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ABSTRACT

Context. Carbon fractionation has been studied from a theoretical point of view with different models of time-dependent chemistry,
including both isotope-selective photodissociation and low-temperature isotopic exchange reactions.

Aims. Recent chemical models predict that isotopic exchange reactions may lead to a depletion of '3C in nitrile-bearing species, with
12C/13C ratios two times higher than the elemental abundance ratio of 68 in the local interstellar medium. Since the carbon isotopic
ratio is commonly used to evaluate the '*N/!°N ratios with the double-isotope method, it is important to study carbon fractionation in
detail to avoid incorrect assumptions.

Methods. In this work, we implemented a gas-grain chemical model with new isotopic exchange reactions and investigated their
introduction in the context of dense and cold molecular gas. In particular, we investigated the '>C/'3C ratios of HNC, HCN, and CN
using a grid of models, with temperatures and densities ranging from 10 to 50 K and 2 x 10° to 2 x 107 cm™, respectively.

Results. We suggest a possible '*C exchange through the '3C + C; — '2C +'3CC;, reaction, which does not result in dilution, but rather
in '*C enhancement, for molecules that are formed starting from atomic carbon. This effect is efficient in a range of time between the
formation of CO and its freeze-out on grains. Furthermore, the parameter-space exploration shows, on average, that the '>C/!3C ratios
of nitriles are predicted to be a factor 0.8—1.9 different from the local 2C/'3C of 68 for high-mass star-forming regions. This result
also affects the '“N/'>N ratio: a value of 330 obtained with the double-isotope method is predicted to vary in the range 260—630, up to
1150, depending on the physical conditions. Finally, we studied the '2C/'3C ratios of nitriles by varying the cosmic-ray ionisation rate,

: the >C/'3C ratios increase with ¢ because of secondary photons and cosmic-ray reactions.

Key words. astrochemistry — methods: numerical — ISM: molecules — molecular processes

1. Introduction

Isotopic fractionation is an important chemical process that
occurs in interstellar clouds. It is the set of processes that dis-
tribute the less abundant stable isotopes of an element into other
molecular species. Understanding isotopic abundances over a
large range of scales, from terrestrial oceans, meteorites, plane-
tary, and cometary atmospheres up to Galactic and extragalactic
environments is crucial. In particular, the variation in isotopic
ratios may give important information about the link between
Solar System objects and Galactic interstellar environments (e.g.
Caselli & Ceccarelli 2012; Hily-Blant et al. 2013a,b; Ceccarelli
et al. 2014; Fontani et al. 2015, 2020; Colzi et al. 2018a,b, 2019).

One element for which fractionation is important is car-
bon. C-fractionation in dense interstellar clouds has been studied
with different models of time-dependent chemistry. Langer et al.
(1984) introduced different isotopic exchange reactions in their
model, as proposed by Watson et al. (1976). In particular, they
proposed that C-fractionation in interstellar species is a result of
the isotopic exchange reaction:

BCt +12C0 & BCo + 2Ct +35K. (1)

They concluded that the lower the temperature, the higher the
chemical fractionation of C-bearing species. In fact, this reaction
leads to a '3C enhancement in CO and to a dilution in species
formed from C* when all of the carbon is not fully locked in

Article published by EDP Sciences

CO. Smith & Adams (1980), under the suggestion of Langer
et al. (1978), measured the rate coefficient for another isotopic
exchange reaction:

HCO* + *CO & H CO* + CO + AE K, )

with AE=12+4. However, more recently, this reaction was
revised theoretically by Mladenovi¢ & Roueff (2014) who
derived a value of 17.4 K from detailed zero-point energy (ZPE)
calculations. This value is very similar to the one estimated by
Hennig et al. (1977) of 17 + 1 K. All of these reactions are very
important in a low temperature (~20 K) environment.

In more recent works, fractionation effects due to the pho-
todissociation of CO by ultraviolet (UV) photons, based on the
theoretical studies by van Dishoeck & Black (1988), has been
taken into account in chemical models. In particular, the selec-
tive photodissociation of '>CO is expected to be dominant in
low-density (<10?> cm™3) environments, or denser regions with
a strong radiation field. Rollig & Ossenkopf (2013) found, with
their photodissociation region (PDR) model, that '2CO/'3CO is
always equal to the '2C/'3C elemental ratio (~68). However,
Visser et al. (2009) were able, with their PDR model, to repro-
duce both higher and lower values with respect to the elemental
ratio, as a function of H, column density. In fact, Visser et al.
(2009) introduced Alfvén waves in their code, which have the
effect of replacing the kinetic temperatures (7y,) in the rate
equation of ion-neutral reactions by an effective temperature that
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takes into account these non-thermal effects. They demonstrated
that these effects can take place and modify the >CO/'3CO ratio.

Observationally, numerous studies of the '>C/!3C ratio have
been conducted towards molecular clouds in the Galaxy, but
most of them through observations of CO, H,CO, and HCO™,
which, as stated before, have the possible effects of isotopic-
selective photodissociation and/or chemical fractionation (e.g.
Wilson & Rood 1994; Langer & Penzias 1990, 1993). To esti-
mate the '2C/13C elemental ratio across the Galaxy, Milam et al.
(2005) observed '>CN and 'CN towards Galactic molecular
clouds. They found:

2¢/BC = (6.01 +1.19) kpc™! x Dge + (12.28 +9.33). (3)

Moreover, they also derived a galactocentric trend taking into
account all together CN, CO, and H,CO observations:

[IZC/ISC]all molecules = (6.21 * 100) kPC_l X Dgc
+(18.71 + 10.88), (4)

and then the average local present-day '>C/'3C is 68 + 15 (at a
Sun distance Dgc = 7.9 kpc, as derived by Hunt et al. 2016 and
Boehle et al. 2016). In particular, the elemental '>C/!3C ratio as
a function of the galactocentric distance is determined by stel-
lar nucleosynthesis processes. Romano et al. (2017) have shown
that the observed trends are in agreement with Galactic chemi-
cal evolution models that include primary formation (i.e. starting
from the primordial H and He nuclei) of '>C in all stars and of
13C in intermediate-mass asymptotic giant branch stars.

More recently, Yan et al. (2019) presented H,CO and H?CO
observations towards a sample of 112 sources from which they
evaluated a new '2C/'3C trend as a function of Dgc. They
obtained the following linear fit:

12¢/13C = (5.08 + 1.10) kpc™! x Dgc + (11.86 + 6.60), (5)

which is consistent within the error bars with that found by
Milam et al. (2005) (both Egs. (3) and (4)). This indicates
that even if HyCO can be affected by chemical fractionation
processes, either as a consequence of reactions (1) and (2) or
of isotope-selective photodissociation effects (e.g. Visser et al.
2009), the trend with the galactocentric distance can still be
disentangled from these effects.

Daniel et al. (2013) performed a non-local thermal-equi-
librium analysis of HCN, HNC, CN, and their
3C-isotopologues  towards the pre-stellar core Blb.
They found HNC/HN'3’C=20%3, HCN/H”CN=30’:Z, and
CN/BCN=50%19. Magalhdes et al. (2018) obtained, towards

the starless core L1498, a HCN/H'3CN ratio of 45+ 3. These
works show that nitrile-bearing species are enriched in '*C with
respect to the local ISM value (1>C/'3C = 68).

