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ABSTRACT

We present a new gas-grain chemical model for the combined isotopic fractionation of carbon and nitrogen in molecular clouds. To
this end, we have developed gas-phase and grain-surface chemical networks where the isotope chemistry of carbon and nitrogen is
coupled with a time-dependent description of spin-state chemistry, which is important for nitrogen chemistry at low temperatures.
We updated the rate coefficients of some isotopic exchange reactions considered previously in the literature, and here we present a
set of new exchange reactions involving molecules substituted in '*C and >N simultaneously. We applied the model to a series of
zero-dimensional simulations representing a set of physical conditions across a prototypical prestellar core, exploring the deviations
of the isotopic abundance ratios in the various molecules from the elemental isotopic ratios as a function of physical conditions and
time. We find that the '>C/!3C ratio can deviate from the elemental ratio to a high factor depending on the molecule, and that there are
highly time-dependent variations in the ratios. The HCN/H'3CN ratio, for example, can obtain values of less than ten depending on
the simulation time. The '*N/'3N ratios tend to remain close to the assumed elemental ratio within approximately 10%, with no clearly
discernible trends for the various species as a function of the physical conditions. Abundance ratios between '*C-containing molecules
and 3C+'SN-containing molecules however show somewhat increased levels of fractionation as a result of the newly included exchange
reactions, though they still remain within a few tens of percent of the elemental '“N/">N ratio. Our results imply the existence of
gradients in isotopic abundance ratios across prestellar cores, suggesting that detailed simulations are required to interpret observations
of isotopically substituted molecules correctly, especially given that the various isotopic forms of a given molecule do not necessarily

trace the same gas layers.
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1. Introduction

Isotopically substituted molecules are important probes of the
physical and chemical conditions in the interstellar medium
(ISM), especially in the shielded interior regions of molecular
clouds where optical thickness effects become important and
many common tracer species cannot be used. Furthermore, there
is an increasing amount of observational evidence indicating that
material in the Solar System has inherited a significant amount of
chemical diversity from the natal cloud (e.g., Altwegg et al. 2019;
Hily-Blant et al. 2019; Drozdovskaya et al. 2021; Grewal et al.
2021). Studies of isotopically substituted species can thus be
used to investigate the connections between star-forming regions,
exoplanets, and the Solar System (Caselli & Ceccarelli 2012;
Ceccarelli et al. 2014; Nomura et al. 2022).

Owing to various observational challenges, for example with
the optical depth or the inability to access all isotopic forms
of a given species simultaneously, observers often derive the
“N/ON ratio of a given species by using the so-called double
isotope method, where an observed '3C/! N ratio is scaled by the
elemental '2C/!3C ratio (e.g., Wampfler et al. 2014; Colzi et al.
2018). This implies the assumption that the isotopic abundance
ratio in the studied molecule follows the elemental abundance

ratio. Roueff et al. (2015) have shown via chemical simulations
that this assumption is generally not true, and indeed devia-
tions of a factor of several from the elemental '2C/13C ratio are
possible, depending on the simulation time. Colzi et al. (2020;
hereafter C20) have recently come to the same conclusions,
using a model with an updated list of exchange reactions. These
results imply direct consequences for observationally deduced
14N/15N abundance ratios. We also note that Loison et al. (2020)
have recently published simulation results on carbon fractiona-
tion that are qualitatively similar to those of Roueff et al. (2015)
and C20.

Some “*N/N abundance ratios can however be observed
directly, and chemical models have struggled to reproduce
observed '°N fractionation even after the inclusion of a variety
of isotopic exchange reactions (e.g., Roueff et al. 2015; Wirstrom
& Charnley 2018; Loison et al. 2019). A particular example is
the N,H* /S NNH* ratio, which presents a high degree of anti-
fractionation (ratios higher than the elemental value, with an
excess of the '“N containing species with respect to the SN
ones) in observations of prestellar cores (Bizzocchi et al. 2013;
Redaelli et al. 2018), while models usually predict fractiona-
tion. It has been suggested that the discrepancy might arise as a
result of unphysically large variations in the isotope-dependent
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dissociative recombination rate of NoH* (Loison et al. 2019;
Hily-Blant et al. 2020), or owing to isotope-selective photodisso-
ciation (Heays et al. 2014; Visser et al. 2018; Furuya & Aikawa
2018; Colzi et al. 2019). The latter option is less controver-
sial, but even the models of Furuya & Aikawa (2018) with the
selective photodissociation included cannot reproduce the N
anti-fractionation in NoH*. The (anti-)fractionation trends seem
to depend on species though, and indeed the '*N/'>N ratio in
ammonia has been recently observed to lie close to the elemen-
tal ratio (Redaelli et al. 2023), which is in agreement with the
earlier simulation predictions.

One effect that has, to our knowledge, not been explored ear-
lier in isotopic fractionation models is exchange reactions that
lead to multiple fractionation, that is, allowing atom exchanges
between species that may contain simultaneous isotopic substi-
tution in multiple elements. In this paper, we present the first
model that includes this effect; our model connects carbon and
nitrogen isotopic fractionation and also includes a description of
spin-state chemistry for light hydrogen-containing species. We
employed the new model to study (combined) carbon and nitro-
gen fractionation in physical conditions representing a region
in and around a prestellar core, searching especially for signs
of gradients in the spatial distributions of isotopic abundance
ratios that have been recently inferred observationally toward the
prestellar core L1544 (Spezzano et al. 2022). We also included
isotope-selective photodissociation of N, and studied its effect
on the abundances of nitrogen-bearing species, and we paid spe-
cial attention to deviations of the simulated isotopic abundance
ratios from the corresponding elemental ratios.

The present work is theoretical in nature, and we focus
on the presentation of the newly developed chemical model.
An in-depth comparison of the results of the model to various
observations, also including objects and environments other than
prestellar cores, will be carried out in a future follow-up work.

The paper is structured as follows. In Sect. 2, we introduce
the model and present lists of the exchange reactions included in
this work. We present the chemical simulation results in Sect. 3,
and discuss their implications in Sect. 4. We give our concluding
remarks in Sect. 5.

