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ABSTRACT

Context. Isotopic ratios are essential tools for understanding Galactic chemical evolution and reconstructing the star formation history
of the Milky Way, as different isotopes are produced through distinct stellar nucleosynthesis processes. While the 12C/13C ratio is
known to increase with galactocentric distance in the Galactic disk, measurements in the Central Molecular Zone (CMZ), which are
often made more difficult by high line optical depth effects, have historically yielded low values (~3-30).

Aims. The aim of this work is to determine the initial 12C/!3C isotopic ratio for the parent material of the CMZ molecular cloud
G+0.693—-0.027. By employing optically thin molecular tracers and applying corrections for isotopic fractionation effects, we provide
a more accurate constraint on the nucleosynthetic enrichment history of the Galactic center.

Methods. We used an ultrahigh-sensitivity spectral survey carried out with the IRAM 30m and Yebes 40m telescopes to detect single
and double 13 C-isotopologues of HC3N and HCsN. We analyzed the data and derived the column densities and isotopic ratios, which
were then compared with astrochemical models including 13¢. and 15N-isotopologues to account for potential degree of isotopic
fractionation.

Results. We derived 12C/13C ratios of 36.7+1.02 for the main velocity component of HC3N (from double isotopologues) and 38.8+1.5
for HC5N. These values are significantly higher than typical CMZ measurements from simpler species. Our models suggest low to
intermediate fractionation degrees at early timescales (<3%x10* yr), leading to an inferred initial 12¢/13¢C ratio of ~48 for the material
from which the present-day CMZ molecular clouds formed.

Conclusions. The derived ratios (37-48) are consistent with those found at galactocentric distances of 3-5 kpc. This supports a scenario
where the CMZ is replenished by gas inflows from the Galactic disk, likely driven by the Galactic bar, with a possible contribution
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from the accretion of less-processed material from external sources such as dwarf galaxies.
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1. Introduction

Understanding the chemical evolution driven by stellar nu-
cleosynthesis is essential in order to reconstruct the star for-
mation history of galaxies (e.g., Maiolino & Mannucci| 2019
Arcones & Thielemann| [2023). Galactic chemical evolution
(GCE) models are widely employed to constrain stellar nucle-
osynthesis processes and the formation timescales of the differ-
ent Galactic components (halo, bulge, and thick and thin disks;
e.g., Matteucci|2021)). They also provide valuable insights into
the initial mass function of external galaxies (e.g.,[Romano et al.
2017; Zhang et al.|2018)).

In the Milky Way, GCE models adopting different nucleosyn-
thesis prescriptions predict trends that are broadly consistent with
the elemental abundances measured in stellar atmospheres as a
function of metallicity for stars in the solar neighborhood. How-
ever, the abundances of the less common isotopes (such as Bc,
5N, 180, and 3*S) are more difficult to determine in stars as
their spectral features are weaker than those of the main isotopes.
These isotopic ratios can generally be measured only in highly
evolved giant stars where strong spectral features are detectable,

but the original isotopic composition has already been altered
and is not pristine any longer (e.g., TautvaiSiené et al.| [2016).
Measurements of '2C/'3C and '°0/!80 ratios in unevolved stars
are scarce; only a few studies are available (e.g., |Botelho et al.
2020). Therefore, to overcome this limitation, isotopic ratios mea-
sured toward Galactic molecular clouds are commonly employed
to constrain the GCE as a function of the galactocentric distance
(Rgc; see, e.g.,Wilson & Matteucci|1992;|Wilson & Rood|1994;
Milam et al.[2005;|Colzi et al.[2018;|Yan et al.[2019; Jacob et al.
2020; [Kobayashi et al.| 2020; |Colzi et al.| |2022b; |[Bohm et al.
2026).