Knowledge of the exact value of the '>C/!3C ratio is also
important for deriving the '“N/'SN ratio for nitrile-bearing
species since most studies use the so-called double isotope
method (e.g. Wampfler et al. 2014; Zeng et al. 2017; Colzi
et al. 2018a,b). This is based on observations of optically thin
species, with '3C substituted for '2C (e.g. H'*CN, HN'3C). How-
ever, this method works only if the assumed '2C/'3C ratio is
comparable, within the errors, with the value given by the galac-
tocentric trend, or if it can be determined independently from
observations or chemical models. In fact,'>C chemical fraction-
ation may affect the abundances, and also the '*N/'>N ratio, of
nitrile-bearing species. This behaviour is typically not taken into
account in chemical models inclusive of '’N-bearing species.
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Moreover, the observed '2C/!3C abundance ratios listed above
are not consistent with the values predicted by chemical models
for species like CN, HCN, and HNC. As shown by Roueff et al.
(2015), the dilution of '3C for nitriles and isonitriles is at most a
factor of 2 if derived from pure gas-phase chemical models with
a fixed kinetic temperature of 10 K. However, these models do
not include gas-grain interactions and introduce depletion effects
by simply varying the elemental abundances of carbon, oxygen
and nitrogen. It is thus important to test and refine the predictions
of these models by introducing time dependent depletion effects
resulting from gas-grain interactions. Roueff et al. (2015) also
studied C-fractionation for C, CH, CO, and HCO™, showing that
the '2C/'3C ratio is highly time-dependent. In fact, since the start
of the simulation, '*C* forms '3CO through reaction (1). For a
similar reason, CN is enriched in '*C with similar timescales
compared to B3C-enrichment in CO, due to the reaction:

BC*+CN = 2Cc* + BCN +31.1 K. (6)

Reaction (2) becomes significant once 13C+ starts to deplete from
the gas phase. HCO" is then enriched in '3C as long as the
13CO remains in excess with respect to '?CO (i.e. until CO/'*CO
comes back to the initial value of 68). The gas-phase chemical
model of Roueff et al. (2015) reached a steady state at about
107 yr for a density of 2 x 10* cm™. At this time C, CH, HCN,
HNC, and CN are depleted in '3C. This is related to reactions (1)
and (2) that continue to be important and retain all the '*C in CO
and HCO*.

In this work, we report a new detailed analysis of the
12C/13C ratio derived under different fixed physical conditions,
and with the introduction of new low-temperature isotopic
exchange reactions. We first describe the gas-grain chemical
model and the network used (Sect. 2). Then, we present the
fiducial model that we have chosen to describe the main charac-
teristics and new results about C-fractionation of this chemical
model (Sect. 3.1). Finally, we present and discuss a parameter-
space exploration for CN, HCN, and HNC. We show how the
C-fractionation in some specific models varies with the den-
sity, the temperature and the cosmic-ray ionisation rate. We also
describe the link with the '*N/'SN derived towards high-mass
star-forming regions with the double-isotope method (Sect. 3.2).

2. Model
2.1. Chemical model

Our chemical code is based on the one described in Sipild
et al. (2015a), recently updated to include several new chemi-
cal processes (Sipild et al. 2019b). In short, the code solves rate
equations for gas-phase and grain-surface chemistry, which are
connected through adsorption and (non-)thermal desorption. A
description of the basic processes including relevant equations
can be found in Sipild et al. (2015a) and are not reproduced here
for the sake of brevity.

2.2. Introduction of '3C-fractionation in the chemical model

In this paper, we model the isotopic fractionation of carbon
by introducing the isotope '3C to the KIDA gas-phase network
(Wakelam et al. 2015) using a procedure similar to our earlier
approach to generating deuterated networks (Sipild et al. 2013;
Sipild et al. 2015b).

As an example of the fractionation-generation procedure, we
consider the reaction

H + CCN — C + HCN. 7
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Here, the '3C atom can be introduced in CCN in two positions
that are considered equivalent. From a chemical standpoint, the
position of the '*C atom is important and may impact the reactiv-
ity of the molecule, but here we make the simplifying assumption
that the order of carbon atoms does not need to be tracked. We
note, however, that significant differences in abundances have
been observed for molecules where the 1*C atom can be located
in different positions. For example, Sakai et al. (2010) observed
the N =1-0 lines of CCH and its '*C-isotopic species towards
the dark cloud TMC-1 and the star-forming region L1527. They
investigated the '*C-species abundances and the possible differ-
ent formation pathways. They found a C'3CH/"*CCH ratio of
1.6 £0.4 and 1.6 £ 0.1 towards TMC-1 and L1527, respectively.
They proposed that the reaction

CH, +C— CH+H (8)

could make a difference between the formation of the two '3C-
isotopic species of C,H. Taniguchi et al. (2019) found similar
results towards L.1521B and L134N. However, testing this result
is beyond the scope of this work.

According to our present approach, the following branches
will be generated once !*C is substituted in reaction (7):

H+ NS C+HBCN
H+CcN-5 13C + HON
H+ BCCN -5 13C + HBCN,

where the branching ratio is displayed above the arrow. Essen-
tially, we calculate the probability of a given branch based on
the positions that the '3C atom can occupy on the product
side of the reaction. The same rule is applied to most reac-
tions, meaning the inherent assumption is that the reactions
proceed via full scrambling, which is not universally true (Sipild
et al. 2019a). Notable exceptions to the full-scrambling rule are
charge-exchange reactions and proton-donation reactions that
involve at least one carbon atom in each reactant and prod-
uct. For these reactions, we assume that carbon atoms cannot
be interchanged in the reaction. Mass and/or energy corrections
to the rate coefficients of the reactions due to isotopic effects
are expected to be small, below the expected accuracy of the
reaction rate coefficients, except for possible isotopic exchange
reactions, as discussed in Sect. 2.3. The same fractionation pro-
cedure is applied to our grain-surface network (Sipild et al.
2019b).

We do not consider fractionation for all carbon-containing
reactions included in KIDA, or in our surface network, in order
to maintain relative simplicity while still including the chem-
istry that is essential for the molecules typically observed and
used to derive fractionation ratios. First, we discarded all reac-
tions that contain molecules with more than five atoms. So,
for example, cyanoacetylene (HC3;N) is included in our mod-
els, while methanol (CH3OH) is not. In Sect. 3, we discuss the
results on diatomic and triatomic molecules, which should not be
affected too much by this restriction. Second, we only performed
the fractionation procedure for reactions that contain molecules
with up to three carbon atoms, and so our final networks do
not contain species like C3'>*CH. With these restrictions, our
final networks (gas-phase and grain-surface) contain a combined
total of ~11 500 reactions. Appendix A.1 describes the possible
issues in the building of the isotopic chemistry and compares the
present method to that used in Roueff et al. (2015).

2.3. Isotopic exchange reactions

In this work, we examine the behaviour of C-fractionation in a
low-temperature environment (7,5 <50 K). Isotopic exchange
reactions are very important in these cold regions and could
affect the behaviour of the '>C/!3C ratio in different molecules.
Roueff et al. (2015) studied the '>C/'3C ratio of some molecules,
introducing some isotopic exchange reactions. For this work, we
updated the list of exchange reactions, as shown in Table 1. These
reactions can occur in the absence of potential barriers and when
no other exothermic product channel is available.