2. Description of the model
2.1. Chemical network

We have developed a new model to describe the isotopic frac-
tionation of >N and '3C in molecular clouds. The model
includes exchange reactions involving both of these elements
separately, as well as reactions leading to multiple fractiona-
tion, that is, forming species with simultaneous >N and 3C
substitution.

The chemical network is constructed following the same
principle as presented in C20, and we refer the reader to Sect. 2
of that paper for more details including the relevant references.
There are three major differences in the construction of the
chemical network in the present work compared to C20. First,
as stated above, we allow for multiple fractionation, whereas in
C20 only the fractionation of carbon was considered. Second,
we introduce spin-state chemistry for H, H; , and H; follow-
ing the approach described in Sipilé et al. (2015). This inclusion
is important in the present context because of the sensitivity of
nitrogen chemistry to the H, ortho-to-para ratio (e.g., Dislaire
et al. 2012; Wirstrom et al. 2012; Roueff et al. 2015) — omitting it
in C20 was however justified because carbon (isotope) chemistry
does not depend on spin chemistry. Third, we track the posi-
tions of the isotopic forms across the molecules, so the model
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distinguishes between H!3*CCCN, HC3CCN, and HCC!3CN,
for example.

We employ an updated version of the chemical network cre-
ation procedure discussed in C20, in which the KIDA gas-phase
network (Wakelam et al. 2015) is used as the base network on top
of which isotope chemistry is added. For grain-surface chemistry
we use our own custom network that is originally based on that
of Semenov et al. (2010). The isotopes are introduced one by one,
with the network creation proceeding in three steps. In the first
step, we introduce '*C along with the appropriate exchange reac-
tions (see below). In the second step, '°N is added on top of the
network created in the first step. At the end of this step, exchange
reactions are introduced for N and for "N+!3C. In the third
step, spin-state chemistry is introduced for those reactions where
H,, HJ, or H} appear. We intentionally limit the carbon isotope
chemistry to molecules that contain up to three C atoms, and the
nitrogen isotope chemistry to molecules that contain at most two
N atoms. In this way we are able to keep the number of reactions
in the resulting chemical network within manageable limits. For
the same reason we do not consider deuterium chemistry, or spin
chemistry for molecules containing elements heavier than hydro-
gen, though this is possible from a technical standpoint. With
these restrictions, the total number of reactions in the model is
approximately 35 000, 1700 of which are grain-surface reactions.

The isotopic exchange reactions included in the model are
collected in Tables 1 and 2. These include a set of new exchange
reactions that we propose for cases where '3C and >N appear
simultaneously. Their significance for the chemistry is assessed
in Sect.4.1. We note that the list given in Tables 1 and 2 cov-
ers exchange reactions that would be identity reactions when the
isotopes are not distinguished (with the exception of N* + H, —
NH* + H). Such reactions are not automatically produced as a
result of the procedure with which we generate the fractiona-
tion network (see also C20), and so it is essential to add the
reactions in Tables 1 and 2 on top of the automatically gener-
ated network to make sure that important reaction pathways are
not missed. We note that the automated procedure does not take
energy differences into account either.

2.2. Simulation parameters

The focus of the present paper is in the presentation of the
newly developed isotope chemistry model. Therefore, unlike in
C20, we do not attempt to reproduce observations of isotopic
abundance ratios in the ISM, specifically in molecular clouds.
Such an effort is reserved for an upcoming work (Colzi et al.,
in prep.), where we will also explore the effect of various
parameters, like the cosmic ray ionization rate, on the isotopic
ratios. Here, we run a set of zero-dimensional chemical sim-
ulations representing the typical physical conditions across a
prestellar core and the surrounding envelope. Table 3 collects the
parameters of the simulations, including details on the chemical
network used in each simulation, and on the adopted physical
parameters. In particular, in one simulation we test the effect of
isotope-selective photodissociation for Nj, considering that this
has been invoked as an explanation for observed N fractionation
gradients across the prestellar core L1544 (Spezzano et al.
2022). The simulations S1, S2, and S3 represent, respectively,
the center, inner region, and the outer envelope of a prototypical
prestellar core. The values of the physical parameters not
already given in Table 3 are kept the same as in C20, and are
reproduced in Table 4 for the convenience of the reader. The
initial elemental abundances are displayed in Table 5. We have
chosen the elemental carbon and nitrogen isotopic ratios to cor-
respond to the values adopted in previous chemical simulations
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Table 1. List of carbon isotopic exchange reactions included in the model.

Label Reaction ke f(B,m)@ AE®

(cm®s7™h) (K) References

C isotopic exchange reactions included in Colzi et al. (2020).

(HB BC*+CO = 2C* + 1°CO 6.6 x 10710 x (555)7%x 1 34.7 ¢h)

exp(—6.5/T) x m
2 A 13CO + HCO* = CO + HB3CO* 2.6 X 10710 x (5L5)04 1 17.4 (1)
(3)B 13C* + CN = 2C* + 13CN 3.82 % 10 X (35) ™ X fremcrr 1 311 1
4)B 3BC +CN = 2C + 3CN 3.0x 1070 X ot 1 311 1
5)B BC+C, ="C+"Bcc &0x10*0xizgggmﬁ 2 25.9 (1)
(6)B BCr+C, = 2C* + BCC 1.86 x 107 x m 2 25.9 2)
(7B BCt+BCC=2Ct + Bg, 1.86 x 107% x m 0.5 26.4 )
(8)B BC+BCC="2C+ B¢, 3.0x 10710 x m 0.5 26.4 )
9B BC* +CS = 2C* + 1°Cs 1.86 X 107 X ot 1 26.3 2)
(10) B BC+C; = 2C+ Bce, 3.0 x 10719 x m 2 27 )
(1) B BC* 4+ Cy = 12C* + 13CC, 18X 107 X 5t 2 27 2)

Newly included C isotopic exchange reactions. See also Loison et al. (2020).

