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ABSTRACT
The quantity of NH3 produced on grain surfaces in the prestellar core is thought to be one of the determining factors regarding
the chemical complexity achievable at later stages of stellar birth. In order to investigate how this quantity might be influenced
by the gas-grain cycling of molecular material within the cloud, we employ a modified rates gas-grain chemical code and follow
the time-dependent chemistry of NH3 as the system evolves. Our models incorporate an updated version of the most recent
UDfA network of reaction rate coefficients, desorption from the grains through standard thermal and non-thermal processes,
and physisorbed and chemisorbed binding of atomic and molecular hydrogen to a population of carbonaceous and siliceous
grains. We find that 1.) observable abundances of NH3 can exist in the gas phase of our models at early times when the N atom
is derived from CN via an efficient early-time hydrocarbon chemistry, 2.) a time-dependent gradient exists in the observational
agreement between different species classes in our models, consistent with possible physical substructures within the TMC-1
Cyanopolyyne Peak, and 3.) the gaseous and solid-state abundances of NH3 are sensitive to the presence of gas-grain cycling
within the system. Our results suggest that the degree of chemical complexity achievable at later stages of the cloud’s chemical
evolution is indeed influenced by the manner in which the gas-grain cycling occurs.
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1 INTRODUCTION

NH3 is potentially one of the species that determines the complexity
of the organic chemistry that may be achieved in themolecular clouds
associated with star formation. In particular, Rodgers & Charnley
(2001) found that the degree of N/O differentiation across massive
protostellar cores was largely determined by the amount of NH3 in
the precursor ices. They found that if the abundance of solid-state
NH3 in the prestellar ice mantles is high, then the production of
complex O-bearing organic molecules in the later hot core and hot
corino environments would be reduced as a result of the suppression
of alkyl cation transfer reactions once the NH3 ice had desorbed into
the gas phase. This is due fundamentally to the large proton affinity
of NH3, one of the largest of interstellar molecules. When the abun-
dance of NH3 is high, NH3 takes protons from CH3OH+2 "before"
CH3OH+2 has had the chance to react with less abundant species in
order to build larger complex organic structures. By this scheme,
regions of molecular clouds with higher abundances of NH3 would
naturally be expected to exhibit lower abundances of complex organic
molecules. Conversely, Rodgers & Charnley (2001) also found that if
the abundance of NH3 ice is low, thenmethyl cation transfer reactions
involving CH3OH+2 may proceed, thereby enhancing the production
of larger O-bearing organic molecules such as acetic acid, acetone,
methyl formate, and dimethyl ether. Since chemical differentiations
across spatial regions are observed in both high-mass and low-mass
star-forming environments alike (e.g., Little et al. 1979; Caselli et al.
1993; Pratap et al. 1997; Remĳan et al. 2004; Spezzano et al. 2017), it
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is intuitive to surmise that NH3 likely also influences the production
of more complex prebiotic molecules in lower-mass hot corinos by
the same scheme.

While the molecular origins for this variance in N-rich and O-rich
chemistries were initially assumed to perhaps be the result of differ-
ences in how CO and N2 behaved in the solid state, Bisschop et al.
(2006) found that the respective desorption temperatures and stick-
ing probabilities between the two molecules are in fact quite similar,
thereby suggesting in agreement with Jørgensen et al. (2004) that the
anti-correlation of CO and N2H+ is in fact due to the freeze-out of
CO. The late-time enhancement of NH3, on the other hand, has been
posited to perhaps be the result of a longer time-scale required for
its synthesis from N2 and/or late-time dynamic cycling of molecular
material within the cloud, thereby leading to its frequent interpre-
tation as a "late-time" molecule (e.g., Suzuki et al. 1992; Bergin &
Langer 1997; Bergin & Tafalla 2007; Hirota et al. 2009; Agúndez &
Wakelam 2013). Indeed, because of their ubiquity and tendency to
remain in the gas phase throughout the freeze-out event, both NH3
and N2H+ are widely utilised as observational tracers of the physi-
cal and ionisation conditions of evolved prestellar cloud cores (Ho
& Townes 1983; Walmsley & Ungerechts 1983; Suzuki et al. 1992;
Bergin et al. 2002; Caselli et al. 2002; Tafalla et al. 2004, 2006).
While von Procházka (2013) found that observable abundances of
gas-phase NH3 can also be achieved at early times in gas-grain astro-
chemical simulations of low-mass star-forming environments when
employing the RATE06 (Woodall et al. 2007) iteration of the UDfA
(UMIST) database under C-rich conditions, Agúndez & Wakelam
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(2013) also found this result when using the more recent RATE121

release in their gas-phase models. Maffucci et al. (2018) explored
the abundance of NH3 under varying physical and chemical condi-
tions with reactions from the KIDA2 database and found that the
agreement of the molecule with observations could be maintained
for "long times"3 independent of the values chosen for the C/O ra-
tio, density, and rate of cosmic-ray ionisation. In agreement with the
above authors, we find in themodels herein that despite the traditional
interpretation and use of NH3 abundances as tracers of an evolved
chemistry within the core, the gas-phase abundance of NH3 can in-
deed reach reasonable agreement with observations at early times as
well, especially when the molecule’s production is driven by routes
involving the early-time C-chains and cyanides. While many authors
have investigated the effects of non-thermal desorption on the theo-
retical abundances of species observed in prestellar cores, (e.g., Léger
et al. 1985; Hasegawa & Herbst 1993; Willacy et al. 1994; Garrod
et al. 2007), questions still remain regarding the specific pathways
which lead to the observed values. Our analysis of the chemistry at
late times suggests that the abundance of NH3 is highly sensitive to
the presence and mechanics of the gas-grain cycling of molecular
material within the system.
In addition to the gas-phase chemistry, the amount of NH3 in

the ice may also be particularly relevant towards the production of
biological precursors in the solid state. For example, Muñoz Caro &
Schutte (2003) identified the spectroscopic IR signatures of amides,
esters, and the ammonium salts of carboxylic acids in the residue of
their UV-irradiated ices. More recently, Bera et al. (2017) showed
that the synthesis of the nucleobases adenine and guanine can occur
efficiently via UV-irradiation of ice mixtures consisting of H2O,
NH3, and purine. They posit that due to the ion-radical nature of
the mechanism, the reactions are barrierless and could reasonably
proceed in low-temperature environments such asmeteorites. It is the
goal of astrochemical modelling to unravel the underlying chemistry
of such environments so that we may not only properly interpret
current observations towards these regions but also make reliable
predictions and assumptions about their overarching chemistries and
molecular compositions in the gas, on the grains, and in the transient
state as they cycle between the two. Understanding this chemistry
will hopefully allow us to answer fundamental questions regarding
the formation of life in the Universe.
The physical and chemical parameters which define our models

are based on those observed towards the Taurus Molecular Cloud-
1 Cyanopolyyne Peak – TMC-1 (CP), which we briefly review in
Section 2. We describe the parameters themselves in Section 3. Our
calculations differ from those of traditional dark cloud models in that
they specifically consider: (i) the formation of H2 as it might proceed
across a population of realistic carbonaceous and siliceous grain
types and (ii) the temperature-dependent probability that the H atom
will adhere to the grains upon collision and thereafter bind through
either physisorption or chemisorption. We describe the basic details
for the formation of H2 by this scheme in Section 4. In Section 5, we
present our results for the overall agreement between our modelled
abundances and observations towards TMC-1 (CP) and discuss the
key species and reactions involved in ourmodelled chemistry ofNH3.
Finally, we review and summarise our conclusions in Section 6.

