag is directly correlated with a
transient local H depletion, inhibiting the CH3O hydrogenation.

4.3. Astrochemical implications

Although the present benchmark relies on a reduced chemical
network, the identified mechanisms are expected to have non-
negligible consequences in larger astrochemical systems. The
treatment of the H2 encounter effect has been shown to mod-
ify the efficiency of H2-driven surface chemistry. The largest
deviations are found within the CHx hydrogenation sequence,
where the impact of the probabilistic formulation can be isolated
from monolayer effects during the early phase. Since CH4 has
previously been identified as one of the most model-sensitive
grain-surface species (Jiménez-Serra et al. 2025), these results
suggest that the treatment of H2 surface exploration may consti-
tute a measurable source of uncertainty in current astrochemical
models. Regarding the effect of BEDs, their introduction alters
the balance between diffusion, desorption, and reaction by redis-
tributing the surface population among BSs of different depths.
This is expected to propagate throughout larger astrochemical
networks.

5. Conclusions and outlooks

We introduced DESTINY, a deterministic solid-phase astro-
chemical framework based on a TFC formalism under an absorb-
ing Markov-chain representation of grain-surface competitive
processes. By reformulating diffusion, desorption, and reac-
tive encounters as competing Markov states, together with idle
states, the framework derives effective event probabilities from
the stationary distribution of the corresponding Markov chain
while preserving a deterministic ODE description. This formal-
ism is resolved onto the binding-energy distributions (BEDs)
of surface species, enabling the explicit treatment of energetic
heterogeneity across amorphous interstellar ice surfaces.

Benchmark comparisons against the widely used Nautilus
code showed that the probabilistic reformulation alone can
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produce measurable differences in the predicted surface abun-
dances, even in the single-BE limit. This is especially true for
the CHx chain, for which the effect of the DESTINY frame-
work on the treatment of the H2 encounter effect, with an
enhanced H2 residence time and mobility, and the resulting mod-
ulation of the H2-driven chemistry can be isolated based on the
reduced surface network we used. The same comment holds for
the NHx chain, at least in a multi-bin configuration. Further-
more, the BED-resolved formulation naturally provides access
to quantities that remain inaccessible to conventional single-
BE approaches, including BE-resolved occupancies, process-
specific contributions, and the explicit coupling between surface
chemistry and the energetic landscape of amorphous ice. The
deviations from the single-BE limit we reported are expected to
have a measurable effect on the chemistry of a large-scale surface
network.

Several developments naturally emerge from our work. First,
the framework should be extended to include non-diffusive
chemistry mechanisms (Jin & Garrod 2020; Garrod et al. 2022).
Second, systematic sensitivity analyses should be conducted
on the BED parameters and key physical quantities known
to strongly affect the surface chemistry, including species-
dependent diffusion-to-desorption ratios χ, diffusion and reac-
tion barrier widths, and chemical desorption parameters. Partic-
ular attention should also be devoted to the H2 encounter effect,
whose treatment was shown to significantly affect the predicted
abundances of several key species. Future investigations should
therefore assess the sensitivity of the model to the adopted H2
encounter binding energy and associated χ value, as well as
explore the inclusion of analogous effects for atomic H on H2-
rich substrates (Das et al. 2021; Chang et al. 2021). This would
provide new insights for the search for sources of discrepancies
between simple RE-based model outputs and actual ice obser-
vations in the case of H and H2 driven-chemistry (e.g., CH4
and NH3 as highlighted from the reduced network we used).
Finally, the extension of DESTINY toward multilayer ice man-
tles and its application to large-scale astrochemical networks,
including complex organic molecules, constitute the next major
steps toward its comprehensive BED-resolved description of
interstellar grain-surface chemistry.
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Appendix A: Encounter-dependent BEs

A.1. Effect of the encounter-dependent BEs on BE-resolved
state counts

Currently, the only encounter-dependent binding energy imple-
mented within the DESTINY framework corresponds to H2-
H2 interactions. However, the following encounter formalism
remains strictly generalized to facilitate the integration of addi-
tional encounter mechanisms in future investigations. When a
migratory species i diffuses onto a binding site of energy Ei
already occupied by a species j with a binding energy E j, their
respective binding energies are potentially modified via mutual
interactions to the values qi, j(Ei) and q j,i(E j). Here, the operator
qi, j represents a perturbative function. For the specific case of
the H2 encounter mechanism, this is evaluated as qH2,H2 (EH2 ) =
23 K. This local modification of the binding energies directly
impacts the relative probabilities and trial frequencies used to
evaluate the counts of transient states, as formulated in the
following equations,

#transient/terminal
x (Ei) =

Pe f f ,i
diff,gateway

(1 − Ptransient,eff,i
survival )

[
1

νi,0(Ei)
(1 − Θ)

(1 − θi(Ei))
(1 − Θi)

Prel,mono
x (Ei)

+
∑
j,i

1
νi,0(qi, j(Ei))

( ∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

(1 − si+ j
barrierless)×[

Prel,double
x (qi, j(Ei), q j,i(E j))

+ (Prel,double
di f f (q j,i(E j), qi, j(Ei)) + Prel,double

des (q j,i(E j), qi, j(Ei)))