(12)B 2Ct 4+ BCCC = 2Cr + CBCC 1.8 %107 X gerdd s 0.5 16 2,3
(13) B BC*+C; = 12Ct + CB3CC 18X 107 X sl 1 43 This work
(14 B 2Cc+1Bccc = 2c+chce 3.0x 10710 x m 0.5 16 2),(3)
(15 B BC+Cy = 2C+CBCC 3.0x 10710 x b 1 43 This work
(16) B BC+BCC, = 2C+CB¢g, 3.0x 10719 x m 1 43 This work. See also (3)
(17 B BC+1BCC, = 2C+Bcchc 3.0 x 10719 x m 0.5 27  This work. See also (3)
(18) B BCc+cCBcCc=C+Clg, 3.0 x 10719 x m 2 27  This work. See also (3)
(19B BC+CBCC="2C+Bcchc 3.0x 10710 x m 1 11 This work. See also (3)
(200 B Bct + BCc, = 2Ct +CB¢, 1.8 x 1070 x m 1 43 This work. See also (3)
21 B Bcr 4+ Bec, = 2cr + Beelc 1.8 x 1070 x m 0.5 27  This work. See also (3)
(22)B B+ CBcc = 2Cct +CBG, 1.8 x 1070 x m 2 27  This work. See also (3)
(23)B Bcr +CcBcc = 2¢t + BeeBc 1.8 x107% x m 1 11 This work. See also (3)
249 B 3C + HCN = 2C + HBCN 2.0 x 10710 x m 1 48 3)
(25)B BC +HNC = 2C + HNBC 3.0x 107! x m 1 33 3)
(26) B 3C + HCNH* = '2C + H®CNH* 1.0 x 1079 x m 1 50 3)
(27)B BC+CS="2C+1CS 2.0x 10710 x m 1 26.3 3)
(28) B H+ 3CCH = H+ C"*CH 20x1040x3@ag75 1 8.1 3)
(29-a) B H+ c-'3CCCH, = H+ ¢-C'3CCH, 2.0x 10710 x m 2 26 3)
(29-b) B H+ c-'3CCCH, = H+ ¢-CC"*CH, 2.0x 10710 x m 2 26 3)
(30) B H+ 3CCS = H+ CBCS 4.0x 107" x m 1 18 3)
(3)B  HCNH* + HCN = H3CNH* + HCN 2.0 X 107 X (55:)%% X oo 1 2.9 3)

Notes. Type A reactions are direct reactions, while type B reactions are those involving adduct formation, without isomerization, as defined by
Roueff et al. (2015). @ (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)q(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 exchange

reaction in the forward direction.

References. (1) Roueff et al. (2015); (2) Colzi et al. (2020); (3) Loison et al. (2020).

(e.g., Roueff et al. 2015; Loison et al. 2019): 68 for carbon
(Milam et al. 2005), and 440 for nitrogen (Marty et al. 2011). We
choose a low fiducial value of 1073 for the H, ortho-to-para ratio
(OPR), motivated by earlier simulation studies (e.g., Faure et al.
2019; Lupi et al. 2021). However, as the OPR is expected to influ-
ence nitrogen hydride chemistry, we have also tested its effect
on the simulation results. These tests are described in Sect. 4.3.

3. Results

In what follows, we discuss the results of the chemical simula-
tions for carbon and nitrogen isotopologues separately (Sects. 3.1
and 3.2, respectively). In the former case, we emphasize the com-
parison of the present model to that of C20 given the significant
differences in the construction of the model. We also present
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Table 2. List of nitrogen, as well as carbon+nitrogen, isotopic exchange reactions included in the model.

Label Reaction ke f(B,m)@ AE®
(cm?s7h) (K) References

N isotopic exchange reactions from Roueff et al. (2015).

(32) A NN + N,H* = NISNH* + N, 23 % 10710 0.5 10.3 (1), (2)
(33) A NN + N,H* = SNNH* + N, 2.3 % 10710 0.5 2.1 (1), (2)
(B4 A NBSN+NNH* = NSNH* + NN 4.6x 1071° 1 8.1 (1), (2)
(35)B BN* + N, = “N* + NPN 4.8 x 10710 x m 2 28.3 (1), 3)
36) C 5N + CNC* = CNC* + “N 3.8 %1072 x (555! 1 38.1 (1)
(37)B BN+ CN = “N+CPN 16 X 10710 X ()10 X i 1 26.7 (1
N isotopic exchange reactions from Loison et al. (2019).
(38)B NH; + "NH; = NH; + NH; 13X 107 X (55)™° X el 1 14.5 @
(3B HCNH* + HCN =HCNH* + HCN 2.0 x 107 X (55)™° X ey 1 10.1 @)
Spin-state dependent NH* formation reactions involving N and >N.
(40) UN* + p-H, —» “NH* + H 8.35x 1071 x exp(~168.5/T) - 168.5 (1), (5)
(1) 4N* + 0-H, — “NH* + H 42 %1071 x (55)01 x exp(~44.5/T) - 445 (1), (5)
(42) ISN* + p-H, - SNH* + H 8.35 x 1071° x exp(—164.3/T) - 164.3 (1
(43) I5N* + 0-H, — NH* + H 42 %1071 x (L)1 x exp(~39.7/T) - 39.7 (1)

New C+N isotopic exchange reactions proposed here.

44 B 13C* + CISN = C* + BCBN 38x 107 x (5)" X m=bier 316  This work, (6)~(9)
45)B 13C+CBN = C+ BCBN 3.0x 10710 X ot 31.6  This work, (6)—(9)
(46) B 13C + HCSN = C + H3CBN 20X 10710 X pootoers 475  This work, (10)
(47)B 13C + HSNC = C + HSN3C 3.0x 1071 x 33.8  This work, (10)

1+exp(-33.8/T)
@8)B  BC+HCPNH* = C+HPCPNH'  1.0x10™ X rroosrers

(49) B HCN + HPCNH* = HPBCN + HC''NH* 2.0 x 107 x (35)7%5 x
(50) B H'CN + HCNH* = HCN + HPC NH* 2.0 x 107 X (35)™"° X 7o

(51) B HCN + H®CNH* = HCN + HBCPNH* 2.0 x 10 x (55)7% x

50.8  This work, (10)
6.9 This work, (10)
2.4 This work, (10)
10.5 This work, (10)

1
1+exp(-6.9/T)

—_ = = = = e e

1
1+exp(-10.5/T)

Notes. Type A reactions are direct reactions, type B reactions involve adduct formation without isomerization, and type C reactions involve adduct
formation with possible isomerization pathways, 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) = q¢(C)q(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 exchange reaction in the forward direction.

