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ABSTRACT

We study the gravitational collapse of pre-stellar sources and the associated evolution of
their chemical composition. We use the University of Grenoble Alpes Astrochemical Network
(UGAN), which includes reactions involving the different nuclear-spin states of H, H;r, and
of the hydrides of carbon, nitrogen, oxygen, and sulphur, for reactions involving up to seven
protons. In addition, species-to-species rate coefficients are provided for the ortho/para inter-
conversion of the H;’ + H, system and isotopic variants. The composition of the medium is
followed from an initial steady state through the early phase of isothermal gravitational col-
lapse. Both the freeze-out of the molecules on to grains and the coagulation of the grains were
incorporated in the model. The predicted abundances and column densities of the spin isomers
of ammonia and its deuterated forms are compared with those measured recently towards
the pre-stellar cores H-MM1, L16293E, and Barnard B1. We find that gas-phase processes
alone account satisfactorily for the observations, without recourse to grain-surface reactions.
In particular, our model reproduces both the isotopologue abundance ratios and the ortho:para
ratios of NH,D and NHD, within observational uncertainties. More accurate observations are
necessary to distinguish between full scrambling processes — as assumed in our gas-phase
network — and direct nucleus- or atom-exchange reactions.

Key words: Astrochemistry — Stars: formation — ISM: abundances, molecules —ISM: individ-
ual objects H-MM 1, L16293E, Barnard B1.

and with the sub-millimeter ESA/Herschel observatory indicate that
more than about 80 per cent of water from the pre-stellar core ac-
tually remains in solid form during the collapse of the protostellar

1 INTRODUCTION

The gravitational collapse of gas and dust, which can lead ulti-

mately to the formation of a star and planets, can be observed, in
its early stages, through the molecular lines that are emitted by the
contracting object. Many such observations have been performed
in recent years, by means of ground-based and satellite observato-
ries, and the ALMA array is now providing unprecedented angular
resolution. Furthermore, there are converging lines of evidence that
cometary ices carry signatures of pre-stellar core chemistry. Most
recently, unexpectedly large abundances of O, and volatile S; in the
coma of comet 67P/C-G were reported (Bieler et al. 2015; Calmonte
et al. 2016), while observations with ground-based interferometers
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envelope towards the protoplanetary disc (van Dishoeck et al. 2014).

As the object collapses, its density increases, and changes in the
rates of physical and chemical processes cause the composition of
the medium to evolve. These changes can be followed by means
of models that incorporate both the dynamical processes associated
with the collapse and the physical chemistry of the gas. Given that
the time-scale for gravitational collapse and those of many of the
chemical processes are comparable, it is desirable that the numerical
model should be able to solve simultaneously the dynamical and
chemical rate equations.

Our previous models of pre-stellar objects have either neglected
the dynamics and assumed that the chemical composition attains a
steady state at a given density (Le Gal et al. 2014), or followed the
contraction of the radius, R, of a core of mass M by means of the
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equation of gravitational free fall,

1 dR  1dx T (1 12
R dr x dr 2tx \ X

(Flower, Pineau des Foréts & Walmsley 2005), where  is the time
and x = R/Ry < 1. The initial radius, R, of the condensation is
given by

( IM >l/3
Ry = €3
47 po

with pg the initial mass density. The time-scale, 7y, for free-fall
collapse is

37 1/2
o= = 3
T (326,00) 3)

(Spitzer 1978). By integrating equation (1) in parallel with the
chemical rate equations, the chemical composition of the medium
may be derived, as a function of the (time-dependent) density of the
cloud.

Seminal studies of the gravitational collapse of condensations of
material in interstellar clouds (Larson 1969, 1972; Penston 1969)
have shown that, in the initial isothermal phase, the collapsing
core becomes surrounded by an envelope whose density varies as
r~2, where r is the radial distance to a point in the condensation.
The central object subsequently acquires mass via an outwards-
propagating expansion shock wave (Shu 1977). This model was
adopted by Visser, van Dishoeck & Black (2009) and Visser, Doty
& van Dishoeck (2011) in order to simulate the chemical evolution
of a molecular medium that is undergoing gravitational collapse.
Their (two-dimensional) simulation assumes the condensation to
be rotating, and consequently some of the infalling material accu-
mulates in a disc. More recently, Keto, Caselli & Rawlings (2015)
have applied a one-dimensional (‘Larson—Penston’, hereafter L—
P) dynamical model in their study of the chemistry of collapsing
pre-stellar cores.

In our approach, we distinguish between a central object (‘core’),
whose initial mass is equal to the Jeans mass and which is under-
going free-fall collapse, and the surrounding object (‘envelope’),
which forms through mass-loss from the core; the total mass of the
core plus the envelope remains constant and equal to the Jeans mass.
As the core evolves, its density increases but its mass decreases.
The increasing density leads to an enhanced rate of adsorption of
the molecular gas on to the grains, while an increasing fraction of
the molecular column density is contributed by the surrounding en-
velope. We simulate the structure and chemical composition of the
envelope by means of a time-dependent chemical model, assuming
an r~2 density profile in the envelope and a constant temperature
throughout. The column densities of atomic and molecular species
are computed in the core and the envelope, and comparisons are
made with the corresponding values observed in pre-stellar sources.

Our treatment of the chemistry of the medium distinguishes it-
self from other studies of protostellar collapse (Lesaffre et al. 2005;
Visser et al. 2011; Aikawa et al. 2012; Keto et al. 2015) by includ-
ing explicitly the various nuclear-spin states of the carbon, nitrogen,
oxygen, and sulphur hydrides and their abundant deuterated forms.
It has been known for over a decade that the (observed) deuterium
enrichment of molecules such as ammonia is mediated by reac-
tions with the deuterated forms of HY and is intimately linked to
the evolution of ortho:para abundance ratios. Our model combines
a chemistry of pre-stellar objects that incorporates isotopic and
nuclear-spin modifications of the relevant species with a dynamical
simulation of the initial phase of gravitational collapse that results in
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the formation of the pre-stellar object. The dynamical and chemical
rate equations are solved numerically, in parallel, thereby allow-
ing, in a self-consistent manner, for departures of the physical and
chemical states of the medium from a steady state.

In Section 2, we summarize the characteristics of the model;
Section 3 contains our results and comparisons with observations
of pre-stellar objects, and Section 4 our concluding remarks.

2 THE MODEL

2.1 A new dynamical model

We consider a spherically symmetric, isothermal, non-rotating

medium, consisting of neutral, positively and negatively charged

gas and dust. The mass contained in the collapsing sphere is
4,

My = ?Rbpo,

where Ry is the initial radius and pq is the initial, uniform, mass

density. Both the Jeans mass, Mj, and the critical mass for stability

of a Bonnor—Ebert sphere, M., are of the same order, given by

kT 3/2 1 1/2
MJ ~ Mcrit ~ — ’
uG Lo

where 1 = 2.33my = 3.9 x 1072* g is the mean molecular mass
and T = 10K is the kinetic temperature of the gas. Taking po
= nou = l.4ngmy, where ng = 6.0 x 103cm™> is the initial
number density of the gas (corresponding to molecular gas with
ny = n(H) + 2n(Hy) = 10* cm™ and n(He)/ny = 0.10), yields M
~ T M@; the corresponding free-fall time is gy = 4.4 x 10° yr.

We compute the chemical evolution of a fluid particle that flows
inwards, at speed, v(R), where R is the radius of the free-falling core.
Following the early study of Larson (1969), the free-falling core, of
radius R, has a uniform density p and is progressively surrounded
by an envelope whose density peny €volves as

Ry \’ R\’
penv(Renv) = Po Rom =p Rom s 4

which implies that the mass of the core is

R
M(R) = My—. Q)
Ry

The equation of motion under conditions of free-fall gravitational
collapse is

&’R _ GM(R)
dr2 R?
where G is the gravitational constant. Using equation (5), equation
(6) may be integrated, yielding

(R)—d—R——{ZGMOI (ROHW (7)
s T R "\R

: Q)

with the initial condition that v(R) = 0 when R = Ry.

We note that equations (4) and (5) have the form of the density and
mass distributions of the ‘singular isothermal sphere’ considered by
Shu (1977) (his equation 2). When transformed to his dimensionless
variables, the infall velocity that we compute exhibits a profile that
is similar to the isothermal collapse solutions plotted in his fig. 3.

Our calculation traces the free-fall collapse of a particle at the
edge of the core but is not truly Lagrangian. The flux of matter
escaping outwards, across the boundary, R, of the collapsing con-
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Figure 1. The evolution, in our ‘Larson—Penston’ (L-P) model, of the
density profile of the gas (full curves), ny, as a function of the radius for a
mass Mo =7M(,) and an initial density of ny = 10* cm 3. The time elapsed
from the initial configuration (in Myr) is indicated for each curve. The filled
circles indicate the location of the outer edge of the envelope, which varies
with the core radius, in order that the total mass is conserved. The results
of Larson (1969), for a 1 M, contracting cloud of initial density and radius
ng =4.7 x 10* cm™3 and 1.1 x 10* au, respectively, are also shown for
comparison (broken curves, labelled with the times in units of 1013 s).

densation, is given by

47 R? ——d—M——M R)/R 8
pu=—--= ov(R)/Ro 3

which can be written in the form

dm 4r dR

4T Ripout = ——— = —— R3 po—— . 9

7T Ry pout a 5 Romo &)

It follows that the speed at which matter crosses the surface of the
sphere is

u=—v(R)/3 (10)

and hence the flow speed of this matter in an inertial frame is
2/3 v(R). The outer radius R, of the envelope contracts at this same
speed (see Fig. 1), thereby ensuring conservation of the total mass
of the core and the envelope.