We now discuss the new suggested reactions shown in the
bottom panel of Table 1. To quantify the efficiency of these
possible exchange reactions, we computed the variation of the
involved ZPE, and we assumed that the reactions take place via
an intermediate complex.

Since no experimental data is available, we assumed a pre-
exponential factor. For ion-neutral reactions, we could use the
rate given by the Langevin formula:

1
kap = 2.34 x 10*0"q(%)2 cm®s71, ©)

where u is the reduced mass of the reactants in atomic mass
units (amu), g is the electronic charge, and « is the polarisabil-
ity of the neutral species in cubic angstroms. However, since
this expression represents an upper limit for the reaction prob-
ability, we decided to guess the rate coefficients, setting them
to a similar order of magnitude with previously known reac-
tion. Reactions involving the C* ion and a diatomic molecule
(6,7, and 9 of Table 1) are assumed to proceed at the Langevin
rate. However, the C* + Cj reaction could lead to different prod-
ucts, depending on the carbon position. For this, we assumed
a rate of 9.5x 1071 cm?® 57!, about half of the Langevin rate
(1.7 % 107 cm? s!). We made this assumption since in this work
we consider only one position ('3C'?C,). Exchange reactions
may occur in neutral-neutral reactions. In the absence of more
detailed theoretical investigations, for reactions (8) and (10) we
assumed the same pre-exponential factor as for reaction (5) in
Table 1. Moreover, for the new reactions studied in this work,
the factor f is near unity unless C, (or C3) appears, in which
case it is ~2.0 if the symmetric molecule C, (or Cs) is a reactant,
and ~0.5 if C, is a product, according to the symmetry factor
term present in the partition function.

The exponential term exp(—AE/T), which is both present in
the forward reaction rate coefficients (except for reaction (2))
and in the reverse (endothermic) ones, requires the knowledge of
the energy defect (AZPE), which is obtained from the difference
of the zero-point energies of the products and the reactants. In
Table 2, we report the difference in zero-point energies between
the more and less abundant isotopologues found in the literature
for C,, CS, and C;. The energies involved depend on the position
of 13C, as indicated in Table 2. As we did not track the position of
13C, we take the lowest value involved for the energy defect, mak-
ing it possible to evaluate the importance of this mechanism at
its minimum level. '3C-fractionation in C3 could proceed further
through reaction of '3C with '*CC, and other '3C substituents.
We carried out some tests that showed that the effect of multiple
13C-fractionation on our results is negligible. We leave the full
study for future considerations.

3. Results and discussion

In this section, we discuss the main results obtained with the sim-
ulation at different densities and temperatures. The main physical
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Table 1. Carbon isotopic exchange reactions used in this work.

Label Reaction ke f(B,m)@ AE®

(cm3 s7) (K)
(1)B BCt4+CO = 2C 4800 66x1070x (&) 1 34.7

1

exp(=6.5/T) x T+exp(=34.7/T)
(DA BCO+HCO* = CO+HPCO" 26x 1072 x ()" I 17.4
3)B BCt + CN = 2C* + BCN 3.82x 107%x 1 311

T\ 04 1

(ﬁ) X Trexp(3LI/D)
4B BC+CN=2C+ BCN 3.0x 10710 x m 1 311
(5) B 13C + C2 = 12C + 13C:(: 3.0x 10710 X m 2 25.9
6)B B+ 4+ C= 2¢c+ + Bcce 1.86 x 10799 x m 2 25.9
(7)B BCr+PCC=2RCT+ 50, 1.86x 107" X geoters 0.5 26.4
(8)B BC+BcCc="C+5C 30X 1070 X geratdse 0.5 26.4
9B Ber+cs=2Ct+15¢s 1.86 X 107 X ot 1 26.3
(10)B BC+Cy; = 2C+1cg, 3.0x 10710 x W 27
(IHB BCr+C3 =2 PCT+PCC, 95x1070 X s 27

Notes. The top panel displays the reactions already used by Roueff et al. (2015), while the bottom panel displays the reactions added for the present
study. Type A reactions are direct reactions, while type B reactions are those involving adduct formation, without isomerisation, as defined by
Roueff et al. (2015). “f(B,m) is a probability factor that depends on the rotational constant, mass, and symmetry factors of the reactants and
products. In reactions involving '3C, the mass ratio of the reactants and the products is close to unity. Then, f(B,m) = g(C)g(D)/q(A)q(B), where
A and B are the reactants, C and D the products, and ¢(...) are the internal molecular partition functions. ®’AE is the exoergicity of the reaction.

Table 2. Values of the ZPEs for molecules related to the isotopic
exchange reactions used in our model.

Molecule 7ZPE AZPE @  Reference
(cm™) (K)
Cy 924.13 - )
Bcce 906.1 25.9 (D)
B¢, 887.8 52.3 (D)
B 26.4 (1)
CS 640.9 - 2)
3cs 622.7 26.3 3)
Cs 1705.06 - 4)
Bce, 1686.44 27 4)
chBcc 1675.54 43 4)
BeeBe® 166774 27 4)
BeBee®  1656.70 43 4)
By © 1637.79 27 4)

Notes. The related references are also given in the fourth column. @1t
is equal to AE used in Table 1. ®’AZPE is derived with respect to the
second molecular species of the group. ?AZPE is derived with respect
to the fifth molecular species of the group.

References. (1) Zhang et al. (2011); (2) Bergeman & Cossart (1981);
(3) Huber & Herzberg (1979); (4) Schroder & Sebald (2016).

parameters that the chemical code requires are the total number
density of H nuclei (ny'), the dust temperature (Tqys), the gas
temperature (7,s), the cosmic-ray ionisation rate (¢), the visual

U 5y = n(H) + 2n(H,) =~ 2n(H,) in dense molecular clouds like those

simulated in this work.
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Table 3. Values of the physical parameters fixed in each model.

Parameter Value

14 1.3x 10717 571
Ay 10 mag

w 0.6

ag 107 cm
Pe 3gem™?

€ = Ediﬁ‘/Eb 0.6

R4= dust-to-gas mass ratio 0.01

extinction (Ay), the grain albedo (w), the grain radius (a), and
the grain material density (o). The ratio between the diffuse and
the binding energy of a species on dust grains (¢), and the dust-
to-gas mass ratio (R.). Apart from densities and temperatures, we
fixed all of the other initial parameters as described in Table 3,
except in Sect. 3.2.3 where we performed an analysis varying the
cosmic-ray ionisation rate.

We assumed that the gas is initially atomic except for hydro-
gen, which is in molecular form. The adopted initial abundances
are presented in Table 4 and are used for all of the models
presented in this work, assuming an initial '>C/"*C ratio of 68.

3.1. The fiducial model

First of all, we analysed the behaviour of the abundances and
12C/13C ratios of different species for a particular model with a
fixed temperature and density. We chose the one with T, =10 K
and nyg = 2x 10* cm™ as our fiducial model. We note that we
always assume that the gas and dust are thermally coupled, so
that Tgas = Tqust-
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Fig. 1. Time evolution of C*, C, CO, CH, and HCO" (left panel) and of CN, HCN, and HNC (right panel) abundances with respect to H, for the
fiducial model with only gas-phase chemistry at work (solid lines) and with both gas-phase and grain-surface chemistry at work (dashed lines).

