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A B S T R A C T 

Complex organic molecules (COMs) are widely detected in protostellar and protoplanetary systems, where they are thought to 

have been inherited in large part from earlier evolutionary phases. The chemistry of COMs in these earlier phases, namely starless 
and prestellar cores, remains poorly understood, as models often struggle to reproduce the observed gas-phase abundances of 
these species. We simulate the formation of a molecular cloud, and the cores within it, out of the diffuse interstellar medium, and 

follow the chemical evolution of the cloud material starting from purely atomic initial conditions. We find that the formation of 
both gas- and ice-phase COMs precedes the formation of cores as distinct objects, beginning at gas densities of a few 10 

3 cm 

−3 . 
Much of this COM-enriched material remains at these relatively modest densities for several Myr , which may provide a reservoir 
for accretion onto planet-forming discs in later evolutionary stages. We suggest that models of core and disc chemistry should 

not ignore the complex dynamical evolution which precedes these structures, even when studying supposedly late-forming 

molecules such as CH 3 OH and CH 3 CN. 
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 I N T RO D U C T I O N  

omplex organic molecules (COMs), in an astrochemical context, 
re those made up of six or more atoms, including at least one of
arbon (Herbst & van Dishoeck 2009 ). They are widely detected 
owards protostellar and protoplanetary systems via both emission 
rom gas-phase COMs (e.g. Jørgensen et al. 2016 ; Walsh et al. 2016 ;
eccarelli et al. 2017 ) and, increasingly, mid-infrared absorption 

eatures caused by COMs in icy mantles around dust grains (McClure
t al. 2023 ; Nazari et al. 2024 ; Rocha et al. 2024 ). In either form,
hey are likely to be incorporated into planets forming within these 
ystems ( ̈Oberg & Bergin 2021 ), and represent a potential starting
oint for the formation of amino acids and other molecules with 
mportant biological roles on Earth. There has thus been significant 
nterest in the potential connection between interstellar COMs and 
he origins of life (e.g. Jim ́enez-Serra et al. 2020 ). 

The presence of COMs in protostellar cores is generally un- 
erstood to result from their formation in ice mantles during the 
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receeding prestellar phase, which are subsequently e v aporated into 
he gas phase by protostellar heating (Viti et al. 2004 ; Garrod &
erbst 2006 ). This picture struggles to explain the widespread de-

ection of gas-phase COMs in starless and prestellar cores (Jim ́enez-
erra et al. 2016 ; Scibelli & Shirle y 2020 ; Ambrose, Shirle y &
cibelli 2021 ; Jim ́enez-Serra et al. 2021 ; Mininni et al. 2021 ; Scibelli
t al. 2021 ; Punanova et al. 2022 ; Meg ́ıas et al. 2023 ), which have
o internal heating source. Detections of COMs in diffuse and 
ranslucent clouds (e.g. Liszt et al. 2018 ) raise similar problems,
s the densities should be to low to allow their formation on grain
urfaces. Suggested resolutions to these issues include enhanced 
eactive desorption efficiencies (Vasyunin et al. 2017 ; Riedel et al.
023 ), external irradiation (Spezzano et al. 2022 ; Jensen et al. 2023 ),
nd non-dif fusi ve surface chemistry (Jin & Garrod 2020 ; Garrod
t al. 2022 ), but at present no consensus has been reached on the
orrect explanation. As the chemical makeup of protostellar systems 
s in large part inherited from the prestellar phase (Booth et al. 2021 ;
ensen et al. 2021b ), this severely limits our ability to understand the
elivery of COMs to planets forming within these systems. 
The vast majority of modelling efforts regarding COM chemistry 

n cores neglect the physical evolution of the system entirely, 
ssuming the density (or density profile) remains static for the entire
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Elemental abundances used in the chemical modelling. 