In the following, comparisons to observations will be based on
both abundances and column densities. To compute the column
densities, we note that during a time interval d¢, the core contracts
by a distance dR and the column density of any species in the
envelope increases by

dNeny = —%nH(R)X(R)dR, (11)

where ny(R) and X(R) represent the density and the abundance,
with respect to total H nuclei, at radius R, respectively. Integration
of that quantity thus gives the contribution of the envelope to the
total column density. On the other hand, the column density of the

uniform collapsing core is simply
Neore(R) = ng(R)X(R)R. (12)

Note that in our approach, the chemical composition of the enve-
lope is not computed explicitly but is determined by that of the
free-falling inner core (see Section 3.3.3). In the following, the con-
tributions to the column densities from both the front and the rear
of the cloud are included, assuming spherical symmetry. Although
the mass of the envelope becomes greater than that of the contract-
ing core early in the collapse process — when the density, ny, of
the core is about 2 x 10* cm™ — the total column density remains
dominated by the contracting core. As will be seen below, this is not
necessarily the case for the chemical species, owing to freeze-out.

Our approach simulates well the density profile and, qualitatively,
the velocity profile calculated by Larson (1969): the evolution of the
density profile of the envelope and core is shown in Fig. 1. Initially,
when R = Ry, the gas is at rest in an inertial frame. Subsequently,
the infall velocity increases as R decreases, as may be seen from
equation (7) and the results in Fig. 2, in which the contributions of
the collapsing core and of the envelope to the total column density
and mass are also shown. On the other hand, the infall velocity
predicted by the L-P solution of Keto et al. (2015) increases with
R. Furthermore, the gas is not initially at rest, which is inconsistent
with one of the conditions specified by Larson (1969). Thus, while
the profile of the density of the gas that we calculate is analogous
to that of Keto et al., the velocity profile is qualitatively different.

The reason for the discrepancy in the velocity profiles is that
the L-P profile of Keto et al. (2015) derives from the similarity
solution considered in appendix C of Larson (1969) and not from his
numerical results. The similarity solution for the infall speed tends,
at large radius, to a value of 3.28 times the isothermal sound speed;
but Larson notes that the computed velocity profile approaches the
similarity solution only slowly, and the collapse must be followed
over at least 12 orders of magnitude in density to approach the
limiting value. In practice, we are concerned with the early stage of
the collapse process, during which the density increases by only a
few orders of magnitude from its initial value and the gas at large
radius remains approximately at rest.

In our model, the differential equations are solved where R
is the only variable. The elapsed time is then computed as t =
/, 1;; dx/v(x). The equation of mass conservation applied to each
of the neutral, positively and negatively charged fluids in the free-
falling core takes the generic form
tap_ s 2 )
pdR ~ pR R
where p(R) is the mass density, S(R) is the rate of production of
mass per unit volume, for the appropriate fluid, and R = v(R). In
the case of a free-falling core with no envelope, such as in FO6, the
second term on the right-hand side would be 3/R. In our case, the
core loses mass, hence building up the envelope (see equation 5),
such that dM/M = dR/R which yields dp/p = —2dR/R instead of
—3dR/R.

Chemical processes result in mass exchange amongst the three
fluids (e.g. in the production of a neutral by recombination of a
positive and a negative species), but overall mass conservation is
maintained, i.e. S, + Sy + S_ = 0. The three fluids are assumed to
have a common flow speed, v, and kinetic temperature, 7.

As the core contracts, from Ry to R, its composition evolves. This
chemical evolution is followed by means of
1 dn N 2

e N2 14
ndR ~ nR R (9
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Figure 2. Our L-P model. Top panel: the velocity profile of the inner
collapsing core as a function of its radius (in au) and its central density (in
em~3). Middle panel: the temporal profiles of the total H nuclei density
ny (in units of 10° cm™3), of the radii (in astronomical units) of the core
(R) and the outer edge of the cloud (Royt), and of the infall velocity [—v(R),
equation 7]. The parameters are those of Table 1. Bottom panel: contributions
of the core and the envelope to the mass (in M@), M ore, and Meyy, and
to the total column density (in units of 1022 cm™2), Neore, and Neny. In all
panels, the time is expressed in Myr.

where n(R) is the number density of the species and N(R) is its
rate of (chemical) formation per unit volume. Over 200 species,
comprising gas- and solid-phase atomic and molecular species and
grains, participate in a set of over 3000 chemical reactions, which
change the composition and degree of ionization of the medium,
notably by the freeze-out of neutral species (including, where rele-
vant, nuclear-spin variants and deuterated forms) on to the surfaces
of grains.

The first-order differential equations representing the dynamical
and physico-chemical processes were integrated by means of the
DVODE algorithm for solving, in particular, ‘stiff” differential equa-
tions (Hindmarsh 1983). We allowed for the coagulation of grains
during the collapse, following the description of this process by
Flower et al. (2005) and using the measurements of Poppe & Blum
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Table 1. Initial parameters of Flower et al. (2006b) (FO6) and of the refer-
ence model used in our L-P collapse.

Parameter Notation ~ Unit Value

F06 Reference
Mass My M? - 7
Initial cloud radius Ry au - 3.5 x 10*
Initial density ny em™3 10* 10*
Kinetic temperature T K 10 10
Cosmic ray ¢ 57! 1x 1077 3x 107"
ionization ratef
Initial radius of the ag pum 0.05 0.10
refractory grain core
Initial free-fall time T Myr 0.43 0.43

§ The abbreviation ‘au’ is used here for the astronomical unit of distance
(1.5 x 103 cm).

1 ¢ is the rate of cosmic ray ionization of Hp, namely the sum of the
ionization and dissociative ionization of Hj.

Table 2. Fractional elemental abundances, with respect to H nuclei, and
their partitioning into volatiles (gas and grain mantles) and refractory (grain
cores), and the corresponding levels of depletion (8, in percent) from the
gas phase. Numbers in parentheses are powers of 10.

Element Total Volatile Refractory )
Gas Mantles
H 1.0 1.0 - - 0
He 1.00(—1) 1.00(—1) - - 0
C 3.55(—4) 8.27(-5) 5.55(=5) 2.17(—4) 71
N 7.94(=5) 6.39(=5) 1.55(=5) - 20
(6] 4.42(—4) 1.24(—4) 1.78(=4)  1.40(—4) 72
S 1.86(-5) 6.00(=7) 1.82(-5) - 98
Mg 3.70(-5) - - 3.70(-5) 100
Si 3.37(-95) - - 3.37(=5) 100
Fe 3.23(-95) 1.50(-9) - 3.23(-5) 100

Table 3. Initial fractional abundances in the grain mantles, expressed rela-
tive to the total H nuclei density ng = 10* cm™3. Numbers in parentheses
are powers of 10.

Species Fractional abundance
H,O 1.03(—4)
CO 8.27(—6)
COy 1.34(-5)
CHy 1.55(—6)
CH30H 1.86(=5)
H,CO 6.20(—06)
HCOOH 7.24(—06)
NH;3 1.55(=5)
H,S 1.80(=5)
OCs 2.07(=7)

(1997). Coagulation reduces the total surface area of the grains and
hence the rate of adsorption of the neutral species on to the grains.

The physical parameters used for the two series of models —
labelled ‘FO6’ and ‘reference’ — of our study are summarized in
Table 1. We adopted the initial distribution of the elements amongst
the gas and solid phases summarized in Tables 2 and 3 (see also
Flower et al. 2005); the solid phase consists of grains with a refrac-
tory core and an ice mantle that increases in size during the collapse
process, owing to freeze-out.
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2.2 A new chemical network

Since the Flower, Pineau des Foréts & Walmsley (2006b) (here-
after FO6) paper, there have been significant changes to the rate
coefficients for chemical reactions, notably those determining
ortho<>para inter-conversion, e.g. for Hf + H, and isotopic vari-
ants (see below). In addition, new THz facilities have provided the
abundances of spin isomers of several hydride molecules, such as
H,D*, which motivated a complete revision of the spin-separated
astrochemical network of F06. In the process, the rates of cosmic
ray-induced photoreactions, which are significant in establishing the
steady-state abundances, have also been revised. We provide here
a summary of the most salient features of the new University of
Grenoble Alpes Astrochemical Network (UGAN), while full details,
and the entire network, can be found in the Appendices. The lists of
the non-separated and separated species are provided in Tables D1
and D2, and samples of the associated chemical networks are given
in Tables D3 and D4. The full networks, both non-separated and
separated, are available through on-line supplementary materials.