Table 4. Initial abundances with respect to ny.

Species  Initial abundance
H, 0.5
He 9.00 x 1072
(o 1.20x 107
Ber 1.76 x 1076
N 7.60 % 1073
o 2.56x 1074
St 8.00x 1078
Sit 8.00x 107°
Na* 2.00x 1070
Mg* 7.00 x 107°
Fe* 3.00x 1070
P* 2.00x 10710
Cl+ 1.00 x 107°
F 2.00x 1070

Notes. Adapted from Semenov et al. (2010). The initial '*C abundance
is given by 12C/*C =68.

3.1.1. Gas-phase model

Figure 1 shows the time-dependence of C*, C, CO, CH, HCO™,
CN, HCN, and HNC abundances, for a model with only gas-
phase chemistry at work (solid lines). Here, we simulated the
formation of H, in the grain-surface H + H association by
constructing a dummy gas-phase reaction. The rate coefficient
for this reaction, derived from the grain physical parameters

reported in Table 3, is 1g3 MVHHH, where s is the hydro-

274 pay
gen sticking coefficient, my is the mass of the hydrogen atom,
and vy is the thermal speed of hydrogen (Le Petit et al. 2002).
As in model (a) in Roueff et al. (2015), which corresponds to
the same temperature, density and cosmic-ray ionisation rate, the
steady-state is reached at a few million years. At the beginning,
all the carbon is in ionised form, and after 10? yr it is converted
into atomic carbon, which is later transformed into CO (in a

timescale of ~10° yr). Meanwhile, CH follows the behaviour of
atomic carbon, and HCO™ that of CO, as expected. In Fig. 2,
the related '2C/'3C ratios are shown with solid lines. As already
explained in Sect. 1, the 12¢/13C ratios of these molecules are
mainly governed by the isotopic exchange reactions (1), (2), and
(3) shown in Table 1. However, this model already shows dif-
ferences between the results of Roueff et al. (2015) and this
work. In fact, there is a range of time in which the '>C/'*C ratios
for nitrile-bearing species tend to be similar and lower than
68. These values for HCN and HNC were different and always
higher than 68 in previous chemical models that simulated simi-
lar physical conditions (e.g. Roueff et al. 2015). As we discuss in
Sect. 3.1.3, this behaviour is due to the introduction of the carbon
isotopic exchange reaction of Cs.

3.1.2. Gas-grain model

The time-dependence of C*, C, CO, CH, HCO®, CN, HCN, and
HNC abundances, for the complete model, with both gas-phase
and grain-surface reactions, is shown in Fig. 1 with dashed lines.
In addition to what happens with a gas-phase-only model, after
2% 10° yr, CO starts to freeze out on grain surfaces, and the
abundance in the gas phase drops. Moreover, when most of the
CO is depleted, the abundance of He*, which is produced at a
constant rate by cosmic-ray-induced ionisation, increases as CO
is one of its main destruction partner. He* continues to react
with the remaining CO in the gas phase, increasing the abun-
dance of C*. Moreover, as depletion occurs, C* mainly reacts
with H, rather than with O-bearing species. This increases the
CH abundance, and as a consequence, the abundance of related
molecules such as C,, C3, CN, HCN, and HNC increases as well
(Fig. 1 and left panel of Fig. 3). This behaviour was already pre-
dicted by Ruffle et al. (1997), and carbon chains such as HCsN
can be used as depletion indicators in late-type chemistry (after
CO freeze-out).

Dashed lines in Fig. 2 display the time dependence of the
12C/13C ratios of the same molecules discussed above for the
gas-phase model. For ¢ < 10° yr, the inclusion of gas-grain inter-
actions does not affect the isotopic ratio of C-bearing molecules.
In fact, adsorption rates depend on v;, the thermal speed of
species i, which is inversely proportional to its mass. Since
typical differences in mass between '2C-containing species and
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black horizontal dashed line represents the initial '>C/'3C ratio of 68.

13C-containing species are less than a few percent, they do not
have a significant effect. CO shows a '3C-enhancement until the
last million years of the time interval covered by the simulation.
The '2C/'3C ratios of C, CH, CN, HCN, and HNC peak at around
10° yr. The peak appears because of the interaction between gas
and grains. In fact, during the fast early time chemistry most of
the atomic carbon is transformed into CO. During this period,
most of the '*C is in principally in CO and, to a less extent, in
HCO", and is unavailable for other species. Then, after 100 VI,
the '2C/"3C ratios of the molecules listed above tend to decrease
again because of the CO freeze-out that again drives atomic C
to be the main reservoir of gas-phase carbon. Moreover, before
10° yr, there is a short interval of time where the '>C/!3C ratios
of C, CH, CN, HCN, and HNC tend to decrease, down to val-
ues lower than 68 (only for CH, CN and HCN), and after that
timescale the ratios tend to increase again. We discuss below why
this feature in the time dependence of '>C/'3C ratio is present,
and its consequences at different densities and temperatures.

In Appendix A.2, we compare the results obtained with our
gas-grain chemistry with the ones obtained by Furuya et al.
(2011). The results of the two chemical models are in agreement,
and the differences are mainly due to the new low-temperature
isotopic exchange reactions introduced in this work.

3.1.3. The importance of the possible C3 isotopic exchange
reaction

Observations of atomic carbon, and simple molecules containing
more than one carbon atom, are important to put constraints on
the processes that form larger molecules. The linear molecule C;
is one of these species. It was observed for the first time in
the ISM by Haffner & Meyer (1995), who reported a tenta-
tive detection, and then clearly by Maier et al. (2001). Later,
Roueff et al. (2002) studied this molecule towards the diffuse
molecular cloud HD 210121 where it forms mainly from the
recombination of C;H* and is destroyed by photodissociation.
They found an abundance relative to H, of 6.75x 107, Other
detections were made later towards stars surrounded by molec-
ular clouds and in translucent sight lines (Galazutdinov et al.
2002; Adamkovics et al. 2003; Oka et al. 2003). Moreover,
Wakelam et al. (2009) pointed out the possible occurrence of
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radiative association of C3 and C to form C4 and the formation
channel of CO through C4 + O. They also pointed out that the
reaction C + Cs can be important for producing more C; and
CO. Finally, Mookerjea et al. (2012) and Mookerjea et al. (2014)
observed and modelled the abundance of C; towards envelopes
of high-mass star-forming regions. Mookerjea et al. (2012) found
an abundance of C; of (6.3 = 1.3) x 10~'% in the envelope towards
DRI1(OH), which they were able to reproduce with a chemi-
cal model with ny, =5x 10® cm™ and a temperature of 30 K.
Mookerjea et al. (2014) observed along the line of sight of the
UC HII region W5le2, with Herschel, detecting an absorption
feature probably tracing a cold external envelope.