× Prel,mono
x (Ei)

]
dE j

)
+

1
νi,0(qi,i(Ei))

θi(Ei)(1 − si+i
barrierless) ×

[
Prel,double

x (qi,i(Ei), qi,i(Ei))

+ (Prel,double
di f f (qi,i(Ei), qi,i(Ei)) + Prel,double

des (qi,i(Ei), qi,i(Ei)))

× Prel,mono
x (Ei)

]]
#transient/terminal

idle (Ei) =
Pe f f ,i

diff,gateway

(1 − Ptransient,eff,i
survival )

[
1

νi,0(Ei)
(1 − Θ)

(1 − θi(Ei))
(1 − Θi)

Prel,mono
idle (Ei)

+
∑
j,i

1
νi,0(qi, j(Ei))

( ∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

(1 − si+ j
barrierless)×

[Prel,double
idle (qi, j(Ei), q j,i(E j))

Pdouble
evol (qi, j(Ei), q j,i(E j))

+ (Prel,double
di f f (q j,i(E j), qi, j(Ei)) + Prel,double

des (q j,i(E j), qi, j(Ei)))

× Prel,mono
idle (Ei)

]
dE j

)
+

1
νi,0(qi,i(Ei))

θi(Ei)(1 − si+i
barrierless) ×

[Prel,double
idle (qi,i(Ei), qi,i(Ei))

Pdouble
evol (qi,i(Ei), qi,i(Ei))

+ (Prel,double
di f f (qi,i(Ei), qi,i(Ei)) + Prel,double

des (qi,i(Ei), qi,i(Ei)))

× Prel,mono
idle (Ei)

]]
,

where x indicates "diffusion" or "desorption" probabilities. The
perturbative function is directly integrated into the evaluation of
reactive counts by modifying the underlying binding energies
utilized within the reaction probability formulations of Eq. 30.

A.2. Effect of the encounter-dependent BEs on effective trial
frequencies for net event rates

Because macroscopic events encompass multiple distinct micro-
scopic pathways, each characterized by distinct trial frequencies,
the frequency terms used in the derivation of the rate equations
(Eq. 35) must be replaced by generalized effective frequencies.
These effective frequencies are explicitly evaluated by averag-
ing the local frequency (i.e., νi,0(qi, j(Ei)) or νi, j(qi, j(Ei), q j,i(E j))
for reactive encounters) weighted over the discrete contribu-
tions of each active microscopic pathway. The formulation of an
effective frequency is inherently required for reactive pathways
even in the absence of perturbative functions. As the underly-
ing trial frequency for reactions (Eq. 21) fundamentally depends
on the binding energy distribution of the partner species j,
the implementation of a generalized effective trial frequency
νi, j(qi, j(Ei), q j,i(E j)) remains mathematically mandatory. Both
formulations are defined explicitly by the following expressions:

νx
i,0(Ei) =

{
θi(Ei)Prel,mono

x (Ei)

+
Pe f f ,i

diff,gateway

(1 − Ptransient,eff,i
survival )

[
(1 − Θ)

(1 − θi(Ei))
(1 − Θi)

Prel,mono
x (Ei)

+
∑
j,i

( ∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

(1 − si+ j
barrierless)×[

Prel,double
x (qi, j(Ei), q j,i(E j))

+ (Prel,double
di f f (q j,i(E j), qi, j(Ei)) + Prel,double

des (q j,i(E j), qi, j(Ei)))

× Prel,mono
x (Ei)

]
dE j

)
+ θi(Ei)(1 − si+i

barrierless) ×
[
Prel,double

x (qi,i(Ei), qi,i(Ei))

+ (Prel,double
di f f (qi,i(Ei), qi,i(Ei)) + Prel,double

des (qi,i(Ei), qi,i(Ei)))

× Prel,mono
x (Ei)

]]}
/{#start

x (Ei) + #transient/terminal
x (Ei)}

νi, j(Ei) =
( ∫
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

×

{si+ j
barrierless + (1 − si+ j

barrierless)P
rel,double
reac,i+ j (qi, j(Ei), q j,i(E j))} dE j

)
/

( ∫
1

νi, j(qi, j(Ei), q j,i(E j))
θ j(E j)g j(E j)

(1 − θi(Ei))
(1 − Θi)

×

{si+ j
barrierless + (1 − si+ j

barrierless)P
rel,double
reac,i+ j (qi, j(Ei), q j,i(E j))} dE j

)
.
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Appendix B: Branching ratio for detailed TFC
contributions

The absolute event probabilities introduced throughout the main
text combine several microscopic pathways contributing to the
same macroscopic event. In order to recover the individual
contributions of these pathways when constructing the corre-
sponding gain and loss rates, branching ratios are introduced.
They quantify the conditional probability that a given event orig-
inates from a specific microscopic channel, knowing that the
event itself has occurred.