2.2.1 New conversion rates for Hf + H, and isotopic variants

Animportant addition to the reaction network is the exoergic proton-
exchange reaction

oHj + oH, — pH{ + oH, (15)

which was excluded from the reaction set of FO6 on the grounds
that the change of proton spin orientation in the HJ ion must be ac-
companied by oH + oH, — pH? + pHy, yielding para-H,. How-
ever, both forms of H, can be represented by the combinations of
the ‘spin-up’ () and ‘spin-down’ (B) single-particle nuclear spin
functions, namely 22 (; B> + @2 B1) and 272 (a1 B, — e By) for the
ortho and para H,, respectively, where the subscripts 1 and 2 label
the protons. It follows that a quantum-statistical calculation, such
as that undertaken by Hugo, Asvany & Schlemmer (2009), can give
rise to non-zero rate coefficients for processes that would be ex-
cluded in a more simplistic approach. In fact, Hugo et al. obtained
a rate coefficient for reaction (15) that is 4 times larger than for
the reaction leading to pH,. As a consequence, the ortho:para-H7
ratio calculated using their data may be expected to be lower than
when reaction (15) is neglected, as in FO6. This expectation is con-
firmed by the results of the steady-state calculations, as may be
seen in Table 5: even though the ortho:para-H, ratio is lower, the
ortho:para-H7 ratio is also lower than was calculated by F06.!

For the important ortho<>para inter-conversion reactions in the
Hj + H, system and isotopic variants, we replaced the ground-
state-to-species kinetic rates, published by Hugo et al. (2009) and
used extensively in the astrophysical community, by species-to-
species rates. To do so, the state-to-state rate coefficients computed
by Hugo et al. (2009) were averaged, adopting local thermal equilib-
rium (crE) level populations for temperatures up to 50 K. For each
reaction, the (logarithm of the) resulting temperature-dependent
rates were fitted by a modified Arrhenius law. While the modi-
fications are small for the lightest species — Hy, HY, and H,D*
— they become more important for the heavier, doubly or triply
deuterated species. We note that our rates agree to within a factor
of 2 with the species-to-species rates calculated by Sipild, Harju
& Caselli (2017) using a similar procedure. We also checked that
our new rates correctly recover thermalized ortho-to-para ratios for

! Available at http://massey.dur.ac.uk/drf/protostellar/chemistry _species.

Table 4. Steady-state abundances, expressed relative to ny = n(H) +
2n(Hy) = 10* cm™3, as calculated using the chemical reaction set of Flower
et al. (2006b) (F06) and our present, updated chemistry. Two values of the
cosmic ray ionization rate, ¢, and of the initial refractory grain core, ag, have
been used, which are indicated. Where the nuclear-spin state is not specified
(e.g. NH;D), the fractional abundance is the sum of the abundances of the
individual nuclear-spin states. Numbers in parentheses are powers of 10.

Species FO6% Present
c=1x10""7s"! 1x 1077 3x 1077
ag = 0.05 um 0.05 0.10
H 2.2(—05) 2.3(—05) 6.9(—05)
pH, 5.0(—01) 5.0(—01) 5.0(—01)
oH, 1.4(—03) 4.1(—04) 5.4(—04)
N 1.2(—05) 5.3(—06) 8.4(—06)
pNH;3 4.1(—08) 2.3(—09) 5.0(—09)
oNH3 1.4(—08) 1.2(—09) 2.7(—09)
NH,D 4.6(—09) 2.6(—09) 4.7(—09)
NHD, 2.1(—11) 6.6(—11) 1.0(—10)
ND; 2.0(—14) 2.7(—13) 4.1(—13)
CN 9.2(—09) 2.0(—09) 7.4(—09)
HCN 1.1(=07) 1.6(—09) 2.8(—09)
HNC 1.4(—07) 1.4(—09) 2.9(—09)
N, 2.6(—05) 2.9(—05) 2.8(—05)
pHT 7.4(—10) 1.5(—09) 4.1(—09)
oH7 1.1(—09) 5.5(—10) 1.8(—09)
oH,D* 2.0(—11) 9.6(—11) 2.7(—10)
pH,D* 3.4(—12) 5.1(=11) 1.3(—10)
oHDJ 1.4(—12) 2.2(—11) 5.9(—11)
pHDZ 5.2(—13) 7.2(—12) 1.9(—11)
oD? 3.0(—14) 8.8(—13) 2.2(—12)
mD7 3.8(—14) 8.2(—13) 2.1(~12)
pD7 43(—14) 1.1(~13)
NoH* 5.0(—10) 5.2(—10) 9.3(—10)
N,D* 2.5(—12) 1.8(—11) 3.1(=11)

Shttp://massey.dur.ac.uk/drf/protostellar/chemistry_species

H and its deuterated analogues, at temperatures larger than ~16 K
(Le Bourlot 1991; Flower, Pineau des Foréts & Walmsley 2006a).
These new rates are provided in Tables D7-D10.

2.2.2 State-of-the-art, fully separated hydride chemistry

Faure et al. (2013), Rist et al. (2013), and Le Gal et al. (2014) have
revisited and revised the chemistry of nitrogen-bearing species,
which now includes specifically the various nuclear-spin states of
the carbon, nitrogen, oxygen, and sulphur hydrides and their abun-
dant deuterated forms. The nuclear-spin state separation was per-
formed using the permutation symmetry approach of Quack (1977).
During this process, the rate coefficients of many bi-molecular reac-
tions were updated, following a literature survey. Full details of the
assumptions behind this new chemical network are provided in Ap-
pendices B and C. In Appendix D, we specify the rate coefficients
for these reactions that have been adopted in the present calcula-
tions, including the steady-state computations reported in columns
3 and 4 of Table 4.

2.2.3 Grain-surface processes

It should be noted that no explicit grain-surface reactions are in-
cluded in the chemical network (except the formation of H, and
isotopologues). The rates of adsorption of neutral species were
computed with allowance for the contribution of the grain mantle
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Table 5. Top: steady-state ortho:para (and also m:p in the cases of D;’ and
ND3) abundance ratios for the species listed in Table 4. Also given are the
corresponding thermalized ratios at 10 K and in the limit of high temperature.
Bottom: abundances of the deuterated isotopologues of ammonia, relative
to NH3. The abundances are sums over the contributions of the individual
nuclear-spin states. Numbers in parentheses are powers of 10.

Species Present FO6% Thermalized

1x1077 3x1077 1x 10717 10K 00
H, 7.4(—4) 1.1(=3) 28(=3) 3.5(=7) 3
HY 3.6(—1) 43(—1) 14 7.5(=2) 1
H,D* 1.8 2.1 5.8 1.9(=3) 3
HDS 3.0 3.1 2.7 9.8(1) 2
Df (o:p) 20.9 19.5 - 4.1(2) 16
DY (m:p) 19.2 19.3 - 1.8(3) 10
NH; 59(—=1)  54(=1) 3.4(-1) 3.7 1
NH,D 1.7 1.7 - 2.9 3
NHD, 2.1 2.1 - - 2
NDj3 (0:p) 16.6 16.5 - - 16
ND; (m:p) 10.8 10.7 - - 10
NH; 1.0 1.0 1.0 - -
NH,D 33(=1)  22(=1) 83(=2) - -
NHD, 82(—3)  4.6(=3) 3.8(—4) - -
ND3 4.3(=5) 1.9(=5)  3.6(=7) - -

§ http://massey.dur.ac.uk/drf/protostellar/chemistry_species

to the grain cross-section, as described in appendix B of Walmsley,
Flower & Pineau des Foréts (2004). Our treatment of the thermal
desorption of molecules, following cosmic ray impact, follows sec-
tion 5 of Flower, Pineau des Foréts & Walmsley (1995). Ortho- and
para-H, are assumed to form on grains in the statistical 3:1 ratio
of their corresponding nuclear-spin states, / = 1 and /= 0. On the
other hand, an ortho-to-para ratio equal to unity is assumed for all
other species upon desorption. The desorption of molecules by the
cosmic ray-induced ultraviolet radiation field (see Appendix A) is
also included.

2.2.4 H; -driven non-LTE ortho:para ratios

The thermal equilibrium (LTE) ratio of the population densities of
the lowest ortho and para states of Hy is

n(Jg =1p) 4 ( 32.9)

——— =—exp|—— |,

n(Jg=1;) 2 T

where 4 and 2 are the statistical weights of the ortho and para states,
respectively, and 32.9 K is the energy of the lowest ortho state above
that of the lowest para state. At a kinetic temperature 7= 10 K, the
e ortho:para-Hj ratio is 0.075; Tables 4 and 5 show that their
populations are indeed strongly inverted (i.e. the population ratio
exceeds its value in LTE). This inversion is a consequence of the
dominance of ortho-H, in establishing the relative populations of
the ortho- and para-H7 states and the inversion of the populations of
the /=1 and I = O states of ortho- and para-H,, respectively, through
the grain-formation process. Similarly strong deviations from LTE
(thermalized) ratios are found for most species (Faure et al. 2013).

3 RESULTS AND DISCUSSION

The initial distribution of the elements is specified in Tables 2 and 3.

Chemical models of prestellar cores 4459

3.1 Steady-state composition

It is instructive to compare the initial (steady-state) abundances of
species incorporated in the model with the values obtained by FO6
for a cloud having a uniform density (ng = 10* cm™) and kinetic
temperature (7 = 10 K). In these models, the cosmic ray ionization
rate of Hy is ¢ = 107'7 s7! and the initial radius of the refractory
grain core is a, = 0.05 um (see Table 1).