Element Abundance Element Abundance 

C 1 . 4 × 10 −4 S 1 . 2 × 10 −5 

N 7 . 6 × 10 −5 Si 1 . 5 × 10 −7 

O 3 . 2 × 10 −4 Mg 1 . 4 × 10 −7 

W  

1  

t  

E  

T  

(  

r  

a  

A  

t  

r  

r
 

s  

s  

D  

d  

(  

a  

o  

0  

r  

b  

m  

i
 

(  

b  

d  

f  

a  

C  

b  

0  

p  

p  

p  

s  

a  

o  

(  

s  

M  

t  

b  

c  

t

3

F  

a  

1 https:// fpriestley.github.io/ neath/ 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/3/2453/7994421 by guest on 19 February 2025
Myr duration of the chemical simulation. Models also typically
ssume the chemical initial conditions are atomic (with the exception
f H 2 ), or representative of a prior ‘diffuse cloud’ evolutionary phase.
o we ver, cores form in the dynamic environments of molecular

louds, which can have a significant impact on their chemistry when
ompared to static models (Jensen et al. 2021a ; Cl ́ement et al. 2023 ;
riestley et al. 2023a ). In particular, molecular cloud material can
ndergo multiple transient enhancements to relatively high densities
 > 10 3 cm 

−3 ) before being incorporated into a gravitationally bound
ore (Priestley et al. 2023b ), so the assumption of chemical initial
onditions corresponding to atomic or diffuse molecular gas is
nlikely to be applicable to real objects. 
In this paper, we investigate the origins of COMs starting from

he cold neutral phase of the interstellar medium (ISM), where
ven hydrogen is in atomic form. Using hydrodynamical simulations
oupled to a time-dependent gas-grain chemical network (Priestley
t al. 2023a ), we can simultaneously and self-consistently follow
oth the formation of cores from the diffuse ISM, and the build-up
f chemical complexity from pristine initial conditions. We find that
he formation of significant quantities of COMs occurs before the
ormation of the cores themselves as distinct objects. The molecular
omposition of protostellar systems may be inherited not just from the
restellar phase but from the parent molecular cloud itself, making it
ssential to consider the full evolutionary history of a system when
odelling its chemistry. 

 M E T H O D  

e perform magnetohydrodynamical simulations using the AREPO

oving-mesh code (Springel 2010 ; Pakmor, Bauer & Springel
011 ), with the addition of a comprehensive suite of physical
rocesses to model the thermodynamical evolution of the gas
nd dust (Glo v er & Mac Low 2007 ; Glo v er & Clark 2012 ; Clark
t al. 2012b ). This includes a simplified chemical network for
he formation of H 2 and CO, based on Gong, Ostriker & Wolfire
 2017 ) with some changes as described in Hunter et al. ( 2023 ),
nd a self-consistent treatment of shielding from the background
ltraviolet (UV) radiation field (Clark, Glo v er & Klessen 2012a ).
ink particles, representing newly formed stars or stellar systems
Bate, Bonnell & Price 1995 ), are introduced with a threshold
ensity of 2 × 10 −16 g cm 

−3 and a formation radius of 9 × 10 −4 pc ,
ollowing the criteria for creation from Tress et al. ( 2020 ). 

Our simulation consists of two spherical, uniform-density 10 4 M �
louds of radius 19 pc , for an initial number density of hydrogen
uclei n H = 10 cm 

−3 , with their centres separated by 38 pc so the
louds are initially just touching. The clouds are given a turbulent
elocity field with velocity dispersion 0 . 95 km s −1 , bulk motions of
 km s −1 toward each other, and a magnetic field of 3 μG along the
ollision axis. Initial gas and dust temperatures are set to 300 and 15 K
espectively. The background UV radiation field is set to 1.7 times the
abing ( 1968 ) value, the cosmic ray ionization rate to 10 −16 s −1 per
 atom (consistent with estimates for the diffuse ISM and molecular

louds; Indriolo et al. 2015 ; Sabatini, Bovino & Redaelli 2023 ), the
ust-to-gas ratio to 0.01, and the carbon and oxygen abundances to
he values in Table 1 , taken from Sembach et al. ( 2000 ). The ‘metal’
b undance, representing hea vier elements such as silicon, is set to
0 −7 . The simulation is run for 5 . 53 Myr , by which point 102 M � of
aterial (0 . 5 per cent of the intiial mass) has been converted into

ink particles. 
We use Monte Carlo tracer particles (Genel et al. 2013 ) to follow

he evolution of individual parcels of gas through the simulation,
ecording the properties of their parent cells at intervals of 44 kyr .
NRAS 537, 2453–2461 (2025) 
e select 10 5 of these particles with final densities in the range
0 2 − 10 6 cm 