References. (1) Roueff et al. (2015); (2) Adams & Smith (1981); (3) Anicich et al. (1977); (4) Loison et al. (2019); (5) Dislaire et al. (2012);
(6) Ram et al. (2010); (7) Ram & Bernath (2012); (8) Colin & Bernath (2012); (9) Colin & Bernath (2014); (10) Mehnen et al. (2022).

Table 3. Parameters of the chemical simulations.

Simulation label  n(H,) (cm™3) Toas, Taust (K) Ay (mag) Chemical network

S1 10° 7,7 30 Full chemical network with C and N fractionation, and
spin-state chemistry

S2 10* 10, 10 10 Asin S1

S2 3C 10* 10, 10 10 Only carbon fractionation, no spin-state chemistry

S2_3C_alt 10* 10, 10 10 As in S2_3C, but omitting the newly included C isotopic

exchange reactions displayed in Table 1

S2_C20 10* 10, 10 10 Chemical networks of C20

S3 5% 10? 20, 15 1 Asin S1

S3_ss 3% 10% 20, 15 1 As in S1, but with isotope-selective N, and CO self-shielding®

Notes. The cosmic ray ionization rate is fixed to £ = 1.3 x 107" s7! in all simulations. “The assumed values for the N, and CO column densities
are 10" cm™ and 9 x 10'* cm™2, respectively (see Sect.4.2). N, and CO self-shielding effects are neglected in all other simulations. H, self-
shielding is however taken into account in all simulations, with the column density calculated from the relation N(H,)/Ay = 10*!' cm™2 mag’1 and

the self-shielding factor calculated following Draine & Bertoldi (1996, their Eq. (37)).
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Table 4. Values of the physical parameters kept fixed in all simulations.

Parameter Value
Cosmic ray ionization rate ({) 1.3x 1071771
Grain radius (ap) 1073 cm
Grain material density (o) 3gem™

Diffusion-to-binding energy ratio (E4/Ep) 0.6
Dust-to-gas mass ratio (Rq) 0.01

Table 5. Initial elemental abundances (with respect to ny ~ 2 n(Hy)).

Species  Abundance
H, 5.00 x 107!
He 9.00 x 1072
Cc 1.20x 1074
Ber 1.76 x 107°
N 7.60 x 107
BN 1.72 x 1077
o 2.56 x 10~
S* 8.00 x 1078
Si* 8.00 x 107°
Na* 2.00 x 107~°
Mg* 7.00 x 107°
Fe* 3.00x 107
p* 2.00 x 10710
crt 1.00 x 1070
F 2.00 x 107°

Notes. The initial H, OPR is 1 x 1073. The assumed '>C/"*C and
“N/>N elemental ratios are 68 and 440, respectively.

results for the combined fractionation of carbon and nitrogen
(Sect. 3.3).

3.1. Carbon isotopologues; comparison to C20

As it was already pointed out in Sect. 2.1, the present isotopic
chemical networks contain several differences to those used in
C20, also for carbon chemistry. Therefore, it is important to
check whether the current model yields results similar to those
of C20, or whether the results deviate from one another due to
the modifications made for this paper. As the models differ in
several ways, we analyze the effect of the main features of the
present model in a sequential fashion, using modified versions
of the S2 simulation (see Table 3).

Figure 1 shows a comparison of the simulation results as pre-
dicted by the S2 simulation variants, for several species also
plotted by C20. Let us first examine the isotopic abundance
ratios in the C20 model' (simulation S2_C20; green) and the
present model with only carbon fractionation and using the same
exchange reactions as in C20 (simulation S2_3C_alt; blue). We
reiterate that the difference between these models is that the lat-
ter tracks the position of the 13C atoms in the various molecules,
while the former does not. As expected, this modification does
lead to differences in predicted abundance ratios, which can be

! The simulations using the C20 network have been rerun for this

paper, that is, the curves shown in Fig. 1 are not a reproduction of the
corresponding results shown in C20. Even though the chemical network
is the same, some differences to the results of C20 can be seen. This is
because of H, self-shielding which was omitted in C20 but is included
here (following Draine & Bertoldi 1996, Eq. (37)).

pronounced in some cases (for example, C, CN). However, even
the largest differences between the results of the two simulations
are at a factor of a few level, and the present expanded model is
not in conflict with the main conclusions of C20.

Introducing new exchange reactions for carbon fractionation
into the network (simulation S2_3C; orange) has a large impact
on the fractionation of atomic carbon especially at early times
in the simulation, though also at late times the '>C/!3C ratio is
boosted by a factor of ~two compared to C20. This boost is due
to the newly added exchange reactions involving Csz. Simulta-
neously, the HCN/H'3CN ratio obtains a low value (~10) from
t = 10* to a few x10°yr (similarly for HNC, not shown in
the figure), which is mainly because of efficient conversion of
HCN to H'3CN via exchange reaction (24, see Table 1). The
fact that this ratio lies relatively far from 68 has observational
implications, which we discuss briefly in Sect. 3.3. The results
of simulation S2 are in agreement with the gas-grain model of
Loison et al. (2020) to within a factor of ~two (the overall
agreement is worse in the simulations S2_C20 and S2_3C_alt),
demonstrating that using an extensive set of exchange reactions
is required to improve the accuracy of the simulation of iso-
topic fractionation (though naturally within the accuracy of the
reaction rates themselves).

Our results confirm the statements of Loison et al. (2020)
regarding the important role of Cs for carbon fractionation. Fur-
ther theoretical and experimental work needs to be carried out
to constrain the rate coefficients of exchange reactions involv-
ing C3. Loison et al. (2020) reiterated the particular importance
of the C; + O reaction (see also the references in Loison et al.
2020), and tested the effect of order-of-magnitude variations in
the rate coefficient of this reaction on the '?C/'3C ratios of var-
ious species. They pointed out that the rate coefficient is poorly
constrained and that its value depends strongly on how it is
computed. To our knowledge, no subsequent progress on con-
straining this reaction has been made, and therefore we have not
explored this issue further in this work.