For this work we focused on the carbon isotopic ratio,
12¢/13C. 12C is a primary element, formed directly from H
and He during He-burning in the interiors of red giants and
supergiants (e.g., [Burbidge et al.| [1957; |Woosley et al.| 2002
Karakas & Lattanzio|2014). Conversely, 13Chas a distinct origin,
with a primary production channel in massive low-metallicity ro-
tating stars (e.g.,|Chiappini et al.[2008; Prantzos et al.[2018)), and
a secondary production pathway requiring pre-existing '“C and
160 seeds through the cold and hot CNO cycles operating in
main-sequence stars and nova explosions, respectively (Romano
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2022). Observational studies of various molecular species (e.g.,
CN, CH, CS, CO, and H,CO) toward molecular clouds located at
different galactocentric distances (Rgc) have revealed an increas-
ing trend of '>C/'3C with Rgc, ranging from ~30 at 2 kpc to ~80
at 11 kpc (e.g., Milam et al.|2005} |Yan et al.|[2019; Jacob et al.
2020; [Yan et al.|2023)). These observations have been compared
with GCE models by Romano et al.|(2017},/2019) and|Colzi et al.
(2022b)), which constrained stellar nucleosynthesis prescriptions
in the range Rgc = 4-11 kpc. Their models successfully repro-
duce the observed linear increase in '2C/!3C with Rgc.

In the Central Molecular Zone (CMZ; the inner ~300 pc of
our Galaxy), the '2C/!3C ratio has been extensively measured
over the past five decades with the advent of radio astronomi-
cal observations. Measurements toward molecular clouds such
as Sgr B2 and Sgr A, obtained from both absorption and emis-
sion lines, have yielded values ranging from ~3 to 30 for simple
molecules including HC3N, H,CO, OCS, HCO*, HCN, HNC,
Csz, and CH (Fomalont & Weliachew| |1973; Wannier & Linke
1978;; |Gardner & Whiteoak! [1979; |Goldsmith & Linke| [1981}
Gardner & Whiteoak| [1982; |Guesten et al.| 1985}, [Turner| |1991}
Riquelme et al.| 2010; |Giesen et al.| 2020b; Jacob et al.| [2020).
Furthermore, values of ~20-32 have been derived from com-
plex organic molecules (COMs), carbon-bearing species with six
or more atoms (Herbst & van Dishoeck|2009), such as methanol
(CH30H), methyl cyanide (CH3CN), ethanol (CH3CH,OH),
vinyl cyanide (C,H3CN), and ethyl cyanide (C,H5CN) (e.g.,
Miiller et al.2008;|Belloche et al. 2013|2016/ Miller et al.|2016;
Margules et al. 20165 Halfen et al.|[2017).

These values are broadly consistent with the increase in the
12¢/13C ratio with Rge and with an extrapolation of the ob-
served Galactic trend toward the CMZ, yielding values of ~10—
20. From the perspective of stellar nucleosynthesis, this behav-
ior is expected: the higher metallicity in the CMZ could lead
to a higher relative production of '*C with respect to '>C. In
this scenario, '?C is primarily produced by first-generation mas-
sive stars on short timescales, whereas >C is mainly synthe-
sized through CNO processing of '>C in lower-mass stars over
longer evolutionary timescales (e.g., |Prantzos et al.[1996)). How-
ever, Wilson & Rood|(1994) already pointed out that the chemical
evolution of the Galactic disk and that of the Galactic center may
differ, and there is no basis for assuming that the abundance or
isotopic gradients observed in the disk continue smoothly into
the central regions. From an observational point of view, most of
the reported '>C/'3C values have been derived using the direct
method, that is, by comparing the line intensities of the main iso-
topolog (e.g., HCO* or HCN) with those of its counterpart with
13C (e. g, H'3CO* or H'3CN). However, these measurements are
strongly affected by line optical depth effects, and thus gener-
ally represent lower limits. It is worth noting that values derived
from COMs tend to lie within the upper range of those obtained
from simpler species, as COM transitions are typically optically
thinner. Moreover, more robust estimates, relying on optically
thin tracers and double-isotopolog techniques, have also been
obtained in the literature. In particular, [Humire et al.|(2020)) and
Yan et al.| (2023)) determined the carbon isotopic ratio using the
C3*S/13C34S pair toward the +50 km s~ cloud and along the
Sgr B2 line of sight, respectively, finding values in the range
22-35.

Finally, isotopic fractionation processes in gas-phase chem-
istry may also contribute to lowering the '2C/'3C in molecu-
lar species and should therefore be taken into account (e.g.,
Colzi et al.[2020). Isotopic fractionation refers to the enrichment
or depletion of specific isotopes—such as '>C relative to '2C—
within molecules due to small differences in reaction rates during
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Table 1: Properties of the two velocity components toward
G+0.693 studied in this work, as found by |Colzi et al.|(2024)).