We first consider the desorption process. As discussed in
Sect. 2.1, desorption results from two mutually exclusive ther-
mal states, namely the quiescent grain temperature T quiescent

dust

and the transient cosmic-ray-heated temperature T CR−heating
peak . The

corresponding branching ratios are

BR
T CR−heating

peak

des (Ei) =
PCR−heating

des (Ei)
Pdes(Ei)

(B.1)

BR
T quiescent

dust
des (Ei) =

(
1 − f CR−heating

peak

)
P

T quiescent
dust

des (Ei)

Pdes(Ei)
(B.2)

such that∑
BRT

des(Ei) = 1. (B.3)

For diffusion, the thermally promoted and tunneling-
mediated pathways are treated as independent contributions to
the same diffusive Markov state. Analogously to the competitive
weighting used in the definition of the relative probabilities, the
contribution of each independent diffusion pathway is obtained
from its relative weight within the total set of independent
diffusion pathways, as

BRthermal
di f f (Ei) =

Pthermal
di f f (Ei)

Pthermal
di f f (Ei) + Ptun

di f f (Ei)
, (B.4)

BRtun
di f f (Ei) =

Ptun
di f f (Ei)

Pthermal
di f f (Ei) + Ptun

di f f (Ei)
. (B.5)

satisfying

BRthermal
di f f (Ei) + BRtun

di f f (Ei) = 1, (B.6)

The detailed subcontributions for BRthermal
di f f (Ei) from CR-

heated and quiescent thermal state are given by

BR
T CR−heating

peak

di f f (Ei) =
PCR−heating

di f f (Ei)

Pthermal
di f f (Ei)

BRthermal
di f f (Ei) (B.7)

BR
T quiescent

dust
di f f (Ei) =

(
1 − f CR−heating

peak

)
P

T quiescent
dust

di f f (Ei)

Pthermal
di f f (Ei)

BRthermal
di f f (Ei)

(B.8)

such that

∑
BRT

di f f (Ei) = BRthermal
di f f (Ei). (B.9)

Similar expressions are retrieved in the case of thermally
activated and tunneling mediated reactive contributions. Indeed,

BRi, j
thermal =

Pi, j
thermal

Pi, j
thermal + Pi, j

tunn

, (B.10)

BRi, j
tunn =

Pi, j
tunn

Pi, j
thermal + Pi, j

tunn

. (B.11)

satisfying

BRi, j
thermal + BRi, j

tunn = 1, (B.12)

The detailed thermally activated reactive contributions are
redistributed according to

BRi, j

T CR−heating
peak

=
Pi, j

CR−heating

Pi, j
thermal

BRi, j
thermal (B.13)

BRi, j

T quiescent
dust

=

(
1 − f CR−heating

peak

)
Pi, j

T quiescent
dust

Pi, j
thermal

BRi, j
thermal (B.14)

such that

∑
BRi, j

T = BRi, j
thermal. (B.15)

Finally, a branching ratio should be introduced for compet-
itive i + j channels from the same reactive pair. It accounts for
the fact that a given reactive pair may lead to several distinct
reaction channels associated with different product sets. While
the total reaction probability entering the relative probabilities is
obtained from Ptot,sum

cross,i+ j (Eq. 20), the individual product channels
must be recovered when constructing the gain terms in order to
ensure mass conservation at the ODE level. Unlike the discussed
above, these are therefore of absolute importance for the ODE-
level information. The branching ratio associated with a reaction
channel ck originating from the reactive pair (i + j) is therefore
defined as

BRi+ j,ck
cross =

Pi+ j,ck
cross

Ptot,sum
cross,i+ j

, (B.16)

By construction,

∑
ck

BRi+ j,ck
cross = 1 (B.17)

These branching ratios correspond to the factors appearing
explicitly in Eq. 41. They constitute the only branching ratios
directly required by the ODE system, as they determine how
the total reactive flux associated with a given reactive pair is
partitioned among the different product channels.
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Appendix C: Dust-to-gas BED-integrated coupling

The dust-to-gas coupling loss term is defined in Eq. C.1 and
encapsulates the contributions of the accretion and the ER reac-
tive pathway. Conversely, the corresponding gain term, formu-
lated in Eq. C.2, encompasses thermal and chemical desorption
mechanisms. It is worth highlighting that the chemical desorp-
tion dust-to-gas coupling gain contribution should be considered
from f j+k

cd , in opposition to the solid-phase counterpart, corrected
by (1 − f j+k

cd ),

Rloss
i,dust to gas = (1 − Θ)S iσgrvth,iningr (C.1)

+
∑

j

Θ jS iσgrvth,iningrPi+ j
cross

Rgain
i,dust to gas =

∫
Rdes(E′i ) +

(1 − θi(E′i ))
(1 − Θi)

(C.2)

×
∑

j+k→i+...
j,k

[
f j+k
cd (E′i )α

stoechio
j+k→i

P j+k,ci
cross

Ptot,sum
cross, j+k

×

( ∫
(Rreac, j+k(E j) + RER

reac, j+k(E j)) × g j(E j) dE j

+

∫
(Rreac,k+ j(Ek) + RER

reac,k+ j(Ek)) × gk(Ek) dEk

)]

+
(1 − θi(Ei))

(1 − Θi)
×

∑
j+ j→i+...