1 http://udfa.net
2 http://kida.obs.u-bordeaux1.fr
3 2 × 104−6 years.

2 TMC-1

Located in the Heiles Cloud 2 complex, TMC-1 is a widely-surveyed
and and widely-studied molecular cloud (e.g., Elias 1978; Church-
well et al. 1978; Suzuki et al. 1992; Ohishi & Kaifu 1998; Peng
et al. 1998; Fossé et al. 2001; Kaifu et al. 2004; Navarro-Almaida
et al. 2020). While six young stellar object (YSO) candidates and
an IRAS source (IRAS 04381+2540) are known to exist in the re-
gions surrounding the TMC-1 filament (Hirahara et al. 1992; Gomez
et al. 1993), Spitzer observations indicate that the TMC-1 cloud is
itself devoid of YSOs (e.g., Choi et al. 2017). Consequentially, the
majority of the TMC-1 complex is suspected to have evolved in rela-
tive isolation from the disruptive physical and radiative effects which
generally accompany stellar ignition. At a distance of ∼140 pc, it
is the nearest stellar nursery. For these reasons, TMC-1 is widely
considered to be an ideal source through which we can observe and
examine the fundamental physics and chemistry of the earliest stages
of star formation.
The geometry of TMC-1 can be described to first order as a narrow

(0.25 pc x 0.5 pc) filamentary ridge of quiescent gas-grain molecular
material oriented along the SE-NW axis, with density increasing
from the SE to the NW regions by perhaps a factor of 2 to as much as
an order of magnitude (Hirahara et al. 1992; Pratap et al. 1997; Olano
et al. 1988). Common densities reported for the different regions are
on the order of 104 cm−3 in the SE and 105 cm−3 in the NW, and
the density gradient itself is often interpreted as an indication that
the material in the NW is more physically evolved than that in the
SE. The observations of Langer et al. (1995) and Hirahara et al.
(1992) showed that the TMC-1 filament is in fact highly fragmented
and can be distinguished into at least 6 cores with half-power radii
ranging from ∼0.02 – 0.05 pc. Due to the narrow line widths of
the detected CCS profiles, the results of these earlier surveys also
suggested that the effects of turbulence and rotation within the cloud
were insignificant. However, a higher-sensitivity survey performed
by Peng et al. (1998) further resolved the Cyanopolyyne Peak ("Core
D" in Langer et al. 1995; Hirahara et al. 1992) into at least 45 smaller
cores – of which 19 were determined to be gravitationally unbound,
21 to be stable, and 5 to be likely on the verge of self-gravitational
collapse. Due to the prevalence of the unbound cores, Peng et al.
(1998) suggest that these objects are not entirely transient in nature
and propose microturbulence as a mechanism by which the cores
are able to remain pressure-bound within the interclump gas. More
recently, Dobashi et al. (2018, 2019) identified 21 different velocity-
coherent substructures within TMC-1 and found that not only is
their typical detected CCS line profile in the Cyanopolyyne Peak
best fit by four different Gaussian components (thereby implying the
presence of substructures travelling at four different velocities), but
the TMC-1 complex is itself indeed likely to be in the early stages of
self-gravitational collapse.
In addition to the density gradient, there also exists a chemical

gradient along the SE-NW axis of TMC-1 which is commonly re-
ferred to as the "chemical ridge" (Olano et al. 1988; Hirahara et al.
1992; Suzuki et al. 1992; Pratap et al. 1997; Hirota et al. 2009). The
lower-density Cyanopolyyne Peak in the SE region demonstrates
a general prominence of complex carbon chain species – notably
cyanopolyynes such as HC3N – whereas the higher-density material
in the NW (the "NH3 Peak") demonstrates higher column densities
of NH3, N2H+, and SO. More recent observations have shown that
a gradient of the CH fractional abundance exists along the TMC-1
ridge as well (Suutarinen et al. 2011). While Hirahara et al. (1992),
Suzuki et al. (1992), and vanDishoeck et al. (1993) proposed that this
chemical gradient is perhaps the result of a gradient in the duration
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of chemical evolution or a gradient in the physical conditions along
the filament, Pratap et al. (1997) suggested that the gradient could
also be caused by differences in the C/O ratio between the two peaks.
According to the theory, a younger region of molecular material such
as the Cyanopolyyne Peak would naturally be expected to have more
ambient C with which to drive an enhanced production of assorted
C-bearing species. In older regions, on the other hand, most of the
carbon would be expected to already be "locked" within the resilient
CO molecule, whereas the NH3 abundance would be expected to be
high as a result of its derivation from N2, which is itself thought
to be synthesised by slow neutral-neutral reactions in the gas phase.
These theories are in agreement with the chemical and dynamical
ages of material along the TMC-1 ridge, which are often estimated
to be ∼2 × 105 years towards the SE and at least ∼106 to around
107 years towards the NW (e.g., Suzuki et al. 1992; Hirahara et al.
1992; Pratap et al. 1997; Olano et al. 1988; Saito et al. 2002; Suutari-
nen et al. 2011). As a possible explanation for the chemical gradient
across the filament, Markwick et al. (2000) investigated the effects of
MHD waves propagating from IRAS 04381+2540, while Hartquist
et al. (2001) considered that the observed microstructure could be
caused by a stellar-wind-induced shock that was slow enough so as
not to activate a high-temperature chemistry within the core. Like-
wise, Dickens et al. (2001) considered that the gradient could be
induced by MHD waves resulting from clump-clump collisions or,
alternately, direct grain-grain collisions resulting from the impact
of two colliding clumps within the medium. More recently, Choi
et al. (2017) performed a study of the 1.2-mm continuum emission
in TMC-1 which suggests that the Cyanopolyyne Peak is in fact
in the process of rapid core formation due to the collision of two
molecular clouds. In their analysis, they suggest that the observed
chemical gradient between the different regions is likely the result
of a difference in dynamical evolution, with the Cyanopolyyne Peak
being formed through collision-induced free fall and the NH3 Peak
being formed instead through ambipolar diffusion. In this work, we
focus our investigation on the chemistry of the younger, lower-density
Cyanopolyyne Peak.
The gas-grain cycling of molecular material has long been antic-