−3 , and use their evolutionary histories to calculate
he chemical composition with the NEATH framework 1 (Non-
quilibrium Abundances Treated Holistically; Priestley et al. 2023a ).
his involves using the time-dependent gas-grain code UCLCHEM

Holdship et al. 2017 ) to evolve the UMIST12 (McElroy et al. 2013 )
eaction network, with some modifications to ensure the results
re consistent with the internal AREPO abundances of H 2 and CO.
dopted elemental abundances are listed in Table 1 ; these are also

aken from Sembach et al. ( 2000 ), with silicon and magnesium
educed by a factor of 100 to represent their incorporation into
efractory dust grains in the denser ISM (Jenkins 2009 ). 

In addition to the gas-phase reactions, UCLCHEM also models grain
urface chemistry by tracking the freeze-out of molecules onto grain
urfaces and their subsequent desorption back into the gas phase.
epletion rates are calculated following Rawlings et al. ( 1992 ), and
esorption via H 2 formation, cosmic ray impacts, and the UV field
both background and cosmic ray-generated) is modelled using the
pproach of Roberts et al. ( 2007 ). We assume desorption efficiencies
f 0.01 molecule per H 2 formation, 10 5 per cosmic ray impact, and
.1 per UV photon, as recommended in Roberts et al. ( 2007 ). The
eaction network we use here does not explicitly include reactions
etween ice mantle species, but allows for some fraction of depleted
olecules to be hydrogenated instantaneously upon incorporation

nto the ice phase. 
In this paper, we focus on two of the simplest COMs: methanol

CH 3 OH) and methyl cyanide (CH 3 CN). As well as representing the
roader O- and N-bearing families of COMs, the two molecules have
istinct formation pathways. In our chemical network, methanol is
ormed by the hydrogenation of CO on grain surfaces, which we
ssume happens with an efficiency of f CH 3 OH = 0 . 1 – two separate
O freeze-out reactions are included in the network, the products
eing either CO or CH 3 OH ice, with branching ratios (0.9 and
.1, respectively) modifying the base rate for CO depletion. Ice-
hase CH 3 OH participates in no reactions other than desorption
rocesses, while gas-phase CH 3 OH undergoes two-body reactions,
hotodissociation and freeze-out in an identical manner to other
pecies in the network. We find that this value of f CH 3 OH produces
 good agreement with observed methanol abundances in cores, but
ur main conclusions hold regardless of the precise value chosen
see Fig. 7 ). The impact of the underlying assumptions of this model,
uch as instantaneous hydrogenation, are discussed in Section 4.1 .

ethyl cyanide is only formed via gas-phase reactions, primarily by
he reaction between CH 

+ 

3 and HCN to form CH 3 CNH 

+ followed
y recombination with free electrons. We adopt the dissociative re-
ombination reaction rate recommended by Giani et al. ( 2023 ) rather
han the UMIST12 value; we discuss this choice in Appendix A . 

 RESULTS  

ig. 1 shows column density maps of total hydrogen nuclei ( N H ),
nd of gas- and ice-phase CO, CH 3 OH, and CH 3 CN after 5 . 53 Myr ,

https://fpriestley.github.io/neath/
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Figure 1. Column density maps at 5 . 53 Myr of total hydrogen nuclei, and of CO, CH 3 OH, and CH 3 CN in gas and ice phases. The colour bars correspond to 
total hydrogen nuclei (left) and the gas- and ice-phase columns of CO (centre) and of both COM species (right). 
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y which point the initially atomic clouds have formed a substantial 
ass of denser molecular material at the collision interface. Much 

f the diffuse structure seen in the total column map is not visible in
ny molecular tracer, with CO being restricted to the denser, better- 
hielded regions of the cloud. CH 3 OH and CH 3 CN are even more
imited in terms of the fraction of cloud area with significant column
ensities. Ho we v er, the y are not entirely restricted to the peaks in the
olumn density distribution; substantial gas-phase columns of both 
MNRAS 537, 2453–2461 (2025) 
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M