[
f j+ j
cd (E′i )α

stoechio
j+ j→i

P j+ j→i+...
cross

Ptot,sum
cross, j+ j

×

∫
(Rreac, j+ j(E j) + RER

reac, j+ j(E j)) × g j(E j) dE j

])
× gi(E′i ) dE′i × Nsite · ngr,

where ngr is the dust grain number density.
The complete expression for the gas-phase ODE system

RHS, considering the above dynamical coupling terms with the
solid-phase, is given in Eq. C.3,

dni

dt
=

∑
k

∑
l

αstoechio
k+l→i kklnknl +

∑
k

αstoechio
k+(s)UV/CR→ik

(s)UV/CR
k nk

(C.3)

− αstoechio
i+ j→... ni

∑
j

ki jn j − ki+(s)UV/CR→...ni

+ Rgain
i,dust to gas − Rloss

i,dust to gas.

Appendix D: Desorption contributions through
energetic processing

As commented in the main text, in the present formulation
of a monolayer, energetic processing is restricted to enhanced
desorption. Surface dissociation is purposely omitted from this
discussion due to its inherent net gain contribution to the cover-
age. This would violate the site conservation from the monolayer
approximation (Eq. 3) under high-coverage conditions.

The UV-induced desorption formalism of Ruaud et al. (2016)
is discretized over the BED, yielding Eqs. D.1 and D.2 for
interstellar and cosmic-ray-induced UV photons, respectively,

Rloss
UV (Ei) = θi(Ei)FUVS UVYpd

σgr

Nsite
e−2AV (D.1)

Rloss
UV−CR(Ei) = θi(Ei)FUV−CRS UV−CRYpd

σgr

Nsite
, (D.2)

where FUV denotes the UV flux in photons cm−2 s−1, S UV rep-
resents the scaling factor scaling the UV radiation field, Av is
the visual extinction parameter, and Ypd is the photo-desorption
yield in molecules photon−1. Following the recommendation of
Bertin et al. (2013), and justified by the current lack of empirical
or theoretical constraints on photo-desorption, the yield parame-
ter Ypd is treated as species-independent. The exponential factor
embedded within Eq. D.2 accounts for the attenuation of the UV
field as a function of the local extinction Av (Roberge et al. 1991).

Since desorption inherently couples the monolayer system
to the gas-phase reservoir, evaluating the corresponding gas-
phase gain rates necessitates the formulation of bin-integrated
representations for the primary and secondary UV-desorption
equations, which are given, respectively, by Eqs. D.3 and D.4,

Rgain,dust to gas
UV = ΘingrϕUVS UVYpdσgre−2AV (D.3)

Rgain,dust to gas
UV−CR = ΘingrϕUV−CRS UV−CRYpdσgr. (D.4)

Similarly, CR-induced sputtering with dust grains is straight-
forwardly incorporated into the present framework following the
prescription of Wakelam et al. (2021). Its discretized formulation
is explicitly defined in Eq. D.5 (Wakelam et al. 2021), while the
corresponding bin-integrated counterpart is given in Eq. D.6,

Rloss
CR,sputtering(Ei) = θi(Ei) × (

ζCR

3 × 10−17 ) × Ye f f ×
σgr

Nsite
(D.5)

Rgain,dust to gas
CR,sputtering (Ei) = Θingr × (

ζCR

3 × 10−17 ) × Ye f f × σgr, (D.6)

with

Ye f f = Y∞ × (1 − e−(
nlayers
β )γ )

where Ye f f denotes the effective desorption yield integrated
over the CR spectral distribution, Y∞ represents the asymptotic
sputtering yield characteristic of thick ice substrates, β and γ
are parameters scaling with the ice composition, and nlayers is
parameterized to Θ within the context of an evolving monolayer
system. nlayers allows for the consideration of the CR penetra-
tion depth (Dartois et al. 2018), which would become revenant
in a multilayer system. Regarding the predominance of water
in quiescent clouds we considered, we assumed water-ice CR-
sputtering values from Dartois et al. (2018) for Y∞, β and γ. It
should be emphasized that molecular dissociation is currently
not explicitly treated for sputtering-induced desorption events.
The impact of such simplifying considerations should be inter-
esting to consider in subsequent studies by simply adding a
branching ratio for each (un)fragmented set of desorbed species
(Öberg et al. 2009; Fillion et al. 2014; Faure et al. 2025).

A173, page 19 of 24



Groyne, M., et al.: A&A, 713, A173 (2026)

Appendix E: Numerical switches

DESTINY architecture integrates configurable switches
designed to selectively activate alternative numerical methods,
specialized astrochemical processes, and their corresponding
physical parameters. A comprehensive compilation of these
input parameters with the values we used and operational
switches is presented in Table E.1 and Table E.2, respectively.

Table E.1. Input parameters defined in DESTINY.