ipated to be central to the chemical modelling of dark clouds, and
TMC-1 (CP) is often invoked as a reference source through which
to explore potentially viable theoretical frameworks which might
explain the specific nature of the underlying gas-grain chemistry.
While the inclusion of species desorption from the grains through
thermal evaporation ("THERM") and non-thermal processes such as
cosmic-ray heating ("CRDES"), cosmic-ray-induced photodesorp-
tion ("PDD"), and the release of excess energy onto the grains by the
formation of H2 on the surface ("H2DES") in astrochemical simula-
tions has been present since the models of Hasegawa et al. (1992),
Willacy & Williams (1993), Willacy et al. (1994), and Willacy &
Millar (1998), observations of complex organicmolecules ("COMs")
in the gas phase of low-temperature dense cores (Matthews et al.
1985; Friberg et al. 1988; Öberg et al. 2010; Cernicharo et al. 2012;
Bacmann et al. 2012; Vastel et al. 2014; Soma et al. 2018; Scibelli &
Shirley 2020) requires an alternate explanation. To investigate this,
Garrod et al. (2007) implemented Rice-Ramsperger-Kessel theory
in order to model chemical desorption from the ices as a result of
exothermic surface reactions and compared their results with obser-
vations towards TMC-1 (CP) and L134N. Dulieu et al. (2013) ob-
served the process experimentally in their study ofwater formation on
silicate surfaces, and Minissale & Dulieu (2014) and Minissale et al.
(2016b) later developed an analytical expression which describes the
mechanism as it proceeds on various substrates of interstellar inter-
est. While Minissale et al. (2016b)’s models reproduce Dulieu et al.

(2013)’s experiments well when the surfaces are bare, their results
become increasingly divergent when ice mantles are present. They
posit that this is the effect of a reduction in efficiency of the process
when the surface coverage on the grains is high. They propose that
the presence of pre-adsorbed species makes it increasingly likely that
the energy released from the surface reactions will be dissipated be-
fore the product species can be desorbed into the gas phase. Citing
this inefficiency, Ruaud et al. (2015) explored the Eley-Rideal and
complex-induced reaction mechanisms as alternate routes towards
the production of COMs in low-temperature dense cores. More re-
cently, Gratier et al. (2016) released a revised compilation of refer-
ence values for observedmolecular abundances towards TMC-1 (CP)
based on a Bayesian statistical method to account for outlier points in
the original data of Ohishi et al. (1992) and Ohishi & Kaifu (1998).
Maffucci et al. (2018) then investigated the effects on standard as-
trochemical models when their derived abundances were evaluated
against these new values and explored the effects on their models
when Eley-Rideal and van der Waals processes were considered as
well. Thus far, the traditional approach for astrochemical models has
been to assume that the formation of H2 occurs on a single, arbitrary
grain type. In the models herein, we consider that the formation of
H2 occurs instead on a population of realistic grain compositions.
We describe the relevant parameters for these calculations in Section
4.

3 DARK CLOUD MODELS

In our models, we simulate the chemistry of a point of gas-grain
molecular material in a homogeneous, isotropic dark cloud of con-
stant temperature 10 K, density 2 × 104 cm−3, visual extinction 10
mag, and cosmic-ray ionisation rate 1.3× 10−17 s−1 under conditions
of local thermodynamic equilibrium (LTE). These conditions corre-
spond to the quiescent, innermost regions of typical interstellar dark
cloud cores prior to stellar ignition. Over the course of the chemical
evolution in ourmodels, atoms are synthesised intomolecules in both
the gas phase and on grain surfaces, with the overall chemistry of the
system tending to progress towards a quasi-steady state. We adopt
the value of the grain radius to be 10−5 cm (i.e., the "classical" value)
and a binding site surface density on the grains of 7.9 × 1014 sites
cm−2. These values correspond to a total of 9.9 × 105 binding sites
per grain and a dust-to-gas number ratio of 1.33 × 10−12. The grain
types included in our calculations are amorphous carbon, silicates,
and PAH particles which can possess either high ("graphitic") or low
("para-sitic")4 barriers for the transfer of H atoms from physisorbed
to chemisorbed binding sites. We assume that each of these grain
types accounts for 25% of the overall grain population and describe
the overall process for the formation of H2 on these different sur-
faces in Section 4.2. Our binding-site parameters are based on the
data of Pirronello et al. (1997a,b, 1999); Cazaux & Spaans (2009);
and Cazaux & Tielens (2004, 2010). While the location of species
within the ice mantle is indeed likely to be an important factor with
regard to the chemistry that occurs on the grains, we do not track this
parameter in our calculations. In this sense, our calculations produce
"two-phase" models.
The formulas for the different desorption mechanisms included

in our models may be found in Hasegawa et al. (1992) (THERM),
Hasegawa & Herbst (1993) (CRDES), Willacy & Williams (1993)

4 for which the surface chemistry is dependent on the population of atoms
on the grains.
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Table 1. Elemental fractional abundances (listed with respect to the total H
nucleon number density, "H−1") used to initialise our dark cloud models.
These values are based primarily on the "Low Metal" abundances given by
Lee et al. (1998) as well as those given by Roberts et al. (2004) and Woodall
et al. (2007) and are generally accepted as "standard" conditions from which
the early chemistry of interstellar dark clouds is likely to proceed. The notation
x(y) represents a number of the form x × 10y.

Element Abundance Element Abundance

H2 4.95(-1) O 1.76(-4)
H 1.00(-2) Si+ 2.00(-8)
He 1.00(-1) Fe+ 2.00(-8)
C+ 7.30(-5) S+ 8.00(-8)
N 2.14(-5) P+ 3.00(-9)