Figure 2. Abundances of gas-phase (top row) and ice-phase (bottom row) CO (left), CH 3 OH (centre), and CH 3 CN (right) as a function of gas density at 
5 . 53 Myr , for chemical models utilizing the full tracer histories (black) or holding physical properties constant at their final values (red). Boxes show median 
values and 25th/75th percentiles, whiskers the 10th/90th percentiles. 
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OMs exist along moderate-density sightlines through the cloud.
his is also true for the ice-phase column densities which are again
 xtended be yond the 0 . 1 pc -scale core structures, although to a lesser
xtent for CH 3 CN ice, which requires particularly high densities to
oth form in the gas-phase and then deplete onto grain surfaces. 
Fig. 2 shows the distribution of CO, CH 3 OH, and CH 3 CN

bundances in both gas and ice phases as a function of volume density.
n all cases, abundances rise sharply to a peak value at densities
etween 10 3 −4 cm 

−3 , beyond which point gas-phase abundances
egin to decline due to freeze-out, while ice-phase abundances
emain relatively constant. This decline is less pronounced for
H 3 OH, where the depletion of the gas-phase molecule is partially
alanced by its formation in the mantle via CO depletion and the
ubsequent desorption of the CH 3 OH ice. 

We also show results for when the physical evolution of the system
s ignored: tracer evolutionary histories are modified so that the
ensity, temperature, and shielding columns are equal to their final
alues for the entire 5 . 53 Myr duration of the simulation, and the
hemical model rerun on these non-evolving histories from the same
atomic) initial conditions as the dynamic model. The approach of
volving the chemistry with fixed physical properties is common in
odels of COM formation in cores (Vasyunin et al. 2017 ; Riedel

t al. 2023 ). The two approaches produce broadly consistent results
p to densities of ∼ 10 4 cm 

−3 , as the chemical time-scales are
omparable to or shorter than the dynamical time-scales at these
ensities. The abundances in the dynamic model are therefore quite
lose to their equilibrium values for densities below 10 4 cm 

−3 (Hold-
hip & Viti 2022 ; Priestley et al. 2023a ; Rawlings, Keto & Caselli
024 ), making the use of static chemical models justified in this
egime. 

At higher densities, ho we ver, the static approach significantly un-
erestimates the gas-phase abundances of all species due to allowing
n unrealistic degree of freeze-out; the actual amount of time spent at
hese densities is a tiny fraction of the ∼ Myr time-scales o v er which
NRAS 537, 2453–2461 (2025) 
tatic chemical models are typically evolved (Priestley et al. 2023a ).
H 3 OH, with its ice-phase formation pathway, is less affected than
O and CH 3 CN, as the excess depletion is partially balanced by
xcess formation via CO freeze-out, but its gas-phase abundance in
he static model can still be an order of magnitude lower than the
orrect value. 

In static chemical models of cores, most of the COM content exists
n the central, well-shielded regions, where densities are significantly
igher than 10 4 cm 

−3 (Vasyunin et al. 2017 ; Riedel et al. 2023 ).
hese models are therefore likely to systematically underestimate

he gas-phase abundances of COMs, compared to models with a
ore realistic treatment of core formation and evolution. Molecular

olumn densities, integrated through the entire cloud, do not vary
y more than a factor of 2 − 3 between static and dynamic models,
ecause the fraction of mass abo v e 10 4 cm 

−3 along the line of sight is
arely high enough for the large abundance differences in this regime
o become apparent. Ho we ver, changing the abundances in this
igh-density material may have a significant impact on predictions
or molecular line emission (e.g. Yin, Priestley & Wurster 2021 ),
articularly for transitions with high critical densities. Chemical
odels utilizing full evolutionary histories should be preferred when

pplied to radiative transfer calculations. 
To enable comparison with observational results, we create a

endrogram (Rosolowsky et al. 2008 ) of the N H map using AS-
R ODENDR O, 2 with a threshold of 10 22 cm 

−2 , a minimum branching
ignificance of 5 × 10 21 cm 

−2 , and a minimum pixel number of 9.
e identify dendrogram leaves as ‘cores’; column densities are then

alculated by averaging all pixels within 0 . 1 pc of the peak N H pixel
or each leaf, approximating the effects of beam size for single-dish
bservations of nearby ( ∼ 100 pc ) clouds. We compare the results to
alues inferred from observational data in Fig. 3 . 