As may be seen from a comparison of columns 2 and 3 of Table 4,
the recent revisions to the chemistry have repercussions on the
composition of the gas. The corresponding ortho:para ratios are
listed in the upper part of Table 5. Faure et al. (2013) calculated, in
a steady state at T = 10K, an ortho:para-H, ratio of 9 x 1074, for
a model that is similar to that considered in Tables 4 and 5; their
ortho:para-NHj ratio was 0.7. As might be expected, these values
are closer to the present results than those of F06. In the lower part
of Table 5 are the degrees of deuteration of ammonia, which are seen
to be greater in the present calculations than in those of F06. This
deuteration process is mediated by the deuterated forms of H7,
which are produced in reactions of Hf with HD; these reactions
were also studied by Hugo et al. (2009). It is the revisions to these
rate coefficients that lead to higher abundances of the deuterated
isotopologues of ammonia in this study.

The significance of the steady-state fractional abundance of any
given species depends on the associated equilibrium time-scale,
which can attain values in excess of 1 Myr under the conditions
considered here. Although condensations may remain close to a
quasi-static equilibrium for time-scales as long as 500 kyr (Briinken
etal. 2014), it is unlikely that the chemical composition of the cloud
will evolve unperturbed over such long periods of time. Indeed, the
time-scale for free-fall collapse of the cloud is less than 1 Myr.
It follows that the steady-state composition of the gas has limited
relevance to observations of pre-stellar cores. Instead, the compo-
sition must be computed under conditions appropriate to collapse,
as is described in the following sections. Both our free-fall and L-P
simulations assume an initial steady-state composition for the phys-
ical conditions of our reference model (see Tablel), except where
otherwise specified.

3.2 Free-fall simulation

It is instructive to consider first the case of free-fall collapse, which
provides a point of reference for subsequent models. In Fig. 3 are
shown the variations with the collapsing cloud density, ny, of the
fractional abundances of selected species, notably some of those
containing nitrogen.

The variations of the fractional abundances with the density of the
medium that are seen in Fig. 3 are qualitatively similar to the results
of Flower et al. (2005), who also considered a free-fall model. For
the purpose of this comparison, we adopt the same values of the
cosmic ray ionization rate (¢ = 1 x 1077 s7!) and the initial radius
of the refractory grain core (a, = 0.05 um) as Flower et al. (2005).
On the other hand, there are quantitative differences, notably for Hi
and its isotopologues, which relate to the revisions of the chemistry,
as discussed in Section 3.1.

3.3 Larson—-Penston simulation

At the onset of gravitational collapse, an envelope begins to form
around a core that is initially the principal contributor to the total
column densities of the molecular species. As the collapse proceeds,
the core contracts according to equation (6) and its density increases
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Figure 3. Evolution of the fractional abundances of selected chemical species — expressed relative to ng— in a cloud that is undergoing contraction in a free-fall
collapse (four upper panels), and from our L-P model (four lower panels). In each case, the two left (right) panels focus on neutral (charged) species. The
chemical network is described in Section3.1 and Appendix D. Upper panels: models with ¢ = 1 x 10717 s71, and an initial radius of the refractory grain core

ag = 0.05 pm. Lower panels: initial parameters of the reference model of Table 1.

from its initial value; the density profile of the envelope follows from
equation (4). The envelope becomes increasingly important and, as
we shall see, its contribution ultimately dominates the total column
densities — in part because the total mass of material advected into
the envelope from the core during free fall is greater than the residual
mass of the core.

3.3.1 Fractional abundances

In Fig. 3 are shown the variations in the fractional abundances of
selected neutral and charged species as functions of the current
density, ny, of the core (and hence at the current interface between
the core and the envelope). As the density increases, atoms and
molecules are adsorbed by the grains, whose radius (of the core and
the ice mantle) increases from its initial value of 0.13 um as more
ice is deposited. In these calculations, we assumed the same value,
S = 1, of the ‘sticking coefficient’? for all adsorbing species. As is
evident from Fig. 3, the depletion time-scale is slightly longer in
the L—Pthan in a free-fall model, as a consequence of the following
factors: in the L-P model, the contraction time-scale is 4.8 x 10°
yr, 10 per cent longer than the free-fall time, and the value of ¢ (and
hence the cosmic ray desorption rate) is three times larger; but, most
significant, the initial radius of the grain core is smaller by a factor
of 2 (and the total grain surface area correspondingly larger) in the
free fall than in the L-P model.

2The sticking coefficient S is not to be confused with the mass production
rate in equation (13).
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3.3.2 Total column densities

In order to illustrate the transition from the preponderance of the
core to the preponderance of the envelope, we compare, in Fig. 4, the
contributions of the core, N o, and the envelope, Nepy, to the column
density of the ammonia molecule, NH3, and its deuterated forms,
NH,D, NHD,, and NDj3. Column densities in the core and in the
envelope are evaluated as described in Section 2. The total column
densities, Nt = Neore + Neny, are also plotted, as are the column
densities deduced by Harju et al. (2017) from their observations of
the starless core Ophiuchus/H-MM 1 by assuming a single excitation
temperature and statistical ortho:para ratios (see Table 6).

It is clear from Fig. 4 that the total column density comes to be
dominated by the contribution of the envelope, as the core contracts
and its density increases but its mass decreases. The composition
of the envelope is not uniform, as may be seen from Fig. 3: in the
vicinity of the core, adsorption on to the grains depletes the neutral
species, which has consequences for the degree of ionization of
the gas. Agreement, to better than a factor of 2, with the observed
column densities of the ammonia molecule and all of its deuterated
forms is found at a density, ny, in the range 5—10 x 10° cm~3. Fur-
thermore, since deriving mass, age, or size is not the chief objective
of this work, no attempt was made to actually find the best fit to
the data. This suggests that gas-phase processes can account for the
deuteration of NH3, without the necessity of invoking additional
grain-surface reactions, as concluded by Le Gal et al. (2014). In
any case, our gas—grain chemistry is dominated by the adsorption
of neutral species in the course of gravitational collapse; desorp-
tion processes occur too slowly to affect significantly the gas-phase
molecular abundances. On the other hand, if molecules were re-
turned to the gas phase by a mechanism that is intrinsically faster
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Figure 4. Contributions, in our reference L—P collapse model (Table1), of the core, Ncore, and the envelope, Neqy, to the total column density Niot = Neore + Neny
of the ammonia molecule and its deuterated forms, as functions of the density of the core. The column densities are evaluated as described in Section 2. The
LTE column densities in the starless core Ophiuchus/H-MM1 (Harju et al. 2017) are shown for comparison (see also Table 6.) Far right-hand panel: the column

density double ratios, Ry and R, defined in equations (16) and (17).

Table 6. Column densities (or their logjp) of ammonia and its deuterated
forms towards three pre-stellar cores.

Source Species N cm™2 o/p
H-MM1+ oNHj3 17402 % 10 -
oNH,D 1.14£0.1 x 10 24407
pNH,D 46+12x 108 -
oNHD, 40432 x 108 1.5+1.2
pNHD, 2.7 x 1013 -
mND; 1.0 £ 0.5 x 1012 -
B1® pNH; 14.74 £0.25 -
oNH,D 14.73 £ 0.10 ~3
oNHD, 13.90 +0.38 -
mND; 12.71 £ 0.20 -
116293E$ oNH,D 14.54 £ 0.10 -
oNHD, 13.82 £ 0.15 -
mND; 12.27 + 0.15 -

1 LTE column densities from Harju et al. (2017).
§ logio values from Daniel et al. (2016).

than the cosmic ray-induced desorption processes considered here,
the molecular column densities might become dependent on chem-
ical reactions on the surfaces of grains. Furthermore, surface pro-
cesses, and especially those possibly involved in spin conversion,
are still poorly constrained (Turgeon et al. 2017), and the impact
of such processes on the observed gas-phase ortho:para ratios is
difficult to anticipate. Finally, we note that the agreement with the
observations is obtained at densities for which the main contribution
to the column density of ammonia and deuterated analogues comes
from the free-falling core, before freeze-out begins to be dominant.

3.3.3 Column densities of spin isomers

Column densities of specific isomers of ammonia and its deuterated
forms have been measured towards starless and pre-stellar cores
(Daniel et al. 2016; Harju et al. 2017). Fig. 5 shows the comparison
with the column densities predicted by our reference isothermal
collapse model (see Table 1). We note first that agreement to better
than a factor of 3 is obtained for all sources and species. In the case
of H-MM1, the agreement is obtained at core densities in the range
0.3-1 x 10°cm™3, as compared with the value of 1.2 x 10°cm™
derived from the dust emission (Harju et al. 2017). Similarly, in
the case of Barnard B1, our model suggests core densities above
approximately 10° cm™3, consistent with the value of 3 x 10° cm™3

determined by Daniel et al. (2013). The observation that the core
density is higher in B1 than in H-MM1 is correctly reproduced.
However, Barnard B1 is likely to be at a more advanced stage of
evolution than is described by our model (Gerin et al. 2015), and
the agreement that we obtain suggests that ammonia is not tracing
the innermost and densest regions. In addition, our calculations
slightly underproduce p—NH3 and 0o—NH,D, which may indicate
that gas depletion through freeze-out is proceeding too rapidly in the
model. Finally, in the case of the 116293E starless core, our model
intercepts the observed ranges of column densities for o—NHD; and
m—ND; at two densities, between approximately 10° and 107 cm 3.
Although the latter density may seem too high for this type of object,
we note that it is close to the value of 1.4 x 107 cm~* obtained from
the dust-emission profiles (Bacmann et al. 2016). Overall, the level
of agreement with the observations reported in Fig. 5 (and in Fig. 4)
lends credence to the validity of the gas-phase chemical network.