(PDD), and Willacy et al. (1994) (H2DES), and we consider the
effects on the chemistry of all possible combinations of these mech-
anisms. For our PDD calculations, we adopt a photodesorption yield
of 3 × 10−3 (as per Shen et al. 2004) and a photon flux of 104 pho-
tons cm−2s−1 (as per Öberg et al. 2007), and we allow the efficiency
parameter in the H2DES calculations, ε, to vary between 0.001 and
0.5.5 The model upon which we focus the majority of our analysis
here includes all of the above desorption mechanisms simultane-
ously ("ALL") and assumes a conservative H2DES efficiency of ε
= 0.001. As our models generally maintain substantial abundances
of species on the grains,6 we do not include the calculations for
chemical desorption presented by Minissale et al. (2016b) due to
their reported divergence from experimental results when applied to
icy surfaces. We initialise our models with the gas-phase elemental
abundances given in Table 1 and calculate the abundances of atoms
and molecules via the ordinary differential equations solver within
ODEPACK (Hindmarsh 1983; Radhakrishnan & Hindmarsh 1993).
Our gas-phase chemical network is based on the reactions and pro-

cesses included in the UDfA RATE12 database, with rate coefficient
calculations as described by McElroy et al. (2013); abundances de-
termined per the methods of Pickles & Williams (1977), Hasegawa
et al. (1992), andHasegawa&Herbst (1993); accretion calculated per
Rawlings et al. (1992); and diffusion across (and reactions between
species on) the grains as detailed in Hasegawa et al. (1992), Caselli
et al. (1998), and Shalabiea et al. (1998), with the assumption that the
energy barrier to diffusion is equivalent to half the binding energy.
However, modifications to the chemical network have been made
in order to reflect new measurements and calculations which have
been made subsequent to the RATE12 release. Our surface chem-
istry network is a compilation of reactions based on those used and
recommended by UDfA (McElroy et al. 2013), the KIDA database
(Wakelam et al. 2012; Ruaud et al. 2015), and the OSU7 network
(Garrod et al. 2008) for species which have a direct corollary in the
UDfA network and are thought likely to proceed in the ISM.

4 H2 FORMATION

While most traditional astrochemical models have treated the rate of
H2 formation on grain surfaces to be simply equal to half the rate at
which the gas-phase H atoms collide with the surfaces, independent

5 We are as yet unaware of any reported measurements of ε.
6 ∼10−5 with respect to the the total H nucleon number density by ∼104

years.
7 http://faculty.virginia.edu/ericherb/research.html

of grain composition (e.g., Roberts & Millar 2000; Roberts et al.
2004; McElroy et al. 2013), the reality is that the efficiency of the
formation of H2 in the solid state is likely to be dependent on the
composition of the grains on which it forms. Moreover, due to its
dependency on the rate ofH2 formation, the rate of species desorption
through the H2DES process is likely to be affected as well.

4.1 Sticking coefficient

We adopt the temperature-dependent equation for the sticking coef-
ficient of atomic H given by Cazaux & Spaans (2009),

S H =
1 + 0.4

(
T g + T d

100

)0.5
+ 0.2

(
Tg

100

)
+ 0.08

(
Tg

100

)2−1

, (1)

where Tg and Td represent the gas and dust temperatures, respec-
tively. Assuming that the region exists in LTE at 10 K, we derive the
sticking coefficient for atomic H to be 0.83.

4.2 H2 formation on grain surfaces

To calculate the rate of solid-state H2 formation in our models, we
consider the varying surface areas and efficiencies of H2 formation
across the population of different carbonaceous and siliceous grain
types. We calculate the probability, PH, that an incoming H atom
from the gas phase will bind to a chemisorbed site on first contact
with the grain via the equation given by Cazaux & Spaans (2009),

PH = 4

1+
√︄

Echem − ES
Ephys − ES


−2 (

exp
(
−

Ephys − ES

Ephys+Tk

))
, (2)

where Echem and Ephys are respectively the chemisorption and ph-
ysisorption binding energies, ES is the energy of the saddle point
between the two, and Tk is the kinetic temperature of the system. For
high barriers between physisorbed and chemisorbed binding sites,
physisorbed H atoms ("Hp" below) with an oscillation factor of νHp
will generally evaporate with a rate of βHp ,

βHp = νHp exp
−EHp

Tk
. (3)

By incorporating chemisorption into our models, H2 may continue to
be synthesised on the grains at higher temperatures than considered
here. Because the different grain compositions are characterised by
their variable-strength barriers against chemisorption, the efficiencies
with which H2 is synthesised on their surfaces are described by
different equations. If the grain is carbonaceous and the barrier to
transport from a physisorbed site to a chemisorbed site is low, then
the H atoms may migrate from the former to the latter in order to
produce H2 with an efficiency of

εcarb
H2
=

1 − PH(
1 + 1

4

(
1 +

√︃
Echem−ES
Ephys−ES

)2
exp− ES

Tk

) . (4)

Because the barrier between physisorbed and chemisorbed binding
sites tends to be larger on silicate surfaces, it is consequentially more
difficult for silicate-bound adatoms to migrate between the two. The
efficiency of H2 formation on this type of surface may be described,

εsil
H2
=

1

1 + 16Tk
Echem−ES

exp
−Ephys

Tk
exp

(
4 × 109apc

√︁
Ephys − ES

)
+ 2

exp−
Ephys−ES
Ephys + Tk(

1 +
√︃

Echem−ES
Ephys−ES

)2 ,

(5)
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Table 2. Fractional abundances (listed with respect to the total H nucleon number density, H−1) of species observed towards the TMC-1 Cyanopolyyne Peak
which we have used for our agreement analysis. "LLIM" denotes the lower limit; "ULIM" denotes the upper limit (or maximum possible limit); and the notation
x(y) represents a number of the form x × 10y.

Species X10 X10 Abund Species X10 X10 Abund Species X10 X10 Abund
(LLIM) (ULIM) Refs (LLIM) (ULIM) Refs (LLIM) (ULIM) Refs

CO 4.00E-06 7.30E-05 2, 18 C >5.00E-07 – 8 O2 – <3.85E-07 18
OH 1.24E-09 1.30E-07 16 H2O – <3.50E-07 7 C2H 1.90E-09 4.60E-07 15
C2 2.50E-09 2.50E-07 2, 18 NO 1.50E-09 1.50E-07 18 NH3 1.17E-10 1.02E-07 4, 19
HNC 1.00E-09 1.00E-07 18 H2CO 1.00E-09 1.00E-07 2 HCN 1.00E-09 1.00E-07 18
HC3N 9.75E-10 9.75E-08 17 CH3CCH 3.15E-10 8.30E-08 4, 19 CH 4.97E-10 6.53E-08 16
HCO+ 4.00E-10 4.00E-08 18 C3H2 2.90E-10 2.90E-08 9 HC5N 2.10E-10 3.50E-08 10
C4H 2.70E-10 2.70E-08 20 CN 2.50E-10 2.50E-08 18 CH2CHCN 2.25E-10 2.25E-08 18
CH2CN 2.50E-10 2.50E-08 18 CH3CHCH2 2.00E-10 2.00E-08 14 CH2NH – <1.77E-08 10
H3CO+ – <1.55E-08 18 HCNH+ 1.00E-10 1.00E-08 18 HC7N 5.00E-11 7.00E-09 10
C3H 4.15E-12 4.25E-10 9 HC9N 1.25E-11 1.45E-09 10 CH3CN 3.00E-11 3.00E-09 18
CH2CO 3.00E-11 3.00E-09 18 C3N 3.00E-11 3.00E-09 18 C6H 2.81E-11 2.97E-09 17
C5H 2.90E-11 2.90E-09 6 HNCO 2.05E-11 2.05E-09 18 N2H+ 2.00E-11 2.00E-09 18
CH3C6H 2.10E-11 4.10E-09 12 CH3OH 1.17E-11 1.29E-09 4, 19 H2CCC 1.05E-11 1.05E-09 9
HCOOH 1.00E-11 1.00E-09 18 CH3C4H 8.86E-11 9.54E-09 12 C3O 5.00E-12 5.00E-10 18
HC3NH+ 5.74E-13 1.04E-10 4, 19 CH3C5N 3.50E-12 3.90E-10 13 C3N− – <3.50E-10 18
C2O 3.00E-12 3.00E-10 18 CH3CHO 1.26E-12 2.75E-10 4, 19 C8H 2.30E-12 2.30E-10 18
CH3C3N 2.05E-12 2.45E-10 11 HNC3 1.60E-12 2.20E-10 1 C5N 1.50E-12 1.50E-10 5
H2CN 7.50E-13 7.50E-11 3 C7H – <7.50E-11 6 C6H− 6.45E-13 8.25E-11 17
C8H− 1.05E-13 1.05E-11 18 HCNO – <6.50E-12 18 C4H− 2.80E-14 5.20E-12 17