http://www.dendrograms.org/


Early COM formation in molecular clouds 2457 

Figure 3. Left: gas-phase CH 3 OH versus total column density for cores from the simulation (black circles), and observed cores in Taurus (green circles; 
Scibelli & Shirley 2020 ) and Perseus (blue circles; Scibelli et al. 2024 ). Centre: ice-phase CH 3 OH versus total column density for simulated cores (black circles). 
The red dashed lines show the observed range of ice-phase methanol abundances in molecular clouds derived from background stars (Boogert, Gerakines & 

Whittet 2015 ). Right: gas-phase CH 3 CN versus total column density for cores from the simulation (black circles), and observed cores in Perseus (blue circles; 
Scibelli et al. 2024 ). 

Figure 4. Time evolution of the gas density (left), CO (centre), and CH 3 OH (right) abundances for five representative tracer particles (coloured lines), all with 
final densities of ∼ 10 6 cm 

−3 . 
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The simulated cores have comparable gas-phase CH 3 OH column 
ensities to observed starless and prestellar cores in the Taurus 
Scibelli & Shirley 2020 ) and Perseus (Scibelli et al. 2024 ) molecular
louds, which suggests that our methanol formation efficiency of 
 CH 3 OH = 0 . 1 is correctly reproducing the typical gas-phase CH 3 OH
bundances in real cores. Ice-phase CH 3 OH abundances are also 
omparable to those observed towards background sources along 
uiescent sightlines (Boogert et al. 2015 ), and gas-phase CH 3 CN
olumn densities are in good agreement with those of Perseus 
ores for which this molecule is detected (Scibelli et al. 2024 ).
ur simulated cores appear to be similar to real objects in terms
f their COM content, which suggests that their COM formation 
istories may also be similar; this is our working assumption for the
emainder of the paper, subject to caveats regarding the limitations 
f our chemical model discussed in Section 4.1 . 
The time evolution of the gas density and the CO and CH 3 OH

bundances for five tracer particles, randomly selected from those 
ith final densities abo v e 6 × 10 5 cm 

−3 , are shown in Fig. 4 .
espite having similar final densities of ∼ 10 6 cm 

−3 , the tracers 
how very different evolutionary histories, with multiple episodes of 
ompression and rarefaction preceding a more-or-less monotonic 
ncrease in density to the final value. The diversity in physical 
volution results in similarly diverse chemical evolution, with tracers 
orming (and occasionally losing) significant gas-phase abundances 
f CO and CH 3 OH at different times. However, we note that the
ate-time monotonic increase in density results in a rapid decline in 
he gas-phase CO abundance for all tracers due to freeze-out, and 
hat the production of substantial quantities of gas-phase CH 3 OH 

as already occurred prior to this onset of severe CO depletion. 
While the time evolution of the tracer abundances appears quite 
isparate, the evolution with density, 3 shown in Fig. 5 , is much more
niform. The CO abundance begins to sharply increase as the gas
ensity approaches 10 3 cm 

−3 , and reaches a peak value of ∼ 10 −4 

t a density of around 10 4 cm 

−3 . This is mirrored by the gas-phase
bundance of CH 3 OH, which also begins rising sharply at a density
f 10 3 cm 

−3 , and has essentially reached its peak value by 10 4 cm 

−3 

or all five tracers. The abundance of CH 3 OH ice rises even more
harply with density; the trajectories in density-abundance space are 
lose to vertical at a density of around 3 × 10 3 cm 

−3 . 
The rapid increase in molecular abundances once a certain density 

hreshold has been reached allows us to define a ‘formation density’
or each species, characterizing the point at which significant quanti- 
ies of the molecule (relative to its peak abundance) begin to appear.