Further support for our gas-phase network comes from the deuter-
ation of ammonia, from NHj through to ND;. In the far right-hand
panel of Fig. 4, we have plotted the ratios

NH,D/NH
R, = # (16)
NHD,/NH,D
and
NHD,/NH,D
, — NHD,/NH.D a7
ND;/NHD,

Observationally, both ratios are close to 3, within their uncertainties
(Daniel et al. 2016; Harju et al. 2017). I hydrogenation and deuter-
ation were determined by statistics only — as is presumably the case
in ices — both these ratios would be exactly equal to 3. However, as
Fig. 4 shows, ratios close to 3 can be produced by gas-phase chem-
istry at the core densities relevant to pre-stellar cores. It follows that
ratios of 3 are not reliable indicators of deuteration taking place in
ices, rather than in the gas phase (Harju et al. 2017). We note also
that these ratios evolve significantly from their steady-state values
as the density increases.

While our simulation of the L—P collapse enables us to include the
contribution of the envelope to the column densities of the chemical
species, the temporal evolution of the chemical composition of
the envelope is not calculated explicitly; this approximation could
lead to overestimating the contribution to the column densities of
the outer regions of the envelope, owing to an underestimation
of freeze-out. However, as freeze-out occurs least rapidly at the
densities (lower than 10° cm™?) prevailing in the outer envelope,
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Figure 6. Variation with the core density of the ratios of the total column
densities of the various nuclear-spin states of NH3 (left) and H;r (right), and
of their respective deuterated analogues. For reference, the corresponding
thermalized ratios at 10 K are given in Table 5.

and because the envelope contributes only marginally to the total
column density until massive freeze-out in the core takes place, this
approximation was verified to have negligible impact on our results.

3.3.4 Ortho-to-para ratios

In Fig. 6, we plot the spin-isomer abundance ratios of NH; and Hi
and of their deuterated analogues. The calculated HY ortho:para
ratio tends to approximately 0.7 as the core density increases. In the
case of NH3, our assumption that the deuteration reactions proceed
via long-lived intermediate complexes, in which complete scram-
bling of the nuclei occurs, leads to values of the ortho:para ratio of
NH,D and NHD, of approximately 1.8 and 2.0—2.8, respectively,
over the density range 10°~10° cm~>. These values are consistent,
within observational uncertainties, with the ratios measured in H-
MMI1 and listed in Table 6. The chemical model of Harju et al.
(2017) predicts a similar ortho:para ratio for NH,D, but a signifi-

cantly larger one (in the range 3—5) for NHD,. On the other hand,
the observed ratios are also consistent with the statistical values of 3
and 2, respectively. Ortho:para ratios close to their statistical values
were also observed by Daniel et al. (2016) in Barnard B1b.

Statistical ratios could indicate that direct gas-phase pro-
ton/deuteron hops or hydrogen/deuterium abstraction — instead of
full scrambling of nuclei in an intermediate reaction complex —
plays an important role in the deuteration process (Harju et al.
2017). Deuteration was indeed found to inhibit the permutation of
protons in the Hs+ ion (Lin & McCoy 2015), thus preventing the
full scrambling scheme adopted in the Harju et al. and our networks.
To investigate the origin of the different predictions for NHD, from
our model and from Harju et al. (2017), we have tested the influ-
ence of the reaction NH; + DI — NH,DJ + HD which eventually
leads to NHD, upon dissociative recombination. This, and similar,
reactions are not included in our network because we assume that
single particle (H, H*, D or D*) hop is the dominant outcome of
the complex forming reaction. This particular reaction results is an
increase of the ortho:para ratio of NHD, by less than 10 per cent.
Although other similar reactions have not been included in our net-
work, it appears unlikely that the factor of 1.5—2 difference between
our results and those of Harju et al. (2017) arises only from these
reactions. We also checked that the difference is not due to the new
species-to-species inter-conversion rates (see Section 2.2.1). Alter-
natively, it could be related to differences in the raw, unfractionated
and unseparated, chemical networks. Furthermore, we emphasize
that the details of the nuclear spin selection rules in deuteration
reactions such as NH3 + D;’ are currently not known, and the ob-
servational error bars are too large to allow a distinction to be made
between complete scrambling and particle hop.

3.3.5 Depletion and collapse time-scales

There remains an underlying issue with the dynamical model: the
flow velocity, u (equation 10), increases too rapidly as a function
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of the density of the gas, attaining approximately 1kms~' when

ny = 10°em™3; such velocities exceed the limiting values, of the
order of 0.1 kms~!, that are deduced from the observed line profiles
(cf. Bergin & Tafalla 2007) and are predicted by hydrodynamical
calculations (Foster & Chevalier 1993; Lesaffre et al. 2005; Keto
etal. 2015). We remark that the singular isothermal-sphere model of
Shu (1977) also produces excessive values of the collapse velocity
over a significant fraction of the cloud. As pointed out by Keto et al.
(2015), it is the velocity towards the outer edge of the cloud that is
responsible for the differences in the shape of the emergent spectral
lines. Although the velocity at large radii in our model is probably
too high, radiative-transfer calculations are needed to confirm this
conclusion.

A consequence of reducing the collapse velocity, and hence ex-
tending the duration of the collapse, is to deplete molecules on to
grains more rapidly, as a function of ny, resulting in molecular col-
umn densities that are lower than observed. This issue is unlikely
to be resolved by slowing the freeze-out process, which would re-
quire improbably low sticking coefficients or high rates of grain
coagulation. It seems more likely that molecules are returned to the
gas phase at a rate which exceeds that of desorption by secondary
photons (Appendix A) or as a consequence of heating by cosmic ray
impact (Leger, Jura & Omont 1985), which are the only desorption
processes presently incorporated in the model.

4 CONCLUDING REMARKS

We have studied the chemical composition of gas under the physi-
cal conditions that are believed to be appropriate to collapsing pre-
stellar cores. A set of chemical reactions has been assembled that not
only comprises the most recent determinations of the rates of gas-
phase reactions but also discriminates between the various nuclear-
spin states of Hy, Hfr, and the abundant carbon, nitrogen, oxygen,
and sulphur hydrides and their deuterated forms. The composition
of the medium has been investigated under both steady-state con-
ditions and during the initial stage of gravitational collapse, which
ultimately leads to the formation of a low-mass star. The freeze-out
of the gas on to grains and the coagulation of the grains themselves
are taken into account.

We compared the computed values of the column densities of key
molecular species, notably of NH; and its deuterated forms, with
the values observed in starless cores and found that the gas-phase
chemistry alone yields satisfactory agreement between the model
and the observations, without recourse to grain-surface reactions.
Regarding the relative column densities of different nuclear-spin
states of NH;3 and its deuterated forms, we find that our full scram-
bling assumption for proton and deuteron exchange yields good
agreement with the observations, in contrast with the proposition of
Harju et al. (2017) that directs nucleus- or atom-exchange reactions
dominate the deuteration process. However, accurate observational
measurements are needed to disentangle between the two processes.

The dynamical model that we used derives from the studies of
gravitational collapse by Larson (1969, 1972) and Penston (1969).
The gravitationally collapsing core loses mass to the surrounding
envelope at a rate that ensures that the density profile in envelope
Penv(Reny) X Re_n%, where R.,, is the radius; the total mass of the core
and envelope is conserved. This simple model not only simulates
the Larson—Penston density profile but also reproduces qualitatively
their velocity profile. In order to test more quantitatively the kine-
matical aspects of the model, we are currently extending our study
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by computing the line profiles of key species such as CN and HCN
and their isotopologues, including their hyperfine structure.
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SUPPORTING INFORMATION
Supplementary data are available at MNRAS online.

Table DS. The ‘condensed’ version of the UGAN gas-phase chemical network (total: 1074 reactions split into 15 tables).
Table D6. The separated version of the UGAN gas-phase chemical network (total: 3171 reactions split into 43 tables).
Table D7. Species-to-species rates for the inter-conversion reactions of H;r with HD, H,, and D,.

Table D8. Same as Table D7 for reactions involving H,D*.

Table D9. Same as Table D7 for reactions involving D,H*.

Table D10. Same as Table D7 for reactions involving D7 .

Please note: Oxford University Press is not responsible for the content or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the corresponding author for the article.

APPENDIX A: COSMIC RAY-INDUCED PHOTOREACTIONS

As was discussed by Gredel et al. (1989), secondary electrons produced by cosmic ray ionization of hydrogen can collisionally excite H,
molecules in the gas, giving rise to ultraviolet photons in the subsequent radiative decay. Most of these photons are absorbed by dust, but
some ionize atoms and dissociate or ionize molecules in the medium.