(1) Kawaguchi et al. (1992); (2) Ohishi et al. (1992); (3) Ohishi et al. (1994); (4) Ohishi & Kaifu (1998); (5) Guelin et al. (1998); (6) Bell et al. (1999); (7)
Snell et al. (2000); (8) Charnley et al. (2001) and references therein; (9) Fossé et al. (2001); (10) Kalenskii et al. (2004); (11) Lovas et al. (2006); (12)
Remĳan et al. (2006); (13) Snyder et al. (2006); (14) Marcelino et al. (2007); (15) Sakai et al. (2010); (16) Suutarinen et al. (2011); (17) Cordiner et al.

(2013); (18) McElroy et al. (2013) and references therein; (19) Gratier et al. (2016); (20) Oyama et al. (2020)

where apc is the barrier width between physisorbed and chemisorbed
sites, chosen to be 2.5 Å here per Barlow&Silk (1976) and Fromherz
et al. (1993). Further details of Equations 2 – 5 are described in
Cazaux & Tielens (2004) and Cazaux & Spaans (2009).
Applying the sticking coefficient and efficiency equations shown

above, we write the final equation for the rate of H2 formation on the
different grain surfaces in our models as

Rs
(
H2

)
=

1
2

nHυHS H
(
Tk

)
×

((
ngσεH2

)carb
+

(
ngσεH2

)sil
)
, (6)

where nH is the number density of gas-phase H, υH is the velocity
of incoming H atoms which collide with the grain, ng is the number
density of grains, and σ is the cross-sectional surface area of the
grain available for reaction.

5 RESULTS

5.1 Observational trends

To assess how well our dark cloud models represent the actual chem-
istry of low-mass star-forming environments, we compare our cal-
culated time-dependent abundances with the abundances of species
which have been detected towards TMC-1 (CP) (Fig. 1; Table 2).
In light of Dobashi et al. (2018, 2019)’s detection of likely physical
substructures within TMC-1 (CP) and Choi et al. (2017)’s proposal
that the region is likely to be in the process of rapid core formation
due to the effects of colliding molecular clouds, we consider the ob-
servational agreement of our models over the course of the chemical
evolution under a variety of scenarios: when 1.) the 57 observed
CHNO species (species which consist solely of C, H, N, and/or O
atoms) in our different desorption models are calculated as a single

group, 2.) the species are divided into different subgroups in our
ALL (ε = 0.001) model, and 3.) when the efficiency parameter ε is
varied from ε = 0.001 (conservative) to ε = 0.5 (highly efficient) in
our ALL model. While we have included S-chemistry in our calcu-
lations, we exclude S-bearing species from our analysis due to the
inherent uncertainties of the elemental S abundance as well as in
the sulphur reaction network itself, both of which make it difficult
to fit the observations of S-bearing molecules in a comprehensive
manner. We note that Vidal et al. (2017) and Laas & Caselli (2019)
have produced newmodels of sulphur chemistry based on significant
extensions of current reaction networks and the physical evolution of
molecular clouds, respectively.

In order to obtain the fractional abundance estimates listed in
Table 2, we have used a molecular hydrogen column density of
N(H2) = 1022 cm−2 together with column densities derived from
observational data. It should be noted that the derivation of observed
column densities can be made under a variety of assumptions, from
optically thin emission and assumed rotational temperatures, to the
use of hyperfine intensities to derive optical depths, to full scale
radiative transfer calculations and the use of multiple line transitions
to derive optical depths and excitation temperatures. One should note
that while the latter approach may give the most accurate column
densities, many of the complex species detected in TMC-1 have no
published collisional cross sections. Thus, observationally-derived
column densities can vary by a factor of a few depending on the
technique adopted. Our use of upper and lower limits on the column
densities mitigates somewhat against these uncertainties. Given the
inherent uncertainties in the modelling as well (e.g., errors in the rate
equations, unknown product branching ratios, unknown parameter
values for the physical processeswhich affect the gas-grain chemistry,
etc.), we have taken the default approach of considering our modelled
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Figure 1. Top. Agreement percentages in our ALL (ε = 0.001) model when
the 57 atoms and molecules within the species classes bearing C, H, N, and/or
O atoms observed towards TMC-1 (CP) are treated as a single group.Middle.
Percentage agreements of our ALL (ε = 0.001) model when the different
"C-class," "O-class," and "N-class" groups are considered individually. Not
pictured is an early-time agreement peak of the "C-class" group at times
before 102 years. Bottom. Agreements achieved by the 57 observed species
in our ALL model when the H2DES ε parameter is varied.

values to be within "good agreement" of observations where they fall
within an order of magnitude of their reported values, considering
the uncertainties in the observations. For those instances in which
the ranges of the Bayesian statistical method uncertainty margins
reported by Gratier et al. (2016) to account for known outliers in the
observations exceed these limits, however, we adopt those instead,
unless the values produced by Gratier et al. (2016) are suggestive of
an upper limit for molecules which have clear detections.