Input parameter Abbreviation Value
Physical parameters
Mean total hydrogen density nH [cm−3] 3 × 104

Gas temperature Tgas [K] 12
Dust temperature Tdust [K] 12
CR ionization rate ζCR [s−1] 1.3 × 10−17

Visual extinction Av 15
UV flux FUV [G0] a 1.00
Dust to gas mass ratio 1 × 10−2

Surface site density b nsite [cm−2] 1.5 × 1015

Dust radius rgrain [cm] 1 × 10−5

Grain density ρdust [g/cm−3] 3
Reaction barrier width areac [Å] 1.00
Diffusion barrier width adi f f [Å] 2.50
Photo-desorption yield Y std

pd
c 1 × 10−4

Y secp
pd

d 1 × 10−4

Sputtering parameters e Y∞ 3.63
β 3.25
γ 0.67

Chemical desorption factor fcd
f 1 × 10−2

f multi
cd

g 1 × 10−3

CR heating peak duration tCR−heating
peak [s] 1 × 10−5

CR heating peak temperature TCR−heating
peak [K] 70

Fe ionization rate ζGrain
Fe+ [s−1] 3 × 10−14

Diffusion-to-desorption ratio χ 0.4 h

Trial frequency νx,0 1 × 1012

Number of H2O molecules i nH2O 5
Solver parameters
Start time t0 [s] 0
End time t f [s] 107

Absolute ni error j NA 10−20

Absolute θi(Ei) error j NA 10−20

Relative error j NA 10−6

Number of steps k NA 128
BED-related parameters
Fixed BE resolution ∆E[K] 150
Fixed number of bins nbins 10
Number of sigmas l nsigma 3

Notes. (a)In Draine unit. (b)The number of site per dust grains (Nsite)
is not defined as a user-defined parameter, but is computed from
Nsite = 4πr2

grainρs. (c)Photo-desorption yield from standard UV pho-
tons in molecules photon−1. (d)Photo-desorption yield from secondary
UV photons in molecules photon−1. (e)Parameters used in the effec-
tive desorption yield parametrization. ( f )Chemical desorption factor
for mono-product reactions. (g)Chemical desorption factor for multi-
product reactions. (h)Strong uncertainties exist on the χ parameter as no
clear relations between the diffusion energy and the desorption energy
have been found (Furuya et al. 2022a). It is usually between 0.3 and 0.8.
(i)Used for the definition number 2 of the reduced mass for diffusion
(Table E.2). ( j)Used for convergence criterion. (k)Number of time steps
at which DESTINY returns an output. (l)Number of sigmas at which the
BED is truncated.

Table E.2. Switches defined in DESTINY.

Physical switch Default
is_ER_activated a True
use_reac_tunneling b True
use_diff_tunneling c True
tunn_diff_reduced_mass_definition d 1
use_computed_f_chem_des e True
use_diff_CR_heating f True
use_reac_CR_heating g True
is_surface_diff_to_des_ratio_species_specific h True
use_computed_species_tf i True
is_tf_species_specific j False
Numerical switch Default
Time_spacing k Log
is_fixed_resolution l False

Notes. (a)Enables ER reactions. (b)Enables reaction through tunneling.
(c)Enables diffusion through tunneling. (d)Under configuration 1, the
reduced mass of the system governing diffusion via quantum tunnel-
ing is set equal to the mass of the adsorbate, which corresponds to the
physical assumption of an immobile substrate. Under configuration 2,
the reduced mass is evaluated by accounting for both the adsorbate
mass and the collective mass of nH2O H2O molecules. (e)Utilizes the
chemical desorption factor derived by Minissale et al. (2016) specif-
ically for mono-product reactive pathways, while the parameter f multi

cd
remains implemented for multi-product channels. Conversely, if this
switch is disabled, a uniform factor fcd is applied systematically across
all reactive pathways, for which it is not specified in the chemical
network. ( f )Enables diffusion through CR-heating. (g)Enables reaction
through CR-heating. (h)Enables the choice of a specific χ parame-
ter for each species. (i)Uses computed BE-dependent trial frequency
from the harmonic oscillator approximation (Eq. 4). ( j)Considered
only if use_computed_species_tf is disabled. Enables the choice of
a parametrized trial frequency specific for each species. (k)"Log" for
logarithmic or "Linear" for linear time spacing for the output time
stepping. (l)If true, utilizes a fixed number of bins, nbins, for the BED
discretizations. If false, utilizes a fixed BE resolution, ∆E, for BED
discretizations.

The switches related to the definition of the trial frequency
are worth to be commented. Given the current lack of constraints
on the trial frequency of the adsorbates, the software architec-
ture is designed to accommodate three distinct implementations
for its parameterization: (i) a uniform, unique trial frequency
applied across all chemical species, prescribed as a user-defined
input parameter; (ii) species-specific trial frequencies, systemati-
cally assigned via independent user-defined inputs; or (iii) a fully
discretized approach wherein the trial frequency is explicitly
computed for each bin and for each individual species through
Eq. 4 based on the bin effective BE, as detailed in Sect. 3.1.