e identify this as the density at which the abundance of a species
rst crosses a threshold chosen to be around 10 per cent of the
aximum in Fig. 2 , although due to the steepness of the trajectories

n Fig. 5 , our conclusions are relatively insensitive to the exact value
hosen; increasing the CH 3 OH threshold by an order of magnitude
nly results in a factor of two difference in the typical formation
ensities. Fig. 6 shows the distribution of tracers by final density at
 . 53 Myr versus the formation density of gas- and ice-phase CH 3 OH
nd gas-phase CH 3 CN, with abundance thresholds of 10 −10 , 10 −6 ,
nd 10 −12 , respectively. All three species form at densities below
MNRAS 537, 2453–2461 (2025) 
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Figure 5. Evolution of gas-phase CO (left), gas-phase CH 3 OH (centre), and ice-phase CH 3 OH (right) abundances with gas density for the same five tracer 
particles as in Fig. 4 (coloured lines). Dashed horizontal lines show the threshold abundances used for defining the formation densities in Fig. 6 . 

Figure 6. Distribution of tracer particles by final density and formation density of gas-phase CH 3 OH (left), ice-phase CH 3 OH (centre), and gas-phase CH 3 CN 

(right), for threshold abundances of 10 −10 for gas-phase CH 3 OH, 10 −6 for ice-phase CH 3 OH, and 10 −12 for gas-phase CH 3 CN. 
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0 4 cm 

−3 , with significant quantities of gas-phase CH 3 OH being
roduced at densities of only a few 10 3 cm 

−3 . The formation density
s ef fecti v ely constant with re gard to the final density of the tracers:
aterial which ends up incorporated into dense cores forms its COM

ontent at the same early evolutionary phase as the surrounding
iffuse cloud material. 
The methanol formation efficiency of f CH 3 OH = 0 . 1 used abo v e

esults in good agreement with its observed gas- and ice-phase
b undances (Fig. 3 ), b ut we show in Fig. 7 that our conclusions
egarding the formation of COMs are not affected by the exact choice
f this parameter. Reducing the formation efficiency by a factor of five
esults, unsurprisingly, in a lower CH 3 OH abundance at all densities,
nd gas-phase column densities which are now in some tension
ith the observed v alues. Ho we ver, we still find formation densities
elo w 10 4 cm 

−3 , e ven for an unchanged abundance threshold of
0 −10 which is close to the maximum value reached. Reducing the
hreshold to account for the lower peak abundance leads to almost
ndistinguishable results from those in Fig. 6 . 

 DISCUSSION  

.1 Limitations of the chemical model 

n addition to the efficiency parameter f CH 3 OH , our treatment of
H 3 OH formation on grain surfaces relies on the assumptions that
ydrogenation is instantaneous (for some fraction of adsorbed CO
olecules), that f CH 3 OH has a fixed value, and that no further grain

urface processes affect the CH 3 OH ice after formation. The first
f these assumptions is reasonable: simulations which explicitly
ollow hydrogenation of CO in ice mantles (e.g. Garrod et al.
NRAS 537, 2453–2461 (2025) 
022 ; Molpeceres, Furuya & Aikawa 2024 ) find that the delay
etween adsorption of CO and formation of CH 3 OH ice is a few
yr, ef fecti vely instantaneous in the context of our simulations with a
hemical time-step of 44 kyr . The assumption of a fixed f CH 3 OH may
ot hold in all environments, as adsorbed CO may preferentially be
onverted into CO 2 rather than CH 3 OH in unshielded environments
ith dust temperatures � 12 K (Garrod & Pauly 2011 ). Typical grain

emperatures in our simulation are ∼ 11 K for a density of 3000 cm 

−3 

around the onset of CH 3 OH formation) and 10 K at 10 4 cm 

−3 , so
his effect would at most push the formation density of CH 3 OH
p to the latter value, leaving our conclusions largely unchanged.
inally, additional processes not considered here, such as hydrogen
bstraction reactions and photodissociation of mantle species, could
educe the abundance of CH 3 OH in the ice and, subsequently, gas
hases. As these processes only operate on pre-existing CH 3 OH ice,
ur conclusions regarding the onset of its formation would again be
naffected by their inclusion. 
Our treatment of mantle desorption processes, following Roberts