Component  RA(ICRS) Dec(ICRS) nH, Txin

(hms) 1) (cm™)  (K)
C14 17:47:22.00 -28:21:27.00 2x10* 140
C2 17:47:21.83  -28:21:20.57 5x10* 30

Notes. (9 The observations described in this paper are centered on these
coordinates.

isotopic exchange reactions. These effects arise from differences
in zero-point energy (ZPE) between isotopologues, leading to
temperature-dependent fractionation in which the heavier iso-
tope is preferentially incorporated into the more stable molecular
form (e.g.,|Caselli & Ceccarelli|2012; Roueft et al.|2015).

Several recent studies have indicated that the metallicity gra-
dient in the inner Milky Way may flatten toward the Galac-
tic center (e.g., Ryde & Schultheis| 2015} [Kovtyukh et al.|2019;
Feldmeier-Krause et al.|[2020;|Chen et al.[2023; Matsunaga et al.
2023). In view of this, investigations of isotopic ratios, such
as 2C/13C, in molecular gas within the CMZ become espe-
cially timely, since isotopic signatures offer a complementary
probe of the Galactic chemical evolution under different metal-
licity conditions and different timescales (e.g.,/Grieco et al. 2015}
Romano et al.|2017). In our work, we aim to determine the ini-
tial 12C/13C ratio of the material from which G+0.693 formed,
which reflects the stellar nucleosynthetic enrichment history of
the CMZ. To this end, we used observations of single and double
isotopologues of HC3N and HCsN toward the G+0.693—-0.027
molecular cloud (hereafter G+0.693), identifying those species
with negligible line opacity, and combined the derived isotopic
ratios with astrochemical models to determine the degree of iso-
topic fractionation.

This work is the first paper in a series aimed at build-
ing a comprehensive inventory of isotopic ratios in the CMZ
source G+0.693. These studies will provide a direct link with
isotopic ratio measurements in extragalactic sources, which are
now becoming accessible, for example through the recent ALMA
large observational programs the ALMA Comprehensive High-
resolution Extragalactic Molecular Inventory (ALCHEMI) to-
ward the nearby starburst galaxy NGC 253 (e.g. [Martin et al.
2021;Butterworth et al.[2024)). The paper is organized as follows.
In Sect.[2]we describe the target source and the observational data
used in this study. The analysis procedures and the main observa-
tional results are presented in Sect.[3.1] The fractionation degree
is then investigated using astrochemical models in Sect. The
implications of the main results are discussed in Sect.[d] and our
conclusions are summarized in Sect.[3

2. Source and observations

In this section, we describe the main physical and astrochemical
properties of the G+0.693 molecular cloud and summarize the
observational datasets employed in this study.

2.1. The G+0.693-0.027 CMZ molecular cloud

G+0.693 is located in the Sgr B2 region. This cloud is
found to be extremely prolific from an astrochemical point
of view, as many molecules—including numerous COMs-have
been detected, some of them for the first time (Zeng et al.
2018; Rivilla et al.|[2019; Jiménez-Serra et al.[2020; Rivilla et al.
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2021; [Rivillaetal.| 2023; |Rodriguez-Almeida et al.| 2021b;
Jiménez-Serra et al.| [2022; [Sanz-Novo et al.| 2023} Zeng et al.
2023;/San Andrés et al.[2024;|Sanz-Novo et al.2025} |Araki et al.
2026).

G+0.693 lies approximately 55’ northeast of Sgr B2(N),
a region well known for its intense ongoing star forma-
tion (e.g., [Schmiedeke et al.| 2016; (Ginsburg et al.| 2018)). In
contrast, G+0.693 shows no signposts of current high-mass
star formation activity, such as UC HII regions, H,O or
Class II methanol masers, or strong dust continuum sources
(e.g., Ginsburg et al.|2018; [Zeng et al.|[2020). Zeng et al.| (2020)
proposed that G+0.693 is currently affected by a cloud—
cloud collision, producing the shocks responsible for its rich
chemistry (e.g., Requena-Torres et al.|[2006; [Martin et al.|2008;
Armijos-Abendafio et al.| |2020). Recent observations toward
G+0.693 reveal a broad line component associated with an ex-
tended, warm, and diffuse molecular gas structure (C1), as well
as two denser and colder condensations (C2 and C3) embed-
ded within it. These condensations appear to be in a post-shock
evolutionary stage and are characterized by enhanced deutera-
tion (high D/H ratios) (Colzi et al.|[2022a, [2024). These results
suggest that G+0.693 may represent the prestellar precursor of a
future massive star-forming cluster within the Sgr B2 complex.
Altogether, these results highlight G+0.693 as a unique labora-
tory for investigating the interplay between shocks, potential sites
of future star formation, and molecular complexity in the CMZ.