When we consider the observed CHNO species as a single group
(Fig. 1, top panel), the maximum agreement (∼72%) achieved by
our ALL model when calculating the solid-state formation of H2 on
a single grain type occurs between ∼4 × 104 and 1.5 × 105 years.
When the process occurs instead across our chosen population of
realistic grain types, however, the interval of maximum agreement
(also ∼72%)8 is shifted to later times, reaching its highest value
around ∼2 × 105 years. From around 2 × 105 years and through the
remainder of the modelled evolution, the general agreement achieved
by the ALLmodel remains, to varying degrees, better when adopting
the updated treatment for H2 formation than it does when defaulting
to the standard method. The similarity across our results before ∼2
× 105 years in the models which include a population of different
grain types is due to the fact that during this stage of the chemical
evolution, the overarching chemistry is still largely dominated by
gas-phase processes. While the general agreement trends for these
models are similar until around 106 years, they deviate progressively
as the freeze-out ensues. This is because the gas-grain mechanisms
which distinguish our different desorption models from each other
are generally long-term effects and therefore typically do not become
manifest in the calculated results until later years, when much of the
atomic and molecular material has started to accrete onto the grains.
For times beyond ∼2 × 106 years, the CRDES model produces the
best agreement with observations (∼72% at 5 × 106 years), followed
by the ALL model (51% for times greater than ∼5 × 106 years). The
improved late-time agreement of C-bearing species in the CRDES
model with respect to the other models is largely the result of an
enhanced presence of atomic C in the gas phase of the CRDES
model at late times. This leads to the enhanced production of CH+
through proton exchange reactions between C and H+3 and thus the
enhanced late-time production of the larger hydrocarbons thereby
derived. Our models suggest that this effect is particularly enhanced
when the formation of H2 occurs across a population of different
grain types, as evidenced by the improved agreement in the CRDES
models at late times. Interestingly, our results also suggest that the
general agreement at times before ∼106 years is more sensitive to the
mechanisms employed for the formation of H2 on the grains than it
is to the presence of grains in the first place.
As different regions of the cloud may be subjected to different

chemical and physical conditions, we wish to ascertain whether or
not different groups of species within our models are better repre-
sentative of observations at different times. To identify the different
groups, we consider the heaviest atom contained in each of the 57
individual CHNO species. In this scheme, each species is assigned
to one and only one "class." For example, molecules in the "C-class"
(19 species) consist of only C and H atoms; molecules in the "N-
class" (22 species) must contain an N atom (but can also have C
atoms); and molecules in the "O-class" (16 species) must contain
an O atom (but can also have C and N atoms). In Figs. 2 and 3,
the species within the different C-class, O-class, and N-class groups
are denoted, respectively, by the colours black, red, and blue. In the
middle panel of Fig. 1, we present the time-dependent agreements for
these different groups in our ALL (ε = 0.001) model when a realistic
population of grains is assumed for the formation of H2 versus when
the process occurs on a single, arbitrary grain type. When a popula-
tion of grains is assumed, the peak agreement of the C-class (85%)
occurs at very early times (∼(3 – 5) × 101 years), that for the N-class
(91%) occurs between (1 – 2) × 105 years, and that for the O-class
(75%) spans from ∼2 × 103−4 years. The C-class and O-class then

8 74% in our "Gas Phase" model.
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Figure 2. Duration of agreement for the 57 atomic and molecular species which have been previously observed towards TMC-1 (CP) as calculated by our
THERM model.
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Figure 3. Same description as in Fig. 2 but for the ALL (ε = 0.001) model. The inclusion of non-thermal desorption extends the range of "good agreement" for
many of the modelled species.
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re-achieve agreements of 74% and 69%, respectively, between ∼(3
– 5) × 105 years while the agreement of the N-class simultaneously
decreases from ∼73% to ∼60%. In contrast, when only an arbitrary
grain type is considered, the maximum agreements of the C-class
and N-class species groups are reduced to 79% (also at early times)
and 77%, respectively, whereas that of the O-class species group
increases to 88%. The confluence of curves around 3 × 105 years in
our models which adopt a population of different grain types is in
general agreement with the range of ages expected for TMC-1 (CP)
based on its dynamics and observed chemistry. While this method of
categorisation is somewhat coarse,9 our results at least demonstrate
in a broad sense that the maximum agreement achieved is higher
when the different chemical subgroups are treated separately than it
is when they are treated as a collective.
In the bottom panel of Fig. 1, we illustrate the effect that varying

the ε value has on the agreement achieved by the ALL model. While
the higher values of ε generally improve the modelled agreement
at late years, they also tend to suppress the agreement between ∼5
× 104 and ∼3 × 105 years. The best agreement of these models
for times later than 104 years (75%) occurs around (5 – 6) × 105

years in the ε = 0.5 model. The variance of our results for different
ε values suggests that the efficiency of the H2DES process is an
important parameter which can affect the course of the gas-grain
chemistry throughout the evolution of the cloud. These results are in
agreement with previous studies wherein the desorption of mantle
material through H2 dissociation, and via chemical desorption in
general, was found to be important (e.g., Roberts et al. 2007; Hocuk
& Cazaux 2015; Minissale et al. 2016a).
In Figs. 2 and 3, we show the intervals of "good agreement" in

our THERM and ALL models for each of the 57 different CHNO
species observed towards TMC-1 (CP). In general, we find that the
intervals of "good agreement" for the C-class species occur at times
before those of the N-class and O-class species. However, there are
exceptions, such as the early-time agreements of CN and C2O and
the late-time agreements of CH3C4H and CH3C6H. The prolonged
agreements of the 8 species at the bottom of these plots is a result
of the fact that their reported abundances are known only as either
upper or lower limits.
The general trend that we see in our agreement plots is that when

we distinguish the observed species by class, 1.) the agreement per-
centages themselves are improved, and 2.) the agreement itself is
time-dependent, depending on the class. While the chemistry before
∼102 years is dominated by CN and the lighter C-class species, the
chemistry between ∼103 and 105 years is instead dominated by N-
class and O-class species. When all 57 species are treated as a single
group, the interval of "best agreement" occurs around (2 – 3) × 105

years, when the N-class and O-class species are still abundant in the
gas phase and many of the C-class species have re-achieved their
agreement thresholds. Beyond ∼2 × 105 years, the chemistry is char-
acterised by the effectiveness of the gas-grain processes employed
as well as gas-phase routes which are driven by the behaviour of the
desorbed species, notably atomic C.
The fact that different species types in our models achieve their

best agreementswith observations at different times could reasonably
be explained by physical factors which influence the substructures
within the Cyanopolyyne Peak. First of all, the rate at which the
gas-phase chemistry proceeds is roughly proportional to the density
squared; and the rate of accretion, in turn, is proportional to the

9 For example, HCNO and HNCO could also be grouped with either the
N-class or the C-class.

density. Therefore, neighbouring clumps of material which possess
different densities could evolve on slightly different time-scales, even
if their chemistries start at the same time. Secondly, as discussed in
Section 2, there is observational evidence for both turbulence as well
as multiple velocity components within the core. Given the findings
of Choi et al. (2017) and Dobashi et al. (2018) which support the the-
ory that TMC-1 (CP) is in the early stages of a collision-induced self-
gravitational collapse, it is plausible that as-yet unresolved clumps of
material within the aggregate might collide with each other and ef-
fectively "reset" the chemistry through the re-injection of mantle ma-
terial into the gas phase. In our models, for example, the CH4, C2H2,
and C3H2, and CH3CCH ices have abundances greater than 10−7

H−1 at times earlier than 105 years; their return to the gas through
such physical processes could conceivably re-initiate the "early-time"
hydrocarbon chemistry in localised regions of the cloud.