The carbon isotopic exchange reaction involving Cs,
BC+Cy="2C+1BCc, +27K, (10)
was already emphasised in the discussion of the results displayed
in Fig. 2. In this section, we investigate the contribution of this
species to the '>C/!13C ratio of different molecules. For this, we
studied in detail the main reactions that form or destroy Cs at
two precise times in the fiducial model: 3 x 10* yr and 3 x 10° yr.
These two times are earlier and later than the ‘early chemistry
time’ (#1), which we define as the time at which the abundance
of atomic carbon drops by one order of magnitude while it is
transformed into CO. In the fiducial model, #; = 1.6 x 103 yr, and
it is shown in Fig. 3 as the vertical purple line. Figure 3 dis-
plays the abundances (left panel) and the '2C/'3C ratio (right
panel) for CN, C, CO, C,, and C3. We note that the abundance
of Cj is two orders of magnitude higher than that of CN until the
late-chemistry time, when CO starts to freeze out onto grain sur-
faces (~2—4 x 10° yr). The main reactions for the two times are
summarised in Fig. 4 and are explained below in detail. More-
over, the '2C/!3C ratio for some important molecules at the three
times (3 x 10* yr, 1.6 x 10° yr, and 3 x 10° yr) are summarised in
Table 5.

For t < t;, 3CC;, is enriched in '3C, with respect to Cs,
thanks to the forward reaction (10). As a consequence, the
C5/"3CC; ratio is lower than the elemental initial value of 68, and
the atomic '?C/'3C is higher than 68. Even though reaction (6)
has a similar exothermicity, reaction (10) is more efficient since
C3/H, > CN/H,. This means that the C3/!3CC, ratio is lower
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Table 5. >C/13C ratios for different molecules (C3, C,, C, CO, CN,
HCN, and HNC) for three different times in the fiducial model: the
early chemistry time (second row), ¢;, as defined in the text, and the
times before and after #; that we have discussed in the text (first and
third rows, respectively).

Time 2¢/3¢

C; C, C CO CN HCN HNC
3% 10* yr 6 68 163 35 50 88 106
h=16x10°yr 7 24 211 63 65 68 76
3x10° yr 6 11 8l 64 57 50 79

than the CN/'3CN ratio, and it stays low for a longer time than
that of CN (CN/'3CN =68 at 1,). Moreover, most of C; is formed

from atomic 'C through the cycle:

o, 2cs Y e,

1
Conversely, C'3C is mainly formed from '3CC, through sec-
ondary UV photon reactions®. As a consequence, C»/"*CC ~ 68
since it reaches an equilibrium between the efficient formation of
C, from the very abundant '>C and the main formation of C'*C
from 1*CC,.

For t > 1, the cycle of reactions (11) is not efficient any
more since most of the atomic carbon has been transformed
into CO. Thus, C, is mainly formed from Cj reacting with sec-
ondary photons. C, then reacts with the remaining O, releasing

2 The inner parts of a dense core are shielded from external UV
photons, which can, in the inner regions, be created only through
cosmic-ray-induced H, electronic excitation.
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atomic carbon. At this time, the cycle of reactions described
above is the same for '>C and '*C-containing species (red reac-
tions in the right panel of Fig. 4). Since at this timescale the
isotopic exchange reaction of Cj is not efficient any more, the
atomic '2C/'3C ratio approaches the low values of C3. As a con-
sequence, the '>C/!3C ratio of carbon-chain and nitrile-bearing
species, which are produced starting from atomic carbon, is
low as well. This behaviour remains until the abundance of
C;3 drops (when CO starts to freeze out on dust grains) and
the '>C/'3C ratios of the other molecular species rise again.
When this happens, the main sink of '3C is CO and, to a small
extent, HCO™, and '3C is diluted in all the other molecular
species.

We would like to point out that in our chemical network, we
did not introduce '*C in reactions containing Cy, as explained in
Sect. 2.2, and some biases on C-fractionation of C3 could arise
because of this assumption. However, we found that the C4 + O
reaction is not efficient for the formation of C; in our chemical
network. Moreover, the radiative association of C3 and C giving
C,4 and the C4 + C reaction forming Cj3 back, are much less effi-
cient than the isotopic exchange reactions involving C3 with our
assumed reaction rate coefficients.

Recently, Giesen et al. (2020) reported the first detection of
the 13C-isotopolog.gues of C3, 13CCC and C13CC, towards the
massive star-forming region SgrB2(M), near the Galactic Centre.
They derived an average '>C/'*C abundance ratio of 20.5 +4.2,
in agreement with the value of 20 as derived from the galactocen-
tric trend by Milam et al. (2005) for CN, CO, and H,CO, taking
into account the three molecules (Eq. (4)). Thus, it seems that
no '3C-fractionation for C; is detected in SgrB2, contrary to our
fiducial model predictions. However, this chemical model is not
appropriate to model the physical conditions and the chemistry
towards this source. Furthermore, other observational studies
towards the Galactic Centre are needed to improve the reliability
of the '>C/'3C estimated from the galactocentric trend. Finally,
the authors found a N('3CCC)/N(C'3CC) ratio of 1.2 +0.1, dif-
ferent from the statistically expected value® (2). This discrepancy
could be explained by a difference of 16 K in zero-point energy
between the two species with respect to the main species Cs,
as shown in Table 2. The different position of the '*C in carbon
chains would probably lead to a higher abundance of C'*CC with
respect to '*CCC for 27 K < T < 43 K because of the reaction
C; + 13C - CBCC + C + 43 K. Another difference is that the
symmetry factor f for the reaction C3 + '*C — C'3CC + C is 1,
while it is 2 for the reaction C3 + '*C — *CCC + C. We plan
to upgrade our chemical network to track the position of '3C in
molecules and hence to study the possible roles of the different
ZPEs.

3.2. Parameter-space exploration

In this section, we focus the analysis on the nitrile-bearing
species CN, HCN, and HNC in order to evaluate how reliable
the estimates of the '*N/">N ratio based on '>C/'3C = 68 (Colzi
et al. 2018a,b) are.

We analysed the '2C/!3C ratio for different temperatures and
densities in three well-defined fixed times: the early chemistry
time t, , =2 X t;, and #3 = 10 X t;. The densities we analysed are
between 2x 10° cm™ and 2 x 107 cm™3, and the temperatures
are 10, 20, 30, 40, and 50 K. Figures 5-7 show the behaviour

3 Assuming a statistical distribution of '3C in C3, there are two options
to place it at the ends of the carbon chain and only one at the centre of
the molecule.
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of HN!2C/HN!3C, H!2CN/H!3CN, and 2CN/!13CN, respectively,
as a function of ny and for different temperatures. In particu-
lar, it can be noted that for #; and #, and for densities higher
than 10® cm=3, the '>C/'3C ratios tend to be higher for 10 K
with respect to higher temperatures. This is because the forward
reaction (2) is efficient until 7 < 17.4 K, together with the low-
temperature isotopic exchange reaction for Cz. Then, most of the
13C is in CO, HCO™, and in Cs.

It should be noted that this trend is also different depend-
ing on the density. This is because of the definition of f;: for
a density of 10% cm™, ¢#; is the time just before reaching the
dip of carbon isotopic ratios that directly follows Cs, while for
a density of 10° cm™, ¢ is the time when the dip in '>C/"3C is
present and follows that of Cs. The higher the density, the later
the dip of lower '>C/'3C with respect to #; when most of the
atomic C is in the form of CO. The most probable explanation,
also following what was described in Sect. 3.1.3, is that there
is a competition between the O atoms transformed into CO and
frozen out on grains, and those that are still available to take part
in the reactions shown in the right panel of Fig. 4.

Overall, for densities of ~10°=10* cm™3, the '2C/!3C ratio is
almost always higher than the canonical value of 68. Moreover,
for a density ~10° cm™3, the '2C/!3C ratio is consistent with 68
within a factor two, except for HCN and HNC for temperatures
below 20 K at #; and #3.