It is worth mentioning that the definition of the trial fre-
quency will be subject to further investigations in subsequent
studies. The definition from Eq. 4 based on the simple harmonic
oscillator approximation should be compared to transition state
theory-based definition, as suggested in Minissale et al. (2022).
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Appendix F: Adaptive Gauss-Legendre quadrature
scheme

To circumvent the underestimation problem for integrals lacking
analytical closed forms, an adaptive Gauss-Legendre quadrature
scheme has been applied. The roots of the associated Legendre
polynomials lack closed-form algebraic expressions and are con-
sequently resolved numerically via a Newton iterative algorithm.
The quadrature scheme is subsequently executed with an increas-
ing order N, which is sequentially doubled until the absolute
difference between successive iterations falls below a predefined
convergence tolerance, making the method adaptive. To optimize
computational efficiency and avoid prohibitive runtime costs, the
iteration is truncated if the quadrature order exceeds a maxi-
mum threshold value, at which point the last estimate is returned.
Ultimately, the application of the complementary error function
method and the Gauss-Legendre quadrature formalism to equa-
tions lacking exact closed-form solutions significantly enhances
the numerical precision of the overall solver.

Appendix G: Geometrical projection of the
BE-resolved coverage state vector

Physical admissibility of the BE-resolved coverages is enforced
after each accepted CVODES time step through an Euclidean
projection onto the intersection of a box-constrained domain,
defined by 0 ≤ θi(Ei) ≤ 1 for every binding-energy bin, and
a weighted simplex enforcing the global monolayer saturation
constraint. This projection prevents numerical drift outside the
physically admissible domain, thereby improving solver robust-
ness and avoiding unphysical negative coverages or vacancy frac-
tions of the form 1 − Θ. To minimize computational overhead,
an initial projection onto the box constraint is first performed,
corresponding to a clipping operation of all coverages onto
their admissible interval, and the weighted simplex constraint
is subsequently evaluated. If the resulting state already satis-
fies the saturation constraint, no further correction is required.
Otherwise, the projection consists in finding the admissible state
vector x closest to the unconstrained CVODES solution y. The
projection is defined as

min
x

1
2
∥x − y∥22 (G.1)

subject to

0 ≤ x j ≤ 1,
∑

j

w jx j ≤ 1. (G.2)

Since the objective function is strictly convex and the feasible
set is convex, the projected solution is unique. The problem is
formulated within a Lagrangian framework through

L(x, λ,α,β) =
1
2

∑
j

(x j − y j)2 + λ

∑
j

w jx j − 1

 (G.3)

−
∑

j

α jx j +
∑

j

β j(x j − 1),

where λ denotes the Lagrange multiplier associated with the
weighted saturation constraint, while α j and β j enforce the lower
and upper box bounds, respectively. The corresponding KKT
conditions yield the interior solution

x j = y j − λw j, (G.4)

which remains valid as long as all projected components
remain strictly inside the box bounds. In this case, the multiplier
admits the analytical expression

λ =

∑
j w jy j − 1∑

j w
2
j

. (G.5)

When one or more components reach an active box con-
straint, the interior solution is no longer valid and the projected
state becomes

x j(λ) = clip
(
y j − λw j, 0, 1

)
. (G.6)

Substituting this expression into the weighted simplex con-
straint defines the monotonic scalar function

ϕ(λ) =
∑

j

w j clip
(
y j − λw j, 0, 1

)
, (G.7)

and the required multiplier is obtained as the unique root of

ϕ(λ) − 1 = 0. (G.8)

The monotonicity of ϕ(λ) establishes a bijection between the
value of the Lagrange multiplier and the weighted saturation
of the projected state, reducing the multidimensional projection
problem to the determination of a single scalar unknown. The
latter is obtained through a bracketing-and-bisection procedure,
successively shrinking the interval [λL, λU] until convergence,
while returning the upper bracket λU to guarantee satisfaction of
the saturation constraint to machine precision.
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Appendix H: Reduced solid-phase chemical
network

Table H.1 gives the BED parameters for the 26 solid-phase
species we considered. We note that the sticking coefficient of
all included solid-phase species are set to 1, except for H and
H2 where the temperature-dependent values are used (Matar
et al. 2010; Chaabouni et al. 2012), as performed in Nautilus
(Wakelam et al. 2021). The related reduced-reaction network is
given in table H.2.

Table H.1. Reduced set of surface species and BEDs parameters. The
µBE column lists the mean BE, and σBE stands for the BED standard
deviation.

Species Distribution µBE (K) σBE (K)
H2 Gaussian 440 88
H Gaussian 650 130
O Gaussian 1600 320
OH Gaussian 4600 920
H2O Gaussian 5600 1120
N Gaussian 720 142
NH Gaussian 2600 520
NH2 Gaussian 3200 640
NH3 Gaussian 5500 1100

GMM2 – –
NO Gaussian 1600 320
C Gaussian 10.000 1500
CN Gaussian 2800 540
HCN Gaussian 3700 740
CO Gaussian 1300 260

Gaussian 1407 339
CH4 Gaussian 960 192

Gaussian 1388 242
CH3 Gaussian 1600 320
CH2 Gaussian 1400 280
CH Gaussian 925 185
O2 Gaussian 1200 240
HCO Gaussian 2400 480
H2CO Gaussian 4500 900
CO2 Gaussian 2600 520
HOCO Gaussian 2000 400
HCOOH Gaussian 5570 1114
CH3O Gaussian 4400 880
CH2OH Gaussian 4400 880
CH3OH Gaussian 5000 1000