Equation (5) of Gredel et al. (1989) — for the rate Ry; per unit volume of ionization/dissociation of species M by the secondary photons —
should read

X(M)faM(v)P(v)dv
(I —w)X(g)og + Z X(M) / om(V) P(v)dv
M

Rm = ¢np,

where ¢ny, is the rate per unit volume of production of the secondary electrons, and the ratio is the relative probability that a photon is
absorbed by an atomic or molecular species, M, rather than the grains, g; w is the grain albedo, and ny is the total number density of hydrogen
nuclei. This equation may be rewritten as
X(Hy)n(M) | om(v)P(v)dv
Ry =¢ / (18)
a—wM®%+Zyn®/mwwww
M

which becomes

Ry ~ £ X(Hyn (M) -

(I—-w)
in the limit in which absorption of the secondary photons by the dust dominates; py is a photoionization/dissociation probability. The factor
X (H,) in this expression was omitted by Gredel et al. (1989), as was recognized by Woodall et al. (2007; section 3.6) and Flower, Pineau des
Foréts & Walmsley (2007; Appendix A); X(H;) = 0.5 in mainly molecular gas. We have used equation A1, together with the more recent
determinations of the photoionization/dissociation probabilities, py, of Heays, Bosman & van Dishoeck (2017) (Table 20), and adopted
w=0.5.

During the collapse, X(g)o,, where o, = naé is the geometrical cross-section of the grain, will tend to decrease, given that X(g) « a,
and that the grain radius, ag, increases owing to coagulation. However, the fractional abundances X (M) also decrease, owing to freeze-out on
to the grains.

The cosmic ray-induced photons also desorb molecules M* in the ice mantles, returning them to the gas phase. The rate of this process is
given by

3

n(M*) JY()P(v)dv
S nMH (1 = w)
where Y(v) is the desorption yield (probability of any molecule in the mantle being desorbed, per photon incident on the grain). Taking

.=1x10""s"" ny = 10*cm™3, Y(v) = 1073, independent of v (Hollenbach et al. 2009), and estimating f P(v)dv ~ 0.4 from fig. 1 of
Gredel et al. (1989) yield a time-scale (in yr) for this process

M 100
Ry

Ry ~ ¢ X(Hy) ; 19)

which is too long to be significant in the context of star formation. We note that Hollenbach et al. (2009) overestimate the rate of this process
by about 2 orders of magnitude: they calculate the flux of the far-ultraviolet secondary photons, Fryy, to be of the order of 100cm 257!,

whereas
J P()dv

Frov = ¢
<ngUg>/nH

and, taking ¢ = 1 x 1077 s7" and (n,0,)/ny = 2 x 107! cm? from Gredel et al. (1989), as did Hollenbach et al., we obtain Fryy ~
2 x 103 ecm™2 57!, We note that this value of Fryy agrees with that derived from fig. 4 of Shen et al. (2004; Ey = 400 MeV, corresponding to
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¢ =3.1 x 1077 s7"), when scaled to the same value of ¢. Hollenbach et al. (2009) appear to have been unaware of the work of Shen et al.
(2004).

APPENDIX B: THE uGaN CHEMICAL NETWORK

The University of Grenoble Alpes Astrochemical Network (UGAN) is a significantly upgraded version of the gas-phase network of FO6, which
included reactions involving species containing H, D, He, C, N, O, and S. F06 distinguished between the different nuclear-spin states of Hy,
Hi, Hf and their deuterated isotopologues, and between those of nitrogen hydrides. Nuclear-spin branching ratios were derived from simple
statistical considerations (and conservation of the total nuclear spin) but without recourse to symmetry conservation. A first update of the FO6
network consisted in a revision of nitrogen hydrides chemistry (excluding deuterated species) (Le Gal et al. 2014), with special attention to
the most recent experimental results — in particular, for the conversion of N to N, through radical-radical reactions and for the dissociative
recombination of the NH (n = 2—4) ions. The nuclear-spin selection rules were derived by the method of Oka (2004), as described in Rist
etal. (2013) and Faure et al. (2013). These rules result from the conservation of the total nuclear spin of identical nuclei and the conservation
of their permutation symmetry (Quack 1977) or, alternatively, of their rotational symmetry (Oka 2004). Although conceptually different,
the two methods are closely related and predict the same spin statistics when applied to multiple H nuclei (fermions). However, in the case
of deuterium nuclei (bosons), the one-to-one correspondence between the nuclear-spin angular momentum and the permutation symmetry
breaks down. A new method unifying the rotational and permutation symmetries was proposed recently (Schmiedt, Jensen & Schlemmer
2016).

The present network extends the work of Le Gal et al. (2014) to the entire FO6 chemical network in a systematic fashion for all hydrides
containing C, N, O, and S atoms, and their deuterated forms. Nuclear-spin selection rules were derived from the permutation symmetry
approach of Quack (1977), as explained below. Furthermore, many reaction rate coefficients were updated from a literature survey, including
recommendations from the KIDA (KInetic Database for Astrochemistry®) data sheets.

After spin isomer separation on H and D, the complete new network contains 207 species — including grains (neutral and charged) and
adsorbed species — and 327 1reactions (when including adsorption and desorption). The unseparated — or condensed — network contains 151
species and 1138reactions. The list of chemical species and the corresponding chemistry files are provided in AppendixD.

B1 Nuclear-spin-state separation

In principle, all molecules with identical nuclei of non-zero spin in equivalent positions should be treated as distinct nuclear-spin isomers.
However, distinguishing between nuclear-spin states leads to a large increase in the number of chemical reactions that have to be considered,
especially when deuterated species are included. Therefore, we have restricted the spin-state separation to hydrides and their deuterated
isotopologues, i.e. to molecules with a single heavy atom and two or more hydrogen or deuterium nuclei; this includes molecules like NH, D5
but excludes species like C3H,.

B1.1 Exothermic reactions

For strongly exothermic reactions, we assume (i) conservation of the total nuclear spin and (ii) full scrambling of hydrogen and/or deuterium
nuclei in the intermediate or activated complex. In such reactions, we assume that the intermediate complex is highly energetic and decays
statistically to the many rotational states of the products. To obtain the nuclear-spin branching ratios, the probabilities of forming an
intermediate complex in a given nuclear-spin state are multiplied by the probabilities for this complex to decay towards the nuclear-spin states
of the products. In the process, the conservation of the total nuclear spin and of the permutation symmetry of identical nuclei is taken into
account. The results of these calculations are then summed. This procedure also requires the nuclear-spin-symmetry statistical weights for
reactions involving many (here up to seven) identical particles (see Appendix C and Sipild et al. 2015). In practice, for a reaction involving
identical hydrogen or deuterium nuclei,

Ri+R; —> C, —> P+ P, B

where n = i + j = k + [ is the total number of identical particles, one needs to determine the possible permutation—symmetry species for
the reactants (I';®I;, where ® denotes a direct product), of the intermediate complex (I",) and of the products (I'4®I';) in their respective
permutation—symmetry groups (S;®S;, S, and 5;®S;). One also needs the correlation tables between the symmetry group of the complex
and the symmetry subgroups representing the reactants and the products. These tables, or matrices, are obtained using group theory and
provide the required induction and subduction statistical weights W(r,gr; 1r,)- The statistical weights are the number of independent states of
symmetry I',, induced from the I'; and I'; symmetries of the reactants. We note that the induction and subduction statistical weights are equal
according to the Frobenius reciprocity theorem (Quack 1977). The correlation tables are given in Appendix C (see also Hugo et al. 2009;
Sipild et al. 2015). From these tables, simplified expressions for the nuclear-spin branching ratios can be derived which involve only matrix

3http://kida.obs.u-bordeaux 1.fr/
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products:

Z Wrier;1r,) X Werir,)

I
P(r,@rjﬁrk@l“z) = ’

ZW(F,@F,/TF/,) X ZWw;@mru)

r, )

(B2)

with Zrk r, P(ri®r,—>rk®r, ) = 1.* Based on this formalism, we developed an automated FORTRAN routine, spinstate.£90, to calculate the
branching ratios for reactions involving up to seven hydrogen (e.g. CHy + HY) and six deuterium nuclei (e.g. DY + ND;).

It should be noted that because hydrogen and deuterium nuclei are distinguishable, reactions involving both multiple hydrogen and multiple
deuterium nuclei were divided into two parts, each with separate branching ratios that were combined (multiplied) afterwards. In addition, for
exothermic reactions involving a hydride and a non-hydride — but ‘separable’ — species whose nuclear-spin isomers are ignored (e.g. CzH,),
we adopted the above procedure to compute the branching ratios. Where the non-hydride species is a reactant, we assume equal abundances
of the nuclear-spin isomers of the non-hydride species, while, if it is a product, the associated nuclear-spin branching ratios are summed.
Finally, for charge-exchange reactions, we assumed that the nuclear spin of each reactant isomer is conserved.