Finally, adding nitrogen fractionation and time-dependent
spin-state chemistry to the reaction scheme, that is, using the
full model developed for this work (simulation S2; red), has
little influence on carbon fractionation. This means that the
newly included exchange reactions combining carbon and nitro-
gen fractionation do not play a large role in the chemistry of
13C, and secondly this finding confirms the expectation that spin-
state chemistry does not significantly influence carbon chemistry
either.

3.2. Nitrogen isotopologues

Figure 2 shows selected isotopic abundance ratios as a function
of time obtained from simulations S1 to S3. There is clear vari-
ation in the fractionation level between the various N-bearing
species, also depending on the physical conditions.

In simulation S1, which mimics the physical conditions in
the center of a prestellar core, the NoH*/N ISNH* ratio is almost
constant as a function of time, remaining near the elemental
14N /15N ratio of 440. There is also little variation between the
two singly substituted forms of NpH*, with the "NNH*/N'>NH*
ratio remaining near unity at all times. As expected, the NoH*
14N/ I5N ratio is very close to that of N, while the atomic
4N/'>N ratio presents minor fluctuations around the elemental
ratio. CN and its derivatives, HCN and HNC, present simi-
lar behavior at late simulation times, showing enrichment in
I5N. There is an early-time difference between the HCN/HC >N
and HNC/H'"’NC ratios, however, which is due to a combi-
nation of several reactions that leads to a difference in the
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not distinguish between CC'3C and '3CCC. The results of simulations S2 and S2_3C overlap almost perfectly.
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Fig. 2. Selected '#N/'*N abundance ratios as a function of time in simulations S1 to S3, labeled in the top right panel. The dashed black line in

each panel indicates the assumed elemental '*N/!>N ratio (440).

early-time HCN/HNC and HC'>N/HC'N ratios. The ammo-
nia *N/SN ratio also stays quite close to the elemental value,
with slight anti-fractionation at late simulation times. Our results
are broadly similar to those presented by Wirstrom & Charnley
(2018) who adopted physical conditions close to simulation S1,
despite the fact that there are many differences between the
model setups, for example that we are presently considering
grain-surface chemistry and desorption processes. We confirm
the finding of Wirstrom & Charnley (2018) that the observed
nitrogen fractionation ratios of NoH* cannot be explained by
means of updated rate coefficients for the exchange reactions
included in current models.

There are some differences in the various ratios in simu-
lation S2 compared to S1, which is to be expected given the
difference in the physical conditions. However, the results from
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the two simulations are overall similar — none of the molecules
shows a significant deviation from the elemental '*N/!>N ratio at
late simulation times. The physical conditions in simulation S2
are very similar to those considered by Loison et al. (2019),
and although we use different initial conditions for the chem-
istry and — importantly for nitrogen chemistry — consider the
time-dependent variation in the H, OPR, we recover very sim-
ilar abundance ratios to those presented by Loison et al. (2019)
(see Sect. 4.3 for more discussion on the effect of the H, OPR on
our results).

In simulation S3, which corresponds to a lower density
and higher temperature, and much lower visual extinction com-
pared to simulations S1 and S2, there are generally only
weak deviations from the elemental “N/!N ratio. This is to
be expected because the higher gas temperature helps most
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Fig. 3. Selected abundance ratios as a function of time in simulations S1 to S3, labeled in the top right panel. Top: ratios of '*C-substituted CN,
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assumed elemental >C/"3C ratio (68).

exchange reactions to proceed efficiently in each direction, pre-
venting a large degree of fractionation. Indeed, the overall trend
is that the various '*N/!>N ratios present a slight enhancement
over the elemental ratio.

In summary, our model predicts generally small deviations,
on the order of 10%, for the various “N/!°N ratios from the
elemental ratio. Notably, for any of the physical conditions con-
sidered here, the model does not reproduce the extremely high
anti-fractionation of N,H* observed by Bizzocchi et al. (2013)
in the prestellar core L1544 (**N/N ~ 1000) and upward of
~700 in a sample of prestellar cores observed by Redaelli et al.
(2018). Possible explanations for this discrepancy between the
models and the observations are the trapping of >N, and in
particular of >NN, onto grain surfaces already before the for-
mation of the prestellar core (Furuya & Aikawa 2018), or the
suggested large isotope-dependent difference in NoH* dissocia-
tive recombination rate (Loison et al. 2019; Hily-Blant et al.
2020).

3.3. Species containing both '¥C and '°N

Figure 3 presents the '>*CN/!3C">N and C’N/!3C">N abundance
ratios for CN, HCN, and HNC in the three fiducial simulations.
For the CN/3CN ratios, there are no obvious trends and all
simulations predict varying degrees of deviation from the sta-
tistical ratio of 68. The results are highly time-dependent and
there are transient variations in many ratios. These transient vari-
ations are the largest in simulation S2 which is in line with the
results of C20, who used the same physical conditions as in
our simulation S2, and found similarly large transient effects.
For the 3CN/3CN ratios, however, the simulations predict
increasing fractionation with volume density, with the ratios
decreasing below 400 in simulation S1. This behavior is very
different to the singly fractionated nitrogen ratios (Fig.2), for
which there are no clear trends as a function of the physical
conditions. The '*C+">N fractionation ratios are sensitive to the

newly introduced exchange reactions; we examine their effect in
more detail in Sect. 4.1 below.

Although we will explore the observational implications of
our new isotope chemical model in more detail in a future ded-
icated study, we briefly demonstrate in Fig.4 the importance
of tracking the isotopic ratios time-dependently, as opposed to
converting observationally deduced abundances using a con-
stant scaling factor. The figure shows the evolution of the
HCN/HC!SN ratio as predicted directly by the present model and
as obtained by scaling the model prediction for H'*CN by a con-
stant factor of 68. Evidently, there can be a huge discrepancy in
the HCN/HC'SN ratio resulting from the two approaches, espe-
cially at higher volume densities — the scaled ratio is in model S2
up to an order of magnitude different to the elemental *N/>N
ratio depending on the evolutionary time. The peak is caused
by the HCN/H'3CN ratio being less than 10 in the time inter-
val from ~10*yr to a few 10° yr (cf. Fig. 1), hence giving rise
to a high HCN abundance when the H'*CN abundance is scaled
by a constant factor of 68. The implications of this finding are
complicated by the fact that observations typically trace only a
part of the total distribution of a molecule, and optical depth
effects may also mask the part of the distribution that is prone
to the large fluctuations. Nevertheless, it is clear that dedicated
simulations are required to support the interpretation of obser-
vations, and that assuming constant elemental abundance ratios
even within a molecular cloud may lead to large errors.