5.2 NH3 chemistry

As we see in Fig. 4 (left panel), the calculated gas-phase abundances
of NH3 in our gas-grain models which consider a realistic population
of different grain types reach ourmetric for "good agreement" at times
as early as 2 × 103 years within the large observational uncertainties
towardTMC-1 (CP) as determined byGratier et al. (2016). By 5× 104

years, our values reach that reported by Fehér et al. (2016) of 7× 10−9

H−1; and at late times, the value of the NH3 abundance can vary by
nearly 3 orders of magnitude, depending on the mechanisms chosen
for non-thermal desorption. Comparing their gas-phase results when
incorporating the KIDA versus UDfA RATE12 networks, Agúndez
& Wakelam (2013, their Fig. 4) found that for C-rich conditions, the
UDfA model produces more NH3 at early times than does the KIDA
model (by a factor of ∼7 at 104 years) and that the KIDA model
overproduces the NH3 abundance for times later than ∼3 × 105

years. When evaluated against the Gratier et al. (2016) limits, their
UDfA model remains in good agreement with observations for the
remainder of the evolution. When we inspect the behaviours of the
gas-grain models herein for different desorption combinations, we
find that the simultaneous inclusion of both CRDES and H2DES has
a synergistic effect on the quantity of NH3 produced in the gas phase
at the latest times (e.g.,∼5× 10−9 H−1 and 1× 10−8 H−1 respectively
at 2 × 107 years in the H2DES and CRDES models versus 3 × 10−8

H−1 at this time in the H2DES/CRDES and ALL models). While
the abundance of gas-phase NH3 tends to decrease at late years in
our CRDES model, the inclusion of PDD to the chemistry stabilises
the abundance from 107 years onwards, as seen in the PDD/CRDES
model. In the gas phase, the abundances in the CRDES, H2DES,
and PDD models begin to deviate from those in the THERM model
around 2 × 105, 7 × 105 and 2 × 106 years, respectively. Our models
suggest that while the NH3 abundance remains in good agreement
with observations at late times when the species cycling is dominated
by H2DES and/or PDD, it is in fact overproduced from around (2 –
5) × 106 years when CRDES dominates. Because the cycling of N2
between the gaseous and solid states in our models is most efficient
at later times (t & 106 years) when cosmic-ray heating is relevant,
the abundances of N-bearing species such as NH3 which are derived
from N2 are generally highest in our models at the same time.
When all of the desorption mechanisms are considered simulta-

neously and ε = 0.001, the gaseous and solid-state NH3 abundances
tend to be dominated by CRDES. However, when we vary ε to higher
values (Fig. 4, right panel), we see that 1.) the peak abundance of
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Figure 4. Time-dependent abundances of NH3 and NH3,ice in our different models when the desorption mechanisms are varied (left) and in the ALL model
when the value of ε is varied (right). Horizontal black lines indicate the margins of "good agreement" with observations. "Good agreement" for gaseous NH3
is achieved by 2 × 103 years, and high abundances are maintained throughout the evolution when non-thermal desorption is efficient. The NH3,ice abundances
in the H2DES/PDD model are overlapped by those in the H2DES model, and the NH3,ice abundances in the PDD/CRDES model are overlapped by those in the
CRDES model.

NH3 is transferred to earlier times in the gas phase,10 and 2.) the
late-time abundance of NH3,ice decreases by ∼1.5 orders of magni-
tude due to the fact that the molecule is more readily removed from
the grains by the H2DES process. As we saw in the left panel of Fig.
4, the abundance of NH3,ice on the grains is further reduced when
CRDES is excluded from the calculations entirely. We find that the
enhancement of NH3,ice at late times in our models begins when ε is
between 0.01 and 0.05 and increases as the value of ε decreases.
In general, the formation of NH3 is thought to proceed in dark-

cloud environments through the rapid hydrogenation of N atoms on
the grains and N+ ions in the gas phase (for a more thorough review
of the N chemistry, see, e.g., Herbst & Millar 2008; Hily-Blant et al.
2010; LeGal et al. 2014; Fedoseev et al. 2015). To derive N andN+ in
the first place, CN is thought to collidewithN to formN2, andN2 then
reacts with He+ to yield N+, N, and He. In our models, the production
of NH3 is enhanced at early times in the gas phase due to the efficient
production of CN caused by the early-time enhancement of CnH
species resulting from an efficient early-time network of hydrocarbon
reactions. Since the early-time (t . 103 years) chemistry is highly
dependent on the initial conditions adopted for the models, however,
we focus our investigation on the chemistry from 104 years onwards,
when the cloud has presumably been sufficiently processed that the
chemistry has "forgotten" the details of its initial conditions.11 From
around 104 years in our models, the production of NH3 originates
with the dissociation of NO by He+ atoms. The general synthesis
of NO at this time is related to that of water chemistry since the
dissociative recombination of H3O+ yields OH, which then reacts
with an N atom to form NO (as discussed in, e.g., Hily-Blant et al.
2010). At later times, NO is still formed by this gas-phase route but
where the water is provided by the desorption of water ice.
While the dominating desorption process for N2 and CO in our

models is CRDES, H2O is instead most efficiently removed from the

10 ∼105 years for ε = 0.3 and 0.5 versus ∼3 × 106 years for ε = 0.001.
11 For example, the efficient production of hydrocarbons in ourmodels at very
early times is largely the result of our having initialised the chemistry with C+
rather than neutral C. Due to the necessarily higher ionisation accompanying
this choice, our models would naturally be expected to demonstrate a richer
early-time hydrocarbon chemistry than would, say, a model that begins with
all of the atoms in a neutral state.