Notes. For H2, the H2–H2 encounter binding energy is set to 23 K and
the corresponding diffusion-to-desorption ratio χ is set to 0.4; both
quantities are user-customizable parameters. NH3 can alternatively be
described by a Gaussian mixture model (GMM2), with component
means at 2803 (σBE, k=1 613 K), 5620 K (σBE, k=2 928 K) and corre-
sponding weights of 0.16 and 0.84, respectively, based on results in
Groyne et al. (2025). All BE means come from single values reported
in KIDA databasea, except for the second, alternative values for CO,
CH4 and NH3, taken from Groyne et al. (2025). Selected KIDA values
are either taken from Wakelam et al. (2017) when available, or from the
original OSU gas-grain code from Eric Herbst group in 2006 (Garrod
& Herbst 2006). KIDA values are considered for the benchmark against
Nautilus code (Sect. 4.1), while alternative values for CO, CH4 and NH3
are considered for the assessment of the BED discretization effect (Sect.
4.2). Standard deviation values are taken to be of 20% of the respective
means, except for C (15%) as well as for alternative values taken from
from Groyne et al. (2025). Formation enthalpies used for the compu-
tation of chemical desorption fraction (Eq. 46) are directly taken from
KIDA and are not explicitely listed here.

a https://kida.astrochem-tools.org

Table H.2. Reduced benchmark surface reaction network.

Reaction EA (K) fcd

H + H→ H2 0 Eq. 46
H + O→ OH 0 0.30
H + OH→ H2O 0 0.25
H2 + OH→ H2O + H 2100 Eq. 46
N + O→ NO 0 Eq. 46
N + C→ CN 0 Eq. 46
H + CN→ HCN 0 Eq. 46
N + H→ NH 0 Eq. 46
NH + H→ NH2 0 Eq. 46
NH2 + H2 → NH3 + H 6300 Eq. 46
NH2 + H→ NH3 0 Eq. 46
C + O→ CO 0 Eq. 46
C + OH→ CO + H 0 Eq. 46
C + O2 → CO + O 0 Eq. 46
O + HCO→ CO + OH 0 Eq. 46
O + HCO→ CO2 + H 0 Eq. 46
OH + HCO→ HCOOH 0 Eq. 46
H + HOCO→ HCOOH 0 Eq. 46
H + HOCO→ H2 + CO2 0 Eq. 46
H + HOCO→ CO + H2O 0 Eq. 46
H + CO→ HCO 2500 Eq. 46
O + CO→ CO2 1000 Eq. 46
OH + CO→ HOCO 150 Eq. 46
OH + CO→ CO2 + H 150 Eq. 46
H + H2CO→ CH2OH 5400 Eq. 46
H + H2CO→ CH3O 2200 Eq. 46
H + H2CO→ H2 + HCO 1740 Eq. 46
OH + H2CO→ H2O + HCO 0 Eq. 46
O + CH→ HCO 0 Eq. 46
H + HCO→ H2CO 0 Eq. 46
O2 + CH→ HCO + O 0 Eq. 46
O + CH2 → H2CO 0 Eq. 46
O2 + CH2 → H2CO + O 0 Eq. 46
C + H→ CH 0 Eq. 46
C + H2 → CH2 0 Eq. 46
CH + H→ CH2 0 Eq. 46
CH2 + H→ CH3 0 Eq. 46
CH2 + H2 → CH3 + H 3530 Eq. 46
CH3 + H→ CH4 0 Eq. 46
CH4 + H→ CH3 + H2 5940 Eq. 46
CH3 + H2 → CH4 + H 6440 Eq. 46
OH + CH3 → CH3OH 0 Eq. 46
H + CH3O→ CH3OH 0 Eq. 46
H + CH2OH→ CH3OH 0 Eq. 46

Notes. All activation energies come from KIDA database

Appendix I: Insights for DESTINY benchmark
against Nautilus

As discussed in the main text, CH4 exhibits the largest deviation
from Nautilus, particularly at early times when the monolayer
correction (1 − Θ) has negligible influence on the accretion-
limited chemistry. Fig. I.1 compares DESTINY and Nautilus
coverages for atomic C and the successive CHx hydrogenated
products. CH is the least affected species, displaying noticeable
differences only during its transient coverage rise. Within the
reduced network, it is also the only CHx member whose coverage
is not directly influenced by H2-driven chemistry.

Relative to Nautilus, DESTINY predicts systematically lower
coverages for both C and CH2, the latter being the direct prod-
uct of the barrierless reaction C + H2 → CH2. The opposite
behavior is observed for CH3 and CH4, which are linked to CH2
through the reactions CH2 + H2 → CH3 + H (Ea = 3530 K),
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Fig. I.1. Comparison between the surface abundances predicted by
DESTINY and Nautilus in the single-BE limit for the CHx chain.

Fig. I.2. Absolute gain and loss rate for solid-phase CH2 (left y axis),
and related relative contributions (right y axis). Gain contribution are
given in warm colors, while loss contributions are related to the cold
color lines. Highlighted species stands for the attacking reactant.

CH3 + H2 → CH4 + H (Ea = 6400 K), and the barrierless addi-
tions CH2 + H → CH3 and CH3 + H → CH4. This pattern
indicates enhanced consumption of C and CH2 in favor of CH3
and CH4 formation. Although CH3O is directly produced from
CH3 through barrierless O addition, its abundance remains in
good agreement with Nautilus. This reflects the limited avail-
ability of atomic O, which is efficiently converted into OH and
subsequently H2O.