4. Discussion
4.1. Effect of new 3C + "®N exchange reactions

We have introduced in this work a set of exchange reactions
involving molecules fractionated in both '3C and >N (Table 2)
that have not been considered in previous models of isotopic
fractionation. Associated with common molecules and present-
ing barriers of several tens of Kelvin in many cases, they may
also have an influence on the chemical evolution of singly
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Fig. 4. Time evolution of the HCN/HC" N ratio in simulations S1 to S3,
labeled in the top panel (data reproduced from Fig.2). The top panel
displays the ratio as predicted directly in the simulations, while in the
bottom panel, the HCN abundance has been derived by scaling the sim-
ulated H'*CN abundance by a factor of 68. The logarithmic scaling of
the y-axis in both panels was employed here to accentuate the magni-
tude of the differences between the results. The dashed black line in
each panel indicates the assumed elemental '*N/'>N ratio (440).

fractionated molecules besides their influence on molecules frac-
tionated in both C and N. We assess the importance of their
inclusion in Fig.5, which shows the same abundance ratios as
in Fig. 3 but using either all of the exchange reactions given in
Table 2, or excluding the new '3C+'SN exchange reactions. The
ratios, involving doubly fractionated molecules, show depen-
dence on the included exchange reactions — without the reac-
tions, there is less fractionation (which is to be expected) and
the various *CN/!3C"N ratios tend to be closer to the assumed
elemental ratio of 440. The differences are only prominent in
the highest-density simulation (S1), however, and are even there
only on the 10% level. The exchange reactions involving doubly
fractionated species have only a very minor influence on single
fractionation (the changes are slight for '>N-bearing species, and
virtually non-existent for '3C-bearing species), and these are not
shown here in the main text for the sake of brevity — additional
simulation results are shown in Appendix A.

4.2. Isotope-selective self-shielding of N, and CO

Recently, Spezzano et al. (2022) presented observations of the
14N/>N ratios of CN, HCN, and HNC toward the prestellar core
L1544 and found '*N/'3N gradients across the core. For example
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for HNC, they find that the '“N/!SN ratio increases toward the
southeast where the core is more exposed to the interstellar radi-
ation field (ISRF; Spezzano et al. 2016, 2022). However, CN
and HCN present a reverse trend in their data set. One possible
explanation for the existence of the gradients is self-shielding,
which is expected to be weaker for NN than for N, in the outer
core regions due to the much lower column density of the former.
This would imply enhanced photo-destruction of N'>N, releas-
ing atomic "N that can be subsequently incorporated into other
molecules and hence influencing the '*N/">N ratios (Furuya &
Aikawa 2018; Visser et al. 2018).

To test the effect of self-shielding on our results on a qualita-
tive level, we ran a variant of the S3 simulation, S3_ss, where
the self-shielding of N, NI5N, CO, and 3CO is taken into
account (this is not done in any of the other simulations pre-
sented in Table 3). For this, we estimated the appropriate N,
and CO column densities by first taking the corresponding abun-
dances from the fiducial S3 simulation at a late evolutionary
time (~10°yr). These were multiplied by the thickness of the
virtual envelope” as determined from the external visual extinc-
tion (1 mag in simulation S3) using the relation N(H,)/Ay =
102! cm™2 mag™', finally yielding N(N;) = 2 x 10"*cm™2 and
N(CO) = 9 x 10" cm™2. The self-shielding factors for N, and
NN photodissociation were taken from Li et al. (2013) and
Heays et al. (2014), while those for CO and 3CO were taken
from Visser et al. (2009). The data are given as a function of
N, (CO) column density, and so the N'3N (3CO) column den-
sity does not need to be separately estimated (the literature data
assumes N(N,)/N(N'SN) = 225 and N(CO)/N(*CO) = 69).

Figure 6 displays the time evolution of the CN, HCN, and
HNC N/N ratios in the S3 and S3_ss simulations. The dif-
ference between the simulation results is almost negligible, with
only less than a 1% difference between the abundance ratios pre-
dicted by the two simulations. Motivated by the observational
evidence for nonuniform illumination of L1544 by the ISRF, we
ran two additional simulations like S3_ss but where the strength
of the ISRF is increased from the fiducial value (Gy = 1) by a
factor of two or three (but keeping the same assumed N, column
density to compute the self-shielding). The results of this sim-
ulation are also shown in Fig. 6. We find that all three '*N/°N
ratios increase when the external illumination grows in strength.
HNC does present a slightly different response compared to CN
and HCN in that its "*N/N ratio increases less when Gy is
increased, but the overall trend is obviously different compared
to what Spezzano et al. (2022) observed in L1544. Also, even
with the increased amount of external illumination, and hence
a larger emphasis on the difference between self-shielding of
N, and NN, the simulation results still show only 1% level
differences to the fiducial S3 simulation.

Figure 6 also shows the 12¢/13C ratios of atomic C, CO,
and CCH. Here the differences between the simulation results
are larger than in the case of nitrogen, but still within a fac-
tor of two of the fiducial model results. First, we see that when
self-shielding is introduced, all of the ratios increase in magni-
tude. This arises because in the physical conditions of model S3
(and hence S3_ss), the main '?C and '3C carriers are '>C* and
13C*, which are created (at late simulation times) by photodis-
sociation of CO (13CO) followed by photoionization of atomic
12C (13C). Reactions involving C* (cf. Table 1, especially Reac-
tion (1)) are then the most important ones determining the
isotopic fractionation. When self-shielding is introduced, the

2 The simulations are zero-dimensional, and hence there is no actual
attenuating gas included in the simulation.
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decreased production of ionized carbon, in particular of Be+,
decreases the overall level of fractionation and the '2C/'3C ratios
rise with respect to the fiducial model S3.