grains by H2DES (due to the fact that the H2DES process does not
depend on the binding energies of species in their binding sites, a
value which is high for H2O). As noted above with the NH3 abun-
dances, the combination of H2DES and CRDES has a synergistic
effect on the late-time N2 (and hence NO) abundances in the gas
phase of our ε = 0.001 ALL model. Indeed, it is the enhancement
of N2 which allows for the enhancement of both NO and NH3. Be-
cause the cycling process allows N2 to remain prevalent in the gas
at late times, the abundances of N-bearing species derived from it
– for example, NH3, NO, CH3CN, NH2CN, HCN, HNC, and the
CnN (n = 1 – 4) chains – can continue to be produced in the gas
phase at late times as well, as long as the cycling of N2 is efficient.
Time-dependent abundances of the dominant reservoirs of the C, N,
and O atoms which drive the gas-grain cycling process in our models
(H2O, N2, CO, and CH4) are shown in Fig. 5.
The ratio of the NH3,ice to H2Oice abundances on the grains in

our ε = 0.001 ALL model exceeds the upper limit reported by Knez
et al. (2005) starting at ∼3 × 106 years in the models which include
CRDES. This is an effect of the highly efficient production of NH3,ice
from N atoms which have been derived from N2,ice that has cycled
back to the gas phase via cosmic-ray heating. Conversely, the contri-
butions fromH2 desorption and cosmic-ray-induced photodesorption
tend to reduce the quantity of NH3,ice on the grains (with respect to
that attained in the THERM model) between ∼4 × 106 and 3 × 107

years due to the fact that more NH3,ice is directly re-injected into
the gas phase via these mechanisms. The maximum difference in the
NH3,ice abundance calculated between the CRDES-dominated and
H2DES models is ∼1.5 orders of magnitude.
The fact that the highest abundance of NH3,ice occurs in the de-

fault ALL model (as well as in the CRDES model, Fig. 4) is initially
counterintuitive. With all of the desorption mechanisms in play, we
might have expected the solid-state abundances of NH3 to have be-
comemore or less reduced from the grains by the end of the chemical
evolution. However, the reason that the NH3,ice abundance prevails at
late times in this model is because the efficient cycling of N2,ice from
the grains back to the gas phase through cosmic-ray heating induces
the return of N atoms to the solid state through the aforementioned
routes, thereby re-galvanising the production of NH3,ice through the
hydrogenation of N atoms. The fact that N2,ice is generally one of the
most abundant molecules on the grains in our models ensures that
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Figure 5. Time-dependent abundances of gaseous and solid-state H2O, N2,
CO, and CH4 in our different desorption models. These are the species whose
abundances dominate the re-injection of O, C, and N atoms into the gas phase
through gas-grain species cycling.

when its desorption is efficient, the transfer of N atoms from N2 into
NH3 will be efficient as well, both in the gas phase and on the grains.
Indeed, when cosmic-ray heating dominates, the primary late-time
nitrogen reservoir switches from N2,ice to NH3,ice. While H2DES
and PDD tend to remove NH3 from the grains, their effects on the
NH3,ice abundances are overpowered by CRDES for the parameters
adopted here. Moreover, the re-injection of H2Oice into the gas phase
through H2DES and PDD in fact bolsters the gas-phase production
of NH3 through the NO intermediate, thereby mitigating the loss of
NH3 from the system when H2DES and PDD are relevant. Network
diagrams for the most important reactions involved in the formation
of NH3 in our models at 105 and 107 years are given in Figs. 6 and
7 in the Appendix.

6 SUMMARY AND CONCLUSIONS

In this work, we have presented and analysed the results of our
newly-developed dark-cloud astrochemical models which utilise an
updated version of the latest gas-phase reactions from the UDfA re-
action network and include non-thermal desorption mechanisms as
well as newly-implemented calculations for the formation of H2 on a
population of realistic interstellar grain types. We have compared our
modelled results with observations towards TMC-1 (CP) and found
that when employing the updated treatment for H2 formation, the
maximum agreements achieved by the C-class and N-class species
are improved, whereas the maximum agreement achieved by the O-
class species is suppressed. Regardless of the mechanism adopted
for grain-surface H2 formation, however, we find that the best agree-
ments in our models are generally achieved when the species classes
are considered separately rather than as a collective. The time depen-
dency of the agreements for the different species classes in ourmodels
is consistent with the chemical effects that we might expect from the
physical interactions of as-yet unresolved substructures within the
cloud.
Due to its early-time synthesis from CN, we find that NH3 can ex-

ist in the gas phase at its observed abundances at early times as well
as late. Given the traditional interpretation of NH3 as a "late-time"
species, this carries implications for how we discern and implement
observations of it in the context of the cloud’s chemical evolution.
Moreover, the variation in the gas-phase NH3 abundance at late times
in the ALL model suggests that the evaluation of species abundances
relative to the NH3 abundance might produce results which are more
sensitive to the age of the source than previously considered, espe-
cially if the gas-grain cycling is dominated by cosmic-ray heating.
We focused our analysis of the chemistry on the cycling of molec-

ular material between the gaseous and solid states at late times and
found that while cosmic-ray heating tends to most effectively remove
N2, CO, and other volatiles from the grains, H2O is, depending on
the efficiency chosen for the H2DES process, more directly affected
by H2 desorption. We saw that increasing the efficiency of H2 des-
orption advances the abundance peak of gas-phase NH3 to earlier
times and reduces the abundance of solid-state NH3,ice at late times.
The finding that higher abundances of NH3,ice are obtained for lower
values of ε is the result of both the inefficient removal of the molecule
from the grains throughH2 desorptionwhen the ε value is low and the
enhanced synthesis of the molecule in the solid state from N atoms
derived from the gas-grain cycling of N2 induced by cosmic-ray des-
orption. We found that for ε values of 0.05 or greater, the NH3,ice
abundance at late times is dominated by H2 desorption, whereas for
lower ε values, it is increasingly dominated by cosmic-ray desorp-
tion. Due to the dependency of H2 desorption on the rate of H2
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formation as well, this result is inherently linked to the composition
of the grains.
Given the unknowns inherent to the desorption mechanisms con-

sidered herein and the reality thatwe do not currently know for certain
which of these mechanisms actually occur in star-forming environ-
ments (let alone their relative efficiencies), it is difficult to derive a
quantitative conclusion about the chemistry based on our models.
However, our results do indicate in a general sense that the synthesis
of NH3,ice – and by extent, the synthesis of various complex organic
ices – is indeed sensitive to the nature of the gas-grain cycling of
molecular material within the system. In the context of the chemi-
cal differentiation commonly observed in star-forming environments,
our results suggest that the gas-phase synthesis of complexO-bearing
organic molecules at later stages of the cloud’s evolution should at
least theoretically be limited when the cycling in the prestellar core
is dominated by cosmic-ray heating (due to the enhanced quantities
of NH3,ice formed and stored on the grains) and enhanced when it is
dominated by H2 desorption (due to the reduced presence of NH3,ice
on the grains). However, this result also suggests that the solid-state
production of nucleobases such as adenine and guanine could plausi-
bly be enhanced by the increased abundances of NH3 on the grains,
at least when the cycling is dominated by cosmic-ray heating.
We thank the anonymous referee for their valuable comments

and insights which improved the content of this manuscript. TJM is
grateful to the STFC for support through grant ST/P000312/1.
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Figure 6. Formation of NH3 in the gas and on the grains in our ALL (ε = 0.001) model at 105 years.
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