Figure I.2 shows the absolute gain and loss rates of ΘCH2 ,
along with its dominant formation and destruction channels. It
reveals the central role of H2-driven chemistry in the CHx chain,
especially at early times when the monolayer correction (1 − Θ)
has a negligible impact on the accretion-limited chemistry.

Finally, Fig. I.3 compared the H and H2 coverages predicted
by Nautilus and DESTINY, still within the single-bin limit. The
systematically larger H2 abundance obtained with DESTINY is
arguably explained by the H2 encounter effect and the inher-
ent dynamical coupling between H2 desorption and diffusion
rates. In Nautilus, prescriptions from Eqs. 1 and 2 in Hincelin
et al. (2015) are considered; H2–H2 encounter rate kH2−−H2 ,
describing the rate of two H2 diffusing on the same lattice site
(kH2 + kH2 ), acts as an effective access rate to an encounter-
desorption loss channel. Meanwhile, the desorption efficiency is
evaluated through a competition including nonthermal desorp-
tion channels, as prescribed by Eq. 2 in Hincelin et al. (2015).

Fig. I.3. Comparison between the surface abundances predicted by
DESTINY and Nautilus in the single-BE limit for H and H2.

In our scheme, nonthermal desorption are not concerned by the
TFC competition. Indeed, so-called nonthermal desorption pro-
cesses, namely here photodesorption and CR-sputtering, (i) do
not feature any BE dependancy of their rates, at least within the
current parameterization and underlying hypotheses (Appendix
D), and (ii) depends on external sources, analogously to the ER
mechanism. These are therefore excluded from the TFC. The
nonthermal rates are additionally enhanced by a factor 1030 in
Nautilus source code. As a result, the H2 encounter effect in
Nautilus and other implementations based on prescriptions in
Hincelin et al. (2015) are (i) not branched toward an enhanced
H2 mobility, with an un-perturbed kH2−−H2 encounter-rate coef-
ficient, and (ii) more efficiently converted into desorption. This
combination leads to a slower encounter-driven surface explo-
ration and a more efficient depletion of surface H2. In DESTINY,
by contrast, each H2–H2 encounter is treated as a double-filled
configuration in which the reduced encounter BE affects both
desorption and rediffusion. A fraction of the encounter flux
is therefore redirected toward enhanced diffusion rather than
immediate loss, allowing H2 to resume surface exploration and
potentially trigger further encounters. This self-consistent cou-
pling can reduce the net efficiency of the H2 encounter effect on
the H2 desorption, and explain the higher retained ΘH2 .

A transient enhancement of the H surface coverage is also
observed in the DESTINY results around 100 years. This
increase coincides with the sharp temporary deviations exhib-
ited by all hydrogenated species, including NH3 discussed in the
main text. Given the transient nature of this feature, it will not be
examined further in the present work.

Appendix J: Insights onto the comparison between
single-BE limit versus ten bins coverages

This appendix provides complementary resources regarding the
divergence between the single-bin and multi-bin configurations
discussed in Sect. 4.2 for the selected key chemical species.
The trapping mechanism invoked to explain the enhanced syn-
thesis of NH3 molecules is computationally demonstrated by a
corresponding decrease in its integrated diffusion contribution,
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alongside an increase in the surface abundances of each interme-
diate species within its hydrogenation chain, as illustrated in Fig.
J.1.

Fig. J.1. Comparison between the surface abundances predicted by
DESTINY for the single-bin and 10-bins simulations for the NHx chain.

The slight shift in favor of the ER mechanism, as well as the
amplified thermal desorption for NO species, is directly inferred
from the integrated contribution of each microphysical process
and the integrated absolute rates of the single- and multi-bin
simulations, as shown in Fig. J.2 - J.3.

Fig. J.2. Absolute gain and loss rate for solid-phase NO (left y axis)
in the single-bin model, together with the related relative contributions
(scale on the right y axis).

Fig. J.3. Absolute gain and loss rate for solid-phase NO (left y axis) in
the 10-bins model, together with the related relative contributions (scale
on the right y axis).

The overabundance of atomic hydrogen in the first period and
its slight underabundance around 100 years is illustrated in J.4.

Fig. J.4. Comparison between the surface abundances predicted by
DESTINY with ten bins as compared to the single-BE limit for H and
H2.

The switch in the chemical pathways in favor of the CH2 +
O → H2CO reaction for the H2CO between the single-BE limit
and the multi-bin configuration is shown in Fig. J.5 – Fig. J.6.

Fig. J.5. (Top panel) Absolute gain and loss rate for solid-phase H2CO
(left y axis) in the single-bin model, together with the related relative
contributions (scale on the right y axis). (Bottom panel) Gain to loss
balance.

Fig. J.6. (Top panel) Absolute gain and loss rate for solid-phase H2CO
(left y axis) in the 10-bins model, together with the related relative
contributions (scale on the right y axis). (Bottom panel) Gain to loss
balance.
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