However, the effect of the strength of the ISRF on the results
is not straightforward, and the various '>C/'3C ratios actually
decrease when the strength of the ISRF is increased, which
seems counterintuitive at first. The differential photodissociation
efficiency of CO and '*CO due to self-shielding (CO self-shields
more efficiently than '*CO owing to its larger column density)
and hence the differential production of '>C* and '*C* has a
more pronounced effect in stronger radiation fields — when Gy
is increased, the abundance of *C* increases more than that
of 12C*. This leads to an increase in fractionation, that is, a
decrease in the various '>C/'3C ratios. We stress that the effect
is indeed due to self-shielding. A comparison of the results of
model S3 run with different G, factors (not shown) does not
reveal significant variations in the '>C/'3C ratios.

The self-shielding coefficients for N, and NN are, for our
chosen values of H, and N, column density, very similar to each

other, with only a ~20% difference between them. This
translates to a marginal difference in the N, and N'>N photodis-
sociation rates, and hence the effect on the atomic N/"°N ratio
is in our tests much smaller than what has been observed by
Spezzano et al. (2022). It is conceivable that for different com-
binations of H, and N, column density, we might find different
trends in the CN, HCN, and HNC '"“N/!N ratios. Similar argu-
ments apply to the analysis of the '>C/!3C ratios. More detailed
modeling is required to quantify this and to reach robust conclu-
sions as regards the comparison to the observations. Also, we
note that the observed spatial variations in the *N/!>N ratios
may be due not only to selective self-shielding, but also to local
variations in the '2C/'3C ratio in the molecules. Based on the
present simulation results, the latter effect might be dominant.
(Spezzano et al. 2022 assumed a constant '2C/!3C ratio of 68 for
all molecules in their sample.) We will investigate this topic in
more detail in a future work, which will include detailed prestel-
lar core simulations that allow for a quantitative assessment of
the effects of localized variations in the '>C/'3C ratio. In that
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work, we will also investigate the abundance gradients of other
molecules that are implied by the results of simulations S1 to S3.

4.3. Effect of H, OPR

The simulation results presented in the preceding sections all
assume a low initial H, OPR of 1073. Higher initial values can
however be expected in warmer, low-density media such as in
the S3 simulation considered here. We have thus tested two addi-
tional values of the initial OPR (1072 and 10~!) on the results of
simulation S3. Even though H; is expected to form on grains
following the high-temperature statistical OPR of 3 (Watanabe
et al. 2010), the gas-phase OPR deviates from the thermal ratio
unless the volume density is very low (Lupi et al. 2021) due to the
competition between gas-phase exchange reactions and surface
formation, and hence an initial gas-phase ratio of above ~10~!
is not appropriate for the present simulations. Because carbon
chemistry is not expected to be dependent on the H, OPR, we
focused in these tests on nitrogen-bearing species only.

Figure 7 shows the time evolution of selected '*N/!>N abun-
dance ratios assuming the three different initial H, OPR values
in the S3 simulation. Evidently, the initial value of the OPR has
virtually no influence on the results at late simulation times —
differences in the ammonia abundances for example do arise,
but only from the beginning of the simulation up to times on the
order of 100yr (not shown in the figure). This means that the
initial OPR value plays only a minor role for the abundances
of NH; and 'NHj. The value of the rate coefficient of the
N* + H, — NH* + H reaction is the determining factor for the
ammonia abundance, regardless of the inclusion or exclusion of
the spin states in the simulation. We have confirmed this by run-
ning an alternative S3 simulation with a chemical network that is
otherwise identical to our fiducial one but where the spin states
have been completely suppressed. For this test we used the rate
coefficient of reaction (41) in Table 2 to represent the rate coeffi-
cient of N* + H, — NH™" + H (see also Dislaire et al. 2012). This
is equivalent to assuming that all H; is in ortho form. Indeed, the
results of the test simulation are nearly identical to simulation S3
with OPR = 107, also for the early time evolution.

We have also run similar H, OPR tests applied to simula-
tions S1 and S2, and in those simulations we do see differences
for example in the late-time NH3/'YNHj ratio depending on the
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initial OPR, but the differences are only on the ~10% level.
This agrees with the results of Roueff et al. (2015), who found
only small deviations in the nitrogen fractionation ratios when
the OPR was varied, using a gas-phase model with an OPR
value fixed in time. In conclusion, we expect only a very weak
dependence of the isotopic abundance ratios of nitrogen-bearing
molecules on the initial H, OPR even when the OPR is allowed
to evolve with time.

4.4. Uncertainty in the rate coefficients of fractionation
reactions involving Co

Rocha & Linnartz (2021) have recently presented new rate coef-
ficients for reactions involving '*C and C,/C'3C. Their rate
coefficients are decidedly lower than what we employ for the
corresponding reactions (Table 1) despite the nearly identical
exothermicity values (their Table 3). For example for our Reac-
tion (5) in the forward direction (3C + C, — 2C + 13CC), we
obtain a rate coefficient of 2.89 x 107! cm™3 at 10 K, whereas the
fit of Rocha & Linnartz (2021) gives 1.52 x 107! cm™3 — though
it is to be noted that the rate coefficients of Rocha & Linnartz
(2021) were calculated for higher temperatures (upward of 25 K)
than we consider here (10 K in most simulations).