We also performed the same parameter-space exploration for
CO, HCO™, and H,CO, to also show the predicted '>C/'3C ratios
for these molecular species (see Appendix B).

3.2.1. Low-mass star-forming regions

As already discussed in the introduction of this chapter, Daniel
et al. (2013) found HNC/HN13C=20:5P HCN/HBCN=30’:Z,
and CN/'*CN=50"1? towards B1b, and Magalhaes et al. (2018)
obtained a HCN/H'3CN ratio of 45 + 3 towards the pre-stellar
core L1498. Daniel et al. (2013) derived a hydrogen density
of 6x10° cm™ and a temperature of 17 K towards the cen-
tre of the pre-stellar core. Furthermore, Magalhaes et al. (2018)
found, for the centre of the core, an average hydrogen density
of 2% 10° cm™ and a temperature of 10 K. Thus, we used these
physical properties to study the '2C/!3C ratios predicted by our
chemical model. The comparison is shown in Figs. 5-7.

For CN, we reproduced the values observed by Daniel
et al. (2013) at time #3, while for HCN and HNC, the val-
ues we found with our model are slightly higher. We note that
the results of Daniel et al. (2013) for HCN and HNC have
large error bars because the HCN and HNC lines are heavily
saturated. Opacity effects strongly impact the column density
derivations and may lead to an underestimation of the main iso-
tope column density, and thus of the '>C/'3C ratios. This could
explain why we are not able to reproduce the values derived
by Daniel et al. (2013). Moreover, we can reproduce the value
observed for HCN by Magalhdes et al. (2018) at time #,. This
behaviour is also shown in Fig. 8, which represents the time
evolution of the '2C/'3C ratio for the two models correspond-
ing to the two observed low-mass star-forming regions. We
note that since the model is not simulating dynamical evolu-
tion, the fact that different observations could be reproduced
at different times cannot be used to conclude anything about
the chemical age of the simulated star-forming region. In addi-
tion, we remind the reader that the initial conditions were taken
somewhat arbitrarily, so the displayed time dependence is only
indicative.
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3.2.2. High-mass star-forming regions sample

We used our model grid to estimate the '>C/'*C ratio for HNC
and HCN towards the sample of high-mass star-forming regions
observed by Colzi et al. (2018a). In particular, we used the H,
column densities listed in Table 1 by Fontani et al. (2018) to
derive the H, densities towards the region described by the
SCUBA or APEX effective beam®. The average ny of the sources
ranges from 2 x 10* cm™ up to 6 x 10° cm 3. The kinetic temper-
atures, given in Table 3 of Colzi et al. (2018a), are in between 14
and 47 K, and are similar to the range of values used in the grid of
models performed earlier in this section. With this information,
we can constrain the '2C/'*C ratios predicted by our models that
could be used to compute N-fractionation from '*C-isotopologue
observations. Figures 5 and 6 show the HN!?C/HN'3C and
H'?CN/H'3CN ratios for the three analysed times, together with
the observed volume-density range.

The 2C/13C ratios derived for t;, t,, and f3, and the errors
made when the "“N/'SN ratios are measured assuming a fixed
local '2C/'3C ratio of 68, for HNC and HCN, are listed in
Table 6. Taking, for example, one of the sources with the high-
est H, number density, 1941042336, with ny=5.8x10° cm™
and Tgs=21 K, Colzi et al. (2018a) derived a HNC/HNC
ratio of 431 +24. For the early chemistry time, we obtain

4 The effective beam of the continuum observations is 22" for SCUBA
and 15” for APEX. The instrument used for each source is given in
Table 1 of Fontani et al. (2018).

Table 6. 1>C/"3C ratios predicted for HNC and HCN in the range of tem-
peratures and densities of the high-mass star-forming regions sample
observed by Colzi et al. (2018a) (Cols. 2 and 3).

HN'’C H"2CN

Time Rl = HNTC R2 = HBCN R1/68 R2/68
1 74-135 68-121 1.1-1.9 1-1.8
1) 68-97 52-96 1-1.4 0.8-14
13 53-240 52-210 0.8-3.5 0.8-3.1

Notes. The fourth and fifth columns present the error factor made when
deriving "*N/!*N ratios assuming a local '>C/!*C ratio of 68.

HNC/H!NC ~ 550. For #, it is ~495, and for t3 the ratio goes
down to ~370. This shows that our results are time-dependent,
thus care needs to be taken in the comparison with observa-
tions, because the chemical times may not correspond to the
dynamical age of the star-forming region. So, a more accu-
rate model including also the evolution of physical parameters
is necessary to better constrain the timescales. Moreover, the
H, column densities are derived from regions (15” or 22")
that probably also include the more diffuse gas that surrounds
the denser cores in which star formation occurs. As an exam-
ple, Beuther et al. (2007) derived an H, column density of
~10%-10%* ¢cm™2 in regions of ~2" in size towards the denser
cores of the high-mass protocluster IRAS 05358 (see also
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Colzi et al. 2019). These column densities correspond to H,
number densities of ~10°~107 cm™ that are one or two orders
of magnitude higher than those used in this section to compare
with the model. Thus, detailed continuum observations and a
description of the structures of these regions are needed.

3.2.3. Effect of cosmic rays

Finally, we discuss the possible effect of different cosmic-ray
ionisation rates ({) in the fiducial model. Until now, we used
the canonical value of 1.3x107!7 s7! (e.g. Padovani et al.
2009). We analyse here how the main formation and destruction
routes (cf. Fig. 4) change when one assumes lower and higher
¢ with respect to the standard one: (jow=1.3x 10718 s~ and
Chigh =1.3 % 10716 g1, respectively. For example, (high is similar
to the value derived in the diffuse cloud in the vicinity of OMC-
2 FIR4 by Lopez-Sepulcre et al. (2013) (2.3 X {pign), and Caselli
et al. (1998) used deuterium fraction measurements of HCO™
to constrain ¢ in the range of 107'8-107'¢ s~! towards 24 cloud
cores.

In the case of {jow, the early chemistry time is 1.9 x 10° yr,
and in the model with ;g it is reduced to 5.8 x 10* yr. Figures 9
and 10 show the behaviour of the abundances and '>C/'*C ratios
of the same molecules studied for the fiducial model, for jow
and (pign, respectively. For these two models, we studied in
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detail two time-scales, before and after the early chemistry time.
Figures C.1 and C.2 represent the main destruction and forma-
tion pathways of various species for o and high, respectively.

In the case of {jow, for t < 11, 12C i very abundant, as in the
standard case, because of the efficiency of the low-temperature
isotopic exchange reactions. However, in this model the C,/C'*C
ratio is also higher than 68 and similar to the C-fractionation
of atomic carbon. In fact, the secondary photon reactions are
less efficient in creating C'*C starting from C}*C. For ¢ > 1,
the isotopic exchange reaction involving Cj is still efficient since
the destruction reaction of C?C with secondary photons is not
as significant as in the fiducial model. However, the atomic
12C/13C ratio decreases with the depletion of '>C onto grain sur-
faces. Moreover, the abundances of atomic carbon and related
molecules (like C3 and CN) do not increase again in the late
chemistry since He™ is not efficiently produced by cosmic-ray
reactions, owing to the low £. This also affects the decrease of
the '2C/'3C ratios.