t al. ( 2007 ), assumes that species are returned to the gas phase with
 fix ed efficienc y per ev ent (H 2 formation or cosmic ray/UV photon
mpact). The appropriate values for these efficiencies are uncertain,
nd the approach ignores possible effects such as localized energy
eposition (Pantaleone et al. 2021 ) and desorption of fragments
ather than parent species (Bertin et al. 2016 ), which would tend to
educe the abundance of gas-phase CH 3 OH. We again note that this
ould not change our conclusions regarding early COM formation.
ig. 7 and Fig. A1 demonstrate that the absolute value of a species’
bundance has little effect on its formation density, as altering
eaction rates leaves the relative behaviour of the abundance with
ensity mostly unchanged. In any case, the formation of CH 3 OH
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Figure 7. Left: gas-phase CH 3 OH abundance versus density for chemical models with f CH 3 OH = 0 . 1 (black) and 0.02 (grey). Boxes show median values 
and 25th/75th percentiles, whiskers the 10th/90th percentiles. Centre: gas-phase CH 3 OH versus total column density for cores from the simulation with 
f CH 3 OH = 0 . 02 (grey circles), and observed cores in Taurus (green circles; Scibelli & Shirley 2020 ) and Perseus (blue circles; Scibelli et al. 2024 ). Right: 
distribution of tracer particles by final density and formation density of gas-phase CH 3 OH with f CH 3 OH = 0 . 02, for a threshold abundance of 10 −10 . Dashed 
white lines show the 100- and 500-tracer contours from Fig. 6 . 
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ce would be almost entirely unaffected by changes to desorption 
rocesses, given the extremely low gas/ice abundance ratio of this 
olecule, while desorption has a negligible effect on the gas-phase 
H 3 CN abundance except at the very highest densities, well beyond 

he density of its formation via gas-phase reactions. 
Our conclusions are robust with respect to changes in the chemical 
odel because the early formation of COMs is primarily a physical 

ffect: in realistic simulations of turbulent molecular clouds, material 
pends significant periods of time at moderate densities (Fig. 4 )
efore becoming gravitationally bound. This allows the freeze-out 
f around 10 per cent of the total elemental carbon budget in the 
orm of CO ice at gas densities of a few 10 3 cm 

−3 (Fig. 2 ). Any
hemical model which forms CH 3 OH via hydrogenation of CO 

ce will therefore reach the same conclusions regarding the early 
ormation of this molecule. The prolonged evolution at moderate 
ensities also allows species with gas-phase formation pathways, 
uch as CH 3 CN, to exist in quantities which would not be anticipated
y studies relying on simplified physical models. Garrod et al. ( 2022 )
ave also argued for early formation of COMs, but in their case this
s due to the inclusion of UV-induced photochemical reactions in 
ce mantles. Their physical model is a free-fall collapse from an 
nitial density of 3000 cm 

−3 , with pristine atomic chemical initial 
onditions; we argue instead that by the time material reaches this
ensity, it should already have formed a significant fraction of its
nal COM content. 

.2 Implications 

hile there is significant ambiguity in defining what counts as 
 ‘core’ and in distinguishing between ‘prestellar’ and ‘starless’ 
bjects, both observationally and in simulations (e.g. Offner et al. 
022 ; Scibelli et al. 2023 ), a volume density threshold of around
0 4 cm 

−3 is a reasonable choice for separating core material from 

he ambient cloud (Bergin & Tafalla 2007 ). Lada, Lombardi & Alves
 2010 ) argue that gas abo v e this density is directly associated with star
ormation activity, whereas lower density material is not. Similarly, 
e find in our simulations that material crossing this density threshold 

lmost never returns to lower densities (Priestley et al. 2023b ), which
an be seen in the nearly monotonic increase in tracer densities
n Fig. 4 once a value of 10 4 cm 

−3 has been reached. Under this
efinition, cores have formed virtually all their COM content before 
hey actually become cores, with COM formation starting at densities 
f a few 10 3 cm 

−3 and being essentially complete by the time the gas
eaches a few 10 4 cm 

−3 . 
This stands in stark contrast to the typical approach when mod-
lling COM chemistry in cores (e.g. Vasyunin et al. 2017 ; Riedel
t al. 2023 ), where the initial abundances are atomic or diffuse-
olecular even up to densities of 10 7 cm 