We tested the effect of switching to the Rocha & Linnartz
(2021) rate coefficients for their reactions (2) and (3) (with the
C, variants in the X'X} state) by running new variants of simu-
lations S1, S2, and S3 with the rate coefficients of the reactions
in question switched to the Rocha & Linnartz (2021) values. We
found that the effects on the simulation results are highly depen-
dent on the physical conditions. In model S3, the rate coefficients
of these reactions play only a very minor role, but in the high-
density and low-temperature environment of model S1 we obtain
variations of up to an order of magnitude in the '>C/'3C ratios
of C, (and typically a factor of a few for other ratios) depend-
ing on the choice of the rate coefficients. The reason why the
Rocha & Linnartz (2021) coefficients are so much lower than
ours, or those of Loison et al. (2020), is unknown at present and
hence we have not included their rate coefficients in the bulk of
the analysis presented here. However, these tests highlight that
constraining the rate coefficients of critical reactions is of great
importance for the predictions of chemical models, and further
experimental and theoretical work on this is called for.
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5. Conclusions

We presented a new gas-grain model for the combined frac-
tionation of 3C and N in the ISM?. Our model is the first
to include a time-dependent treatment for spin-state chemistry
in the context of *C and >N fractionation, which is important
for simulating the chemistry of nitrogen. In addition, we intro-
duced a set of new exchange reactions for B3C4+15N fractionation,
and provided updates to the rate coefficients of several reactions
involving '*C. We applied the new model to a set of physical
conditions representing the environment across a prototypical
prestellar core, from its strongly shielded dense and cold center
to the warmer outer regions in the envelope where the interstellar
radiation field still penetrates.

We found that the '>C/'3C ratio in the various molecules
can deviate by a factor of several from the elemental '2C/!3C
ratio, depending on the physical conditions and on the time. For
nitrogen, however, we obtained much smaller deviations from
the elemental ratio, on the order of 10%. We also studied the
double fractionation ratios ('*CN/B3CIN and CPN/BCBN),
finding also in these cases that the '>C/!3C ratios are highly
variable. In contrast to the single fractionation case, we found
a trend in the 3CN/3C!>N ratios such that the ratios decrease
with increasing volume density, though still remaining within a
few tens of percent from the elemental '*N/!>N ratio. We also
tested the effect of selective self-shielding of N, and CO ver-
sus NN and '*CO, respectively, on isotopic fractionation at
low volume densities. For nitrogen, self-shielding appears to play
only a minor role for the isotopic abundance ratios of HCN and
HNC, for example. For carbon, larger deviations from the fidu-
cial models are seen when the self-shielding is included in the
simulation, though the 12¢/13C ratios remained within a factor
of two from their fiducial values. It must be emphasized, how-
ever, that our tests were only qualitative and very limited owing
to the zero-dimensional nature of the simulations.

The isotopic abundance ratios predicted by our new model
are generally in a factor of two or better agreement with those
of similar models in the literature. For example, we recover
the large molecule-dependent deviations from the elemental
12C/13C ratio predicted by Colzi et al. (2020), although we
obtained a substantially larger degree of carbon fractionation
at low volume densities owing to a lower amount of external
extinction assumed in the present model. Also, for canonical
dark cloud conditions, we obtained similar single-fractionation
ratios to the recent works by Loison et al. (2019) and Loison
et al. (2020), and our results support the finding of Wirstrém
& Charnley (2018) that updates to the rate coefficients of
the presently considered isotopic exchange reactions are not
enough to reproduce the observed (anti-)fractionation of several
N-bearing species.

The simulation results are sensitive to the physical con-
ditions, and imply gradients in isotopic fractionation across
prestellar cores. Such gradients were recently deduced obser-
vationally by Spezzano et al. (2022), but the interpretation of
the observations is limited by the nonavailability of quantitative
information on the gradients from a simulation point of view.
The analysis is further complicated by the fact that the various
isotopic forms do not necessarily trace the same regions within
the core. We will carry out more detailed modeling to quan-
tify the magnitude of fractionation gradients in an upcoming
work, where we will also explore the observational implica-
tions of our work in more detail — the main aim of the present

3 The chemical networks developed for this study can be obtained upon
request to the corresponding author.
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paper was to present the newly developed model and to discuss
some of the main results on a general level. On the theoretical
side, extensions of the model to additional isotopes such as deu-
terium and '70, '®0 would bring useful new information on the
abundances of molecules fractionated in several species simul-
taneously, especially to constrain their usability as tracers of the
shielded regions of prestellar cores.
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Appendix A: Additional simulation results

Figure A.1 shows the effect of density and temperature changes
on selected '2C/'3C ratios, which we did not explore in Sect. 3.
For completeness, we also include here plots for some species
that were not included in Fig. 1. There is a great deal of varia-
tion in the '>C/'3C ratios depending on the physical conditions,
emphasizing the need for detailed models in interpreting the
results of observations when using scaling factors is required.
This could happen for example when one or several isotopic
forms cannot be observed, and thus an abundance ratio cannot
be consistently derived from observations. We note that the pre-
dictions of the lowest-density simulation (S3) are in this respect
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very different to the results presented in C20 for similar physical
conditions (see especially their figures 7 and B.1) — the present
model predicts a high level of fractionation for CO and CN, with
12C/13C ratios of only ~10. This is because of the assumed visual
extinction, which is 1 mag in simulation S3, but 10 mag in C20.
A low extinction translates to a high abundance of C*, enabling
efficient fractionation through the exchange reactions that it is
involved in (see Table 1). We have confirmed via testing that
if one increases the extinction such that photo-processes are no
longer important, results similar to C20 are recovered also at
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9 200 4 33
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Fig. A.1. Selected '2C/!3C and '*N/!>N abundance ratios as a function of time in simulations S1 to S3, labeled in the top right panel. The dashed
black line in each panel indicates either the assumed elemental '*N/'>N ratio (440) or the elemental '>C/'3C ratio (68), except for C3 for which a
ratio of 34 is used as our model does not distinguish between CC'3C and *CCC. Solid and dashed colored lines represent simulations without and
with the C+N exchange reactions (Table 2), respectively. In the case of the '>C/'3C ratios, these lines overlap almost perfectly.
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low densities. Also, the lack of CO self-shielding in the fidu-
cial simulation S3 influences the degree of carbon fractionation
(cf. Fig. 6 in the main text).

The dependence of the N,H*/N'SNH*, CN/CN, and
HCN/HCN ratios on the physical conditions was already
explored in Fig.2 in the main text, but we include them in
Fig. A.1 in the context of demonstrating the impact of the C+N
exchange reactions (Table 2) on singly fractionated carbon or
nitrogen-bearing species. Evidently, the said reactions have a
very marginal influence on the '“N/!SN ratios, and negligible
influence on the '2C/'3C ratios.
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