In the case of luign, for ¢ < 1, reactions with secondary
photons are the most important ones. Thus, both >C- and
13C-containing species follow the same chemical pathway (see
left panel of Fig. C.2). In this case, C, inherits the '>C/'3C ratio
from C; (which is lower than 68), and the C-fractionation of
atomic carbon and Cj is still governed by the very efficient low-
temperature isotopic exchange reaction. For ¢ > #;, the behaviour
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is similar to that of the fiducial model. The main difference is
that the isotopic exchange reaction of Cj is still efficient since
secondary photons create more atomic '*C (from C, whose
C-fractionation is inherited by Cj) than in the fiducial model,
maintaining the efficiency of this reaction for longer. As a con-
sequence, the atomic '?C/!'3C ratio remains higher and there is
no decreasing trend towards values lower than 68, not even for
the molecules related to atomic carbon (CN, HCN, HNC). In
the late chemistry time, atomic carbon and C-chains form very
efficiently because of the enhanced abundance of He™ due to
the higher cosmic-ray ionisation rate. This effect maintains a
higher abundance of atomic carbon, and consequently the atomic
12C/13C ratio is larger.

We also performed a parameter-space exploration for a fixed
ny of 2x 10* cm™3, varying the temperatures from 10 up to 50 K
and the cosmic-ray ionisation rate between {iow and high. In par-
ticular, as already done in Sect. 3.2, we focused the analysis on
HNC, HCN, and CN (Figs. 11-13). The main trend is that the
12¢/13C ratios are highest for {yign. This is related to the fact
that secondary photon reactions maintain a high efficiency of
low-temperature isotopic exchange reactions that involve C3, and
the atomic '2C/'3C ratio (and that of related molecules) remains
higher than 68 (see also Fig. C.2, right panel).

4. Conclusions

We developed a new chemical network to study, in detail, how
important isotopic exchange reactions are to the chemistry of

carbon-containing species in the low temperature (10-50 K) gas
in star-forming regions with ng =2 x 10°-2x 10’ cm™3. In par-
ticular, we suggest the occurrence of '*C exchange involving
C; with atomic carbon and study the possible consequences of
this reaction. The main results and conclusions of this work are
summarised below:

1. We found that reaction (10) is mainly important for
Teas <27 K (owing to its exothermicity), and leads to
12C/13C <68 for molecules that form from atomic carbon
(e.g. C,, C3, and nitrile-bearing species). This behaviour
occurs in the time period between the conversion of atomic
carbon into CO, and the time when CO is almost completely
frozen out onto dust grains.

2. We performed a detailed study of the '2C/!3C ratios for the
nitrile-bearing species HCN, HNC, and CN, as a function of
density and for different temperatures. Our model can par-
tially reproduce the carbon isotopic ratios derived by Daniel
et al. (2013) and Magalhdes et al. (2018) from observations
towards low-mass pre-stellar cores.

3. We also used our grid of models to evaluate how far we
are from the correct '2C/!3C ratio, assumed to be 68 in the
local ISM, to derive the '*N/'>N ratios in the sample of high-
mass star-forming regions analysed by Colzi et al. (2018a).
Our chemical model predicts that we are overestimating or
underestimating the assumed '>C/'3C ratios by factors ~0.8—
1.9, even up to ~3.5, depending on the evolutionary time
that we choose for the analysis. Considering these factors,
the average nitrogen fractionation value of ~330 derived by
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Colzi et al. (2018a) and Colzi et al. (2018b) for HCN and
HNC, could become 260-1150. This range would include
both the low values measured in comets (e.g. 250), and the
higher values found in low-mass pre-stellar cores (e.g. ~630-
770 for NoH* by Redaelli et al. 2018). This highlights the
importance of knowing the precise '2C/!3C ratios in studies
of nitrogen fractionation with the double-isotope method.

cosmic-ray ionisation rate (£). We found that for ¢ higher
than the standard value of 1.3 x 10717 s~ the 12C/'3C ratios
are on average higher than in the cases with lower . This
result is due to the importance of secondary photon reac-
tions in maintaining the efficiency of the isotopic exchange
reactions involving Cs, and to cosmic rays, which lead to an
efficient production of atomic carbon and C-chains.

4. Finally, we performed a parameter-space exploration of
the '2C/'3C ratios for nitrile-bearing species, varying the

In a future work, we will upgrade the chemical network to
cover nitrogen fractionation as well. This way, we will be able to
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better describe the interplay between carbon and nitrogen isotope
chemistry. The inclusion of the position of '*C in multiple carbon
bearing species is also another challenge left for future work.
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Appendix A: Comparison with existing
fractionation procedure and chemical models

In this appendix, we compare the results of our chemical model
with other results already published in the literature. Firstly,
in Appendix A.l, we analyse the fractionation procedures in
the implementation of the '*C chemistry and compare with the
method used in Roueff et al. (2015). Secondly, in Appendix A.2
we compare our results to the 2C/'3C ratios predicted by Furuya
et al. (2011).

A.1. Comparison with Roueff et al. (2015) fractionation
procedure

The settling of fractionation reactions involving specific isotopic
exchange represents the first important step that has to be com-
pleted by the fractionation of the various reactions involving
carbon containing molecules, as described in Sect. 2.2. Such
a procedure is not unequivocal when several carbon atoms are
involved in a chemical reaction. We carefully analysed and com-
pared the present method to the study performed by Roueff
et al. (2015) for three different initial conditions in order to test
the robustness of our findings. In particular, we used the initial
conditions of this work (fiducial model with ng =2 x 10* cm™
and a temperature of 10 K), and those for model (a) and
model (b) described in Table 4 of Roueff et al. (2015) (starless
and pre-stellar core conditions, respectively). The results of the
comparison are shown in Tables A.1-A.3, for the initial condi-
tions of this work, model (a) and model (b), respectively. The
tests are performed on the steady state results of the gas-phase
model, as Roueff et al. (2015) did not consider surface reactions.
Moreover, they restricted carbon-containing molecules to three
carbon atoms, and included up to one *C in each molecule.

We first ran the chemical network used in Roueff et al. (2015)
by suppressing the substituted >N nitrogen species but keeping
the deuterated components. We realised that reactions involving
two carbon-containing molecules, which could lead to two other
different carbon-containing molecules, could be fractionated dif-
ferently, according to the chemical mechanism involved. Let us
consider the reaction AC + BC — A’C + B’C. The reaction
ABC + BC may then lead to A’'3C + B’C if the reaction pro-
ceeds directly, with the same reaction rate coefficient as for the
initial reaction. However, if an intermediate complex is occur-
ring, a redistribution of '3C can take place and the reaction may
lead to a complete scrambling of the carbon atoms. In this case,
an additional channel A’C + B’!3C can be open, and then we
assume that each channel occurs with the half value of the rate.
The fractionation procedure used in Roueff et al. (2015) did not
include this possibility. We thus compare (in Cols. 2 and 3 of the
Tables in this section) the role of such scrambling possibilities in
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the '2C/13C ratios of several observed molecules. For example,
Table A.1 shows that some ratios are more sensitive than others
to this assumption, H,CO and HNC being particularly sensitive.
The introduction of full scrambling leads to a reduction of the
12C/13C ratio when the '*C isotopologue is found to be diluted
in the non-scrambling approach. However, the lower ratios (e.g.
for CO, HCO") are not affected by this mechanism.