B1.2 Inter-conversion reactions

For inter-conversion reactions involving H, or D, (e.g. H* + para-H, <> H* + ortho-H,), rate coefficients were taken from either specific
calculations or measurements in the literature, or estimated on a case-by-case basis. Indeed, for such ‘nearly thermo-neutral’ reactions, the
previous approach no longer applies because the full scrambling hypothesis is not guaranteed as the intermediate complex has small excess
energy, and only a small amount of this energy is available for the products (Rist et al. 2013). In this case, a state-to-state (rotationally resolved)
analysis is required to derive the nuclear-spin branching ratios. We have adopted a number of recent theoretical results from the literature for
the inter-conversion of H, and D,. We note that inter-conversion processes were neglected in reactions involving highly exothermic channels
(e.g. NH3+ + H,) because the reactive channels (in this example, leading to NHZr + H) proceed much faster than the inter-conversion (see
Faure et al. 2013, and references therein). Specifically, for the reactions between all isotopic variants of Hf and Hy, we have employed the
state-to-state rate coefficients calculated by Hugo et al. (2009). These rate coefficients were used to derive species-to-species rate coefficients
by assuming thermal population of the rotational levels within each nuclear-spin species; this supposes local thermal equilibrium (LTE),
which should apply at densities above approximately 10° cm™. An alternative would be to use ground-state-to-species rate coefficients,
assuming that all isotopologues are in their ground rotational states. Intermediate situations are also possible, as discussed in the recent work
of Sipild et al. (2017). However, only the LTE situation allows us to track anomalies in nuclear-spin isomer ratios, i.e. departures from thermal
equilibrium ratios.

For the inter-conversion reaction between H" and H,, we have employed state-to-state rate coefficients (Honvault et al. 2011, 2012),
assuming that only the ground states of para-H, (j = 0) and ortho-H, (j = 1) are populated at a low temperature. For the deuterated variant,
D" + D», a statistical method was applied (Rist et al. 2013). This method — inspired by the work of Gerlich (1990) — was found to yield
satisfactory agreement (typically better than a factor of 2) with time-independent quantum calculations (Honvault et al. 2011). The same
statistical method was applied to the inter-conversion reactions between HCO™ and H, and DCO* and D,.

B1.3 Endothermic reactions and exothermic reactions with an activation barrier

For endothermic reactions or exothermic reactions with an activation barrier, our strategy was to include only those reactions whose activation
energy is less than 1000 K. The spin-state separation of the original network of FO6 was restricted to reactions that are significant at low
temperatures (in practice, below 50 K). These reactions are generally of secondary importance; but we note the exception of N + H,, which
is at the root of the ammonia chemistry. For this reaction, we adopted the rate coefficients of Dislaire et al. (2012), as did Le Gal et al. (2014).
For the deuterated variant N* 4+ HD, we used the experimental rate coefficient of Marquette, Rebrion & Rowe (1988).

B2 Condensed network

An unseparated or ‘condensed’ network, where the distinction between nuclear-spin states is removed, is also provided for applications where
ortho:para ratios are not required. In doing so, some prescriptions are necessary for a number of reactions whose rate coefficients depend
on the ortho:para ratio(s) of the reactant(s). A good example is N* + H, (see Dislaire et al. 2012). In such a case, the KIDA value — when
validated by experts — is generally adopted by default. For the deuterated variants of Hf + H,, we adopt representative values of the rate
coefficients at a low temperature (~10 K), based on a close inspection of the individual nuclear-spin reactions.

4We note that the two sums in the denominator of equation (B2) can be expressed from dim(I") and f(T"), the dimension and frequency of the ' permutation
symmetry representation, as f{l";®I";) x dim(I";) x dim(I';) and AT, @) x dim(I'x) x dim(I";), respectively.
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APPENDIX C: NUCLEAR SPIN SYMMETRY INDUCTION AND SUBDUCTION MATRICES

We recall the pure nuclear spin symmetry induction (and subduction) statistical weight matrices for several hydrogen systems and for several
deuterium systems used in the chemistry network. These matrices give the total number of nuclear-spin states allowed from permutation
symmetry conservation in reactions involving n > 1 identical nuclei. We denote the induction weight Wr,gr 11, ;» the number of ‘complex’
spin states in a symmetry species I',, formed from two reactants, respectively, in the symmetry species I'; and I';. The corresponding subduction
weight Wr,_, . ir,er; gives the number of allowed products spin states, respectively, in the symmetry species I'; and I'; from the decay of a
complex in the symmetry species I',. The reciprocity Froebenius theorem shows that Wr,_,; ir.er; = Wrigr;ir,.i,; -

C1 Multi Hydrogen systems
See Tables C1-C3.

Table C1. Pure permutation symmetry induction/subduction statistical weights Wr, er+r,,, = Wr, ., r,er, for Hy + H — Hyy .

H+H — H, (Hugo et al. 2009)
A B Total
A A 3 1 4
Total 3 1 4=22
H, +H — Hz (Hugo et al. 2009)
A E Total
A A 4 2 6
B A 0 2 2
Total 4 4 8§ =23
Hs; +H — Hy (Hugo et al. 2009)
A E Fi Total
Ay A 5 0 3 8
E A 0 2 6 8
Total 5 2 9 16 =24
Hys+H — Hj; (this work)
A G H; Total
Ay A 6 4 0 10
E A 0 0 4 4
F; A 0 12 6 18
Total 6 16 10 32=2°
Hs + H — Hg (this work)
A H; Hy Ly Total
A A 7 5 0 0 12
Gy A 0 20 0 12 32
H,; A 0 0 5 15 20
Total 7 25 5 27 64 =26
H¢ + H — H7 (this work)
Al 1 X Y Total
A A 8 6 0 0 14
H; A 0 30 0 20 50
Hy A 0 0 10 0 10
Ly A 0 0 18 36 54
Total 8 36 28 56 128 =27

C2 Multi Deuterium systems

See Tables C4 and C5 .

Table C2. Pure permutation symmetry induction/subduction statistical weights Wr, gr, 11 = Wr,,ir,er, for Hy, + Hy — Hy40.

n+2

H, + Hy — Hy (Hugo et al. 2009)
A E F, Total
A A 5 1 3 9
A B 0 0 3 3
B A 0 0 3 3
B B 0 1 0 1
Total 5 2 9 16 =24
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Table C2 - continued

H; + Hy — Hs (Hugo et al. 2009)
A G H; Total
Ay A 6 4 2 12
A B 0 4 0 4
E A 0 8 4 12
E B 0 0 4 4
Total 6 16 10 32=2°
Hy + Hy — He (Sipilé et al. 2015)
A H; Hy Ly Total
Ay A 7 5 0 3 15
A B 0 5 0 0 5
E A 0 0 0 6 6
E B 0 0 2 0 2
F; A 0 15 3 9 27
F; B 0 0 0 9 9
Total 7 25 5 27 64 =24
Hs + Hy — Hy (this work)
A 1 X Y Total
A A 8 6 0 4 18
Al B 0 6 0 0 6
G, A 0 24 8 16 48
Gy B 0 0 0 16 16
H,; A 0 0 10 20 30
H, B 0 0 10 0 10
Total 8 36 28 56 128 =27
Table C3. Pure permutation symmetry induction/subduction statistical weights Wr, gr31r,.5 = Wr, 3ir,er; for Hy + Hs — Hpys.
Hs + H3 — Hg (Sipild et al. 2015)
Ap H; Hy L Total
Ay Ay 7 5 1 3 16
Ay E 0 10 0 6 16
E Ay 0 10 0 6 16
E E 0 0 4 12 16
Total 7 25 5 27 64 =26
Hy + Hj — H7 (Sipild et al. 2015)
A H; Hy L Total
Ay Ay 7 5 0 3 15
Al E 0 5 0 0 5
E Ay 0 0 0 6 6
E E 0 0 2 0 2
F; Ay 0 15 3 9 27
F; E 0 0 0 9 9
Total 7 25 5 27 64 =2°

APPENDIX D: THE UGAN REACTION RATE COEFFICIENTS

In this section, we provide our separated University of Grenoble Alpes Astrochemical Network (UGAN). Our convention for the names of
the isotopologues follows Maue’s rule (Maue 1937), namely that ortho species — noted with the prefix o — have the largest statistical weight,
and para species — with the prefix p — have the smallest statistical weight. Species with intermediate degeneracy have prefixes m, 1, etc. in
increasing order. Furthermore, for species that are separable with respect to both hydrogen and deuterium — such as NH, D, — the isomers are
indicated with one letter for each nucleus. In such instances, two letters are used with the previous convention applying equally to H and D,
e.g. ooNH,D,.

In the following tables, the rate coefficients are given in the traditional form of a modified Arrhenius law,

K(T) = a(T /300) exp(—y/T) cm’s™!.

Note however that the reactions of formation of H,, HD, and D,, which occur on dust surfaces, are computed as bi-molecular reactions using a
rate coefficient which is not given by the modified Arrhenius law, but which is computed internally from the density and the grain parameters.
In the following tables, the species noted y represents a photon (not to be confused with the exo/endothermicity), CRP are primary cosmic
ray particles (essentially protons), and y, are secondary photons.
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Table C4. Pure permutation symmetry induction/subduction statistical weights Wr, g, +1

P. Hily-Blant et al.

= Wr,,,ir,er; for Dy +D — Dy .