−3 . Slavicinska et al. ( 2024 )
ecently found that the CH 3 OH observed in protostellar cores must
ave formed in H 2 O-rich rather than CO-rich ice, contradicting its
ssumed origin in heavily CO-depleted cores, but entirely consistent 
ith our proposed formation in lower density cloud material, where 
ost CO is still in the gas phase. We suggest that future work on the

hemistry of COMs in cores should account for the fact that these
olecules likely already exist in significant quantities before the 

ore itself forms as a distinct object. Moreo v er, the fact that evolved
rotostellar systems are observed to continually accrete chemically 
fresh’ material from larger scales via streamers (Pineda et al. 2020 ;
aldivia-Mena et al. 2022 , 2023 , 2024 ) makes the composition of

his material, and its possible COM content, rele v ant to studies of
isc chemistry and planet formation. 

 C O N C L U S I O N S  

e have simulated the formation of a molecular cloud, and the cores
nd stars that it contains, from the diffuse ISM, and followed the
hemical evolution of the material from atomic initial conditions 
p to the formation of COMs using a time-dependent gas-grain 
eaction network. Our approach successfully reproduces the observed 
bundances of CH 3 OH and CH 3 CN in starless and prestellar cores.
e find that the onset of COM formation occurs at relatively low

ensities of a few 10 3 cm 

−3 , for both gas- and ice-phase formation
athways. 
Although our chemical model is somewhat simplified, particularly 

n its treatment of grain surface chemistry, this early COM formation
s essentially a direct result of the dynamical evolution of the gas,
hich can spend a considerable amount of time at these moderate
ensities before undergoing runaway gravitational collapse. It there- 
ore seems likely to be replicated in more sophisticated chemical 
odels, although further studies are required to confirm whether this 

s in fact the case. 
If COMs do form at the low densities that we find here, cores

ill already be enriched in COMs from the moment they begin
o appear as identifiable objects, and complex organic chemistry 
ould originate early, on the scale of molecular clouds, rather than

n the later pre- and protostellar evolutionary phases. Astrochemical 
odels would need to account for this prior chemical enrichment to

ully understand the delivery of COMs to forming planetary systems. 
MNRAS 537, 2453–2461 (2025) 
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PPENDIX  A :  T H E  C H  3 C N  F O R M AT I O N  R AT E  

iani et al. ( 2023 ) have recently ree v aluated the formation path-
ays of CH 3 CN, recommending a significantly lower rate for the 
issociative recombination reaction between CH 3 CNH 

+ and free 
lectrons compared to the UMIST12 value (normalization at 300 K 

f 2 . 2 × 10 −8 cm 

3 s −1 versus 5 . 3 × 10 −7 cm 

3 s −1 , in addition to a
teeper temperature dependence). We have chosen to adopt their rate 
oefficients for this reaction, which produces good agreement with 
bserved CH 3 CN column densities (Fig. 3 ), but as with the methanol
igure A1. Left: gas-phase CH 3 CN abundance versus density for chemical models
ecombination of CH 3 CNH 

+ . Boxes show median values and 25th/75th percentiles
olumn density for cores from the simulation using the Giani et al. ( 2023 , black cir
ircles; Scibelli et al. 2024 ). Right: distribution of tracer particles by final density 
hreshold abundance of 10 −11 . Dashed white lines show the 100- and 500-tracer co
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 http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and repr
ormation efficiency parameter, our main conclusions still hold when 
sing the original UMIST12 values. 
Fig. A1 shows that the UMIST12 rate coefficients result in 

oughly an order of magnitude increase in gas-phase CH 3 CN 

bundance at fixed density compared to the Giani et al. ( 2023 )
alues, which leads to a significant tension between predicted 
nd observed column densities for this molecule. Ho we ver, the
ualitative relationship between the abundance and gas density is 
argely unaffected. We therefore find that the CH 3 CN formation 
ensity, defined using an increased threshold abundance of 10 −11 to 
eflect the higher peak v alues, is ef fecti vely indistinguishable from
he results in Fig. 6 . Fig. A1 and Fig. 7 demonstrate that while
he absolute quantity of COMs formed depends on the details of
he chemical model, the onset of COM formation does not, occur-
ing at volume densities consistently below those associated with 
ores. 
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