An additional test was performed by using the same chemi-
cal network with the additional assumption that the fractionation
of 13C acts only on molecules containing a single carbon. The
fourth column reports the results from this model, including sys-
tematic scrambling as described previously. The fifth column
displays the results obtained with the chemical network used in
this work, described in Sect. 2.2, assuming, as above, that the
fractionation of '*C acts only on molecules containing a single
carbon. We see that the results are in a reasonable agreement,
with some small differences. These can be attributed to the addi-
tional sampling of the reactions made in the present study where
charge exchange reactions are quoted specifically. An additional
difference between the two treatments concerns the omission of
the reactions between two '3C substituted reactants in the test
results reported in Col. 5, whereas these reactions are taken into
account in the tests reported in Cols. 2—4. All together, we con-
clude that the main trends of the isotopic ratios are preserved in
the different hypotheses made to build the isotopic chemistry, but
we indeed acknowledge the unavoidable remaining uncertainties
of any systematic procedure.

A.2. Comparison with the previous model of Furuya et al.
(2011)

Furuya et al. (2011) studied the behaviour of '>2C/'3C for CCH
and CCS with a gas-grain chemical model. In particular, their
work was based on the study of isotopomer fractionation, that
is the abundance ratio between the variants of a given species
where the 13C position is allowed to vary. They introduced as iso-
topic exchange reactions only (1) and (2) of Table 1. Moreover,
they did not consider multiple '3C species, contrary to our frac-
tionation procedure, which includes up to three '*C in molecules.
Figure A.l shows the abundances and '>C/'3C ratios predicted
by the present model for the same molecules studied by Furuya
et al. (2011) in their Fig. 1, for the same physical conditions. We
did not include HC3N since we cut the chemistry to five atom-
containing molecules, and the results for this molecule could be
biased by this assumption. The general time-dependence of CO,
C, C*, and HCO" is well reproduced in our model. The small
differences are likely to be due to the introduction of new possi-
ble isotopic exchange reactions in our model that are efficient at
low temperatures (like those for CN, C,, CS, and C3).
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Table A.1. Comparison between the fractionation procedure used in this work and the one by Roueff et al. (2015): steady state '2C/'*C ratios of
different molecular species in a chemical model adopting the initial conditions of the fiducial model of this work.

12C/13C ratio

Without scrambling  Full scrambling

1C-molecule

1C-molecule (this work)

12C/13C
12CH/13CH
2co/t3co
H!2CO/H!3CO
I2CN/B3CN
H'?CN/H'3CN
HN'"2C/HN"C
2¢cs/13¢s
H'?2CO*/H"*CO*

69.0
296.2
68.2
304.6
104.3
271.0
295.1
85.5
28.3

69.0
271.0
68.2
195.6
90.6
130.6
128.6
78.1
28.3

69.7
287.0
68.2
299.6
204.2
299.3
321.6
87.0
28.3

75.8
304.0
68.4
307.5
2874
283.5
283.8
244.6
26.0

Notes. Column 2 represents the results obtained with the same chemical network of Roueff et al. (2015) by suppressing the substituted *N-
nitrogen species but keeping the deuterated components, and without considering a full scrambling of carbon atom in molecules, as described in
Appendix A.1. Column 3 is the came as Col. 2, but considers full scrambling. Column 4 represents the results obtained with the same network as
Col. 3, but considers inclusion of '*C only in molecules containing one carbon atom. Column 5 shows the corresponding results obtained with the
chemical network developed for this work (Sect. 2.2), reduced with the same assumption made for Col. 4.

Table A.2. Same as Table A.1, but adopting the initial conditions of model (a) in Roueff et al. (2015), corresponding to a starless core.

12¢/13C ratio

Without scrambling  Full scrambling

1C-molecule

1C-molecule (this work)

12C/13C
2CH/"CH
2co/3co
HI>CO/H}*CO
2CN/BCN
H'2CN/H'3CN
HN'2C/HN'3C
2cs/3es
H'?CO*/H*CO*

102.1
4872
68.0
490.5
216.9
266.7
345.6
144.0
45.5

101.7
465.3
68.0
382.9
191.5
198.4
212.8
135.3
45.6

115.7
412.1
67.8
422.6
291.8
284.0
321.3
159.1
47.1

193.5
416.9
68.0
418.1
402.4
276.5
273.8
364.2
40.6

Table A.3. Same as Table A.1, but adopting the initial conditions of model (b) in Roueff et al. (2015), corresponding to a pre-stellar core.

12¢/13¢C ratio

Without scrambling  Full scrambling

1C-molecule

1C-molecule (this work)

IZC/ISC
12CH/3CH
2co/3co
H)*CO/H}*CO
2CN/BBCN
H!2CN/H!3CN
HN'2C/HN!3C
2¢s/3¢cs
H'2CO*/H"3CO*

136.7
4459
67.8
443.3
329.3
292.5
304.4
230.0
44.5

1354
432.3
67.8
334.0
204.4
162.2
147.2
171.8
44.5

171.1
380.2
67.4
382.4
3324
290.6
285.2
2571
43.7

263.7
343.6
68.0
342.5
3371
251.8
2472
3271
394
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Fig. A.1. Abundances (left panel) and '>C/'3C ratios (right panel) from our chemical model using a density of 10° cm™ and temperature of 10 K
(same as Furuya et al. 2011). In the right panel, the black horizontal dashed line represents the initial 2C/"*C ratio of 68.

Appendix B: Parameter-space exploration of CO, (Figs. B.1-B.3, respectively). In particular, we perform the same
HCco+, H,CO parameter-space exploration as that done for CN, HCN, and
HNC in Sect. 3.2.
In this appendix, we show the '>C/!*C ratio of CO, HCO*,
and H,CO as a function of ny and for different temperatures
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Fig. B.1. '2CO/'3CO ratio as a function of ny, for different temperatures, at ¢, (fop-right panel), t, (bottom-left panel), and t; (bottom-right panel).
The black horizontal dashed line represents the initial >C/'3C ratio of 68.
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Fig. B.2. As Fig. B.1, but for H>’CO*/H"*CO".
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Appendix C: Main formation and destruction respectively). The main discussion about the different results
pathways for different values of ¢ obtained assuming a different £ is given in Sect. 3.2.3.

In this appendix, the main destruction and formation pathways of
various species for {jow and {pignh are shown (Figs. C.1 and C.2,
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Fig. C.1. Chemical pathways that distribute the two carbon isotopes in atomic carbon, C, and C; at 3 x 10* yr (left panel) and 4 x 10° yr (right
panel), for the fiducial model with a cosmic-ray ionisation rate of 1.3 x 10718 s=!. Main creation and destruction reactions are highlighted in red,
12C is represented in blue, and '3C is represented in green. In this plot, the dashed black reactions are the less important ones.
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Fig. C.2. Chemical pathways that distribute the two carbon isotopes in atomic carbon, C, and Cz at 5 x 10° yr (left panel) and 8 x 10* yr (right
panel), for the fiducial model with a cosmic-ray ionisation rate of 1.3 x 107'¢ s™!. Main creation and destruction reactions are highlighted in red,
12C is represented in blue and !*C is represented in green.

AS51, page 20 of 20


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038251&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038251&pdf_id=0