D+D
A
Total
Dy +D
A
B
Total
D3 +D
Ay
Ay
E
Total
D4 +D
Ay
E
Fy
F
Total

> > >

> > > >

D, (Hugo et al. 2009)

A
6
6

D3 (Hugo et al. 2009)

Ay
10
0

4

D4 (Hugo et al. 2009)

Ay
15
0
0
15

D5 (this work)

Ay
21
0
0
0
21

~—o 2

_-—
P oom

oo

Fi
15

30
45

H,

30
45

75

]
5

O N WO

S oo o oL

Total
9=73?2

Total
18

27 =33

Total
30
3
48
81 =3*

Total
45
36
135
27
243 =31

Table C5. Pure permutation symmetry induction/subduction statistical weights Wr, gr,+1

WF,,+3¢I‘,,®F3 for Dy + D3 — Dyy3.

n+2

= Wr,l+zlrn®r2 for D, + Dy — Dyy2 and Wr"®r3Tr

Dy + Dy

oW > >

Total
D3 + Dy

Total
Dy + Dy

Total
D3 + D3

Total

o > >

> > W > >

w > W > > > >

D4 (Hugo et al. 2009)

Ay E
15 6
0 0
0 0
0 6
15 12
Ds (Hugo et al. 2009)
Ay G
21 24
0 24
0 0
0 0
0 48
0 0
21 96
Dg (Sipild et al. 2015)
Ay H;
28 35
0 35
0 0
0 0
0 105
0 0
0 0
0 0
28 175
Dg (Sipild et al. 2015)
Ay H;
28 35
0 0
0 70
0 0
0 0
0 0
0 70
0 0
0 0
28 175

Fi
15
15
15

45

H
15

30
30
75

I wuwooocowmwooX

VN eleoNel =l =R=l ]

cowoocooT vwwwoTd

W

LT oo o~

L;
27

54

81

81

243

L
27

54

o

54

108
243

M;
10
30
30
30

100

M,
10
20
10

20

40
100

-
Ao o w

24
24
24

128

NO OO oo OoO oo Wwm

—
oo

Total
18
18

81 =34

Total
60
30

96
48
243 =35

Total
90
45
72
36
270
135
54

27

729 = 36

Total
100
10
160
10

16
160
16
256

729 = 36
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Table D1. Species of our condensed (or non-separated) network (total: 151).

1 H H, D HD D, He o] OH
2 0, oD H,0 HDO D0 C CH CH,

3 CH3 CHy Cy C,H CoH» Cs CsH CsH,
4 N N, NH NH, NH3 ND NHD ND,

5 NH,D NHD, ND3 S SH H,S co NO

6 CN SO cs HNC HCN CO, SO, ocs
7 H,CO CH30H HCO,H H* D* He+ Hy HD*
8 DY HY H,D* HD} DY ot OH* H,0*
9 oD+ o5 HDO™* D,0t H;0* H,DO* HD,0O% D30t
10 C+ CH* CHy CHY CHf CHs+ c CoH*
11 CoHY CoHT ct CsH* C3HT CsHS N* NH*
12 ND* N\ NoH* NH; NH} N,D* NHY NHD*
13 NDJ NH3;D* NH,D* NHD; ND7 NH, D3 NHDY ND;
14 S* SH* SD* H,S™* H3S* HCO™* HCS* HCOZ
15 SO* cot cst DCO* NO* HCN* CoN* HCNH*
16 HNO* CN* HSO* HOCS™ DCOF HSOF H,NC+ Fe
17 Fe+ Gr Gr— Gr+ CH} H,0* 03 Co*
18 CO3 N NH3 N3 H,S* ocs* Fe* HDO*
19 D,0* NH,D* NHD} NDj CH30H* H,CO* HCO,H*

Note. Species labelled with “x’ are species adsorbed in grain mantles.

Table D2. Species of our separated network (total: 207).

1 H oH» pH2 D HD oD pD2 He

2 0 OH 0, oD oH,0 pH,0 HDO 0D,0
3 pD2O C CH oCH, pCH, oCHj3 pCH;3 mCHy
4 pCH4 OCH4 C2 CzH C2H2 C3 C3H C3H2
5 N N, NH oNH, pNH, oNH; pNH; ND
6 NHD oND, pND; oNH,D pNH,D oNHD, pNHD, mND;3
7 pND; oND;3 S SH oH,S pH,S co NO
8 SO CN cs HNC HCN CO, S0, ocs
9 H,CO CH30H HCO,H Fe HT Dt He+ oHy
10 pHT HD* oDF pDy oH,DF pHoDT oHY pHT
11 oHD; pHD; mD; oD} pDy o+ (023 OH*
12 01‘120Jr szO+ ODJr HDOJr ODzOJr pDQOJr 0]‘[30Jr pH3 O+
13 oH,DO* pH,DO* oHD,0™" pHD,0O* mD30* oD30* pD30" C+
14 CH* oCHY pCHS Ccy CoH* CoHY ct CsH*
15 oCHY pCHZ pCHs+ oCHs+ mCHs+ mCH; pCH; oCH;
16 CoHy CsHY C3HT N* NS ND* NH* NoH*
17 N,D* oNH; pNH; mNH; oNH; pNH oNH{ pNH{
18 NHD* oNDJI pNDT oNH;D* pNH;D* oNH,D* pNH,D* oNHDZ
19 pNHD; mND7 oNDJ pNDJ 00NH, D7 poNH, D3 opNH, D7 ppNH,DJ
20 mNHD? oNHDY pNHD? IND; oND} pND; mND} St
21 SHt SD* oH,S* pH,S* oH3S™ pH3S* HCO* HCOT
22 so+* co+t cs* NO* CN* HCS* DCO™ HCN™
23 CoN* HCNH* HNO* HSO* HOCS™* DCOZ HSOT HyNC+
24 Fe+ Gr Gr— Gr+ CH; H,O* 03 CO*
25 CO3 N* NH3 N3 H,S* ocs* Fe* HDO*
26 D,0* NH,D* NHD} NDj CH;0H* H,CO* HCO,H*

Notes. o: ortho; m:meta; p:para; The statistical weights are such thatp <m <1 < o, i.e. lNDZr has a statistical weight larger than that of mNDZr and smaller
than oND} ;

poNH;D,: the first letter, p, refers to D nuclei symmetry, and the second, o, refers to symmetry of the H nuclei wavefunction.

Species labelled with ‘x” are species adsorbed in grain mantles.
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Table D3. Sample of the ‘condensed’ version of the UGAN gas-phase chemical network (total: 1074 reactions).

# Reactants Products o B y
cm?s~! K
1 H H H, - - 1.0e+00 - -
2 H D HD - - 1.0e+00 - -
3 D D D, - - 9.9e-01 - -
4 H CRP H* e” - 4.6e-01 0.00 0.0
5 D CRP DT e” - 4.6e-01 0.00 0.0
6 He CRP He+ e” - 5.0e-01 0.00 0.0
7 H, CRP H H 1.0e-01 0.00 0.0
8 H, CRP H* H e 2.3e-02 0.00 0.0
9 H, CRP HY e” - 9.8¢-01 0.00 0.0
10 HD CRP H* D e 1.15e-02 0.00 0.0
11 HD CRP DT H e 1.15e-02 0.00 0.0
12 HD CRP H D - 1.0e-01 0.00 0.0
13 HD CRP HD™ e~ - 9.77e-01 0.00 0.0
14 D, CRP Dt D e 2.3e-02 0.00 0.0
15 D, CRP D D - 1.0e-01 0.00 0.0
16 D, CRP Df e” - 9.77¢-01 0.00 0.0
17 H HY H, H* - 6.4e-10 0.00 0.0
18 H HY Hy H, - 2.1e-09 0.00 20000.0
19 H HD* HT HD - 6.4e-10 0.00 0.0
20 H HD* Hy D - 1.0e-09 0.00 154.0
Table D4. Sample of the ‘separated’ version of the UGAN gas-phase chemical network (total: 3171 reactions split into 43 tables).
# Reactants Products o B y
em? 57! K
1 H H oH, - - 7.5e-01 - -
2 H H pH2 - - 2.5e-01 - -
3 H D HD - - 1.0e+00 - -
4 D D oD, - - 6.6e-01 - -
5 D D pD> - - 3.3e-01 0.50 0.0
6 H CRP HT e” - 4.6e-01 0.00 0.0
7 D CRP Dt e~ - 4.6e-01 0.00 0.0
8 He CRP He+ e” - 5.0e-01 0.00 0.0
9 oH, CRP H H - 1.0e-01 0.00 0.0
10 pH> CRP H H - 1.0e-01 0.00 0.0
11 oH, CRP H* H e~ 2.3e-02 0.00 0.0
12 pH> CRP HT H e 2.3e-02 0.00 0.0
13 oH, CRP oH;r e~ - 9.8e-01 0.00 0.0
14 pH, CRP pHT e~ - 9.8e-01 0.00 0.0
15 HD CRP H* D e 1.15e-02 0.00 0.0
16 HD CRP DT H e 1.15e-02 0.00 0.0
17 HD CRP H D - 1.0e-01 0.00 0.0
18 HD CRP HD™ e” - 9.77e-01 0.00 0.0
19 oD, CRP Dt D e 2.3e-02 0.00 0.0
20 pD> CRP DT D e~ 2.3e-02 0.00 0.0
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