In this work, we focus on the study of carbon isotopic ra-
tios for the C1 and C2 line components analyzed by |Colzi et al.
(2024)). The coordinates and physical properties for these two gas
components are listed in Table[I]

2.2. Observations

The work presented here makes use of an ultrahigh-sensitivity
spectral survey toward the G+0.693 molecular cloud, carried
out with the IRAME] 30m (Granada, Spain) and Yebes 40m
(Guadalajara, Spain) radio telescopes. These datasets have been
previously used in several studies (e.g., |Rivilla et al.| 2021}
Colzi et al.[2022a};[Jiménez-Serra et al.|2022; Rivilla et al.[2022;
Sanz-Novo et al.[2023}|Colzi et al.[2024])). The observations were
performed in position-switching mode, centered at ajcrs =
17047™22% and Sicrs = —28°21727”, with an off position off-
set by (—885”, +290”). The spectral line intensities are ex-
pressed in terms of the antenna temperature, T, corrected for
atmospheric attenuation, radiative losses, and rearward scatter-
ing and spillover. This approximation is appropriate given the
extended molecular emission observed toward G+0.693, which
extends well beyond the primary beams of the telescopes (e.g.,
Briinken et al.|2010;Jones et al.2012;|Li et al.|2020;Zheng et al.
2024)).

The IRAM 30m and Yebes 40m observations used in this
work were obtained from ultra-deep spectral surveys reaching
sub-mK noise levels. The IRAM 30m data combine observations
from projects 172-18 (PI: Martin-Pintado; April 2019), 018—
19 and 133-19 (PI: Rivilla; August and December 2019), and
123-22 (PI: Jiménez-Serra; February 2023). These cover the
frequency ranges 71.76-116.72 GHz, 124.77-175.5 GHz, 199.8—
238.29 GHz, 252.52-260.30 GHz, and 268.2-275.98 GHz. The
spectra were smoothed to 615 kHz, corresponding to a velocity
resolution of 1.0-2.2 km s~!, adequate to resolve the typical line
widths of 15-20 km s~! observed in the region (e.g., Rivilla et al.
2020; |Rivilla et al.|2021};/Colzi et al.[2022al[2024])). The achieved

1 Institut de Radioastronomie Millimétrique.
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root mean square (rms) noise levels are 1.7-2.8 mK (71-90 GHz),
1.5-9.8 mK (90-115 GHz), 3.1-6.8 mK (124-175 GHz), 4.7-
9.7 mK (200-238 GHz), and 10.8-18 mK (250-275 GHz). The
beam varies from 10" up to 32"” within the frequencies covered.

The Yebes 40m observations were obtained between March
2021 and March 2022 (project 21A014; PI: Rivilla), covering the
31.07-50.42 GHz range, with a total on-source time of 110 hr[]
The final spectra were smoothed to 256 kHz (velocity resolution
of 1.5-2.5 km s7!), yielding rms noise levels of 0.25-0.9 mK
across the band. The beam varies from 36.4”" up to 54.4" within
the frequencies covered.

3. Analysis and results
3.1. Observational results

To reliably derive the '2C/!3C isotopic ratio of HC3N and HCsN,
we searched for all possible single- and double-'3C isotopologues
of these species. Figures and é [HA.6 show the rotational
transitions of H13CCCN,E]-E]C13C CN, HC}’CN, HC'*CCN,
HCC*CN, HPCBCCN, HP*CC®CN, H'*CCyN, HCPCCsN,
HC}’CCN, and HC)?CC,N detected toward G+0.693. In ad-
dition, Appendix [le presents the HCsN transitions covered
in our data. Their spectroscopic information is taken from
the Cologne Database for Molecular Spectroscopyf] (CDMS;
Miiller et al.| 2001}, [2005; [Endres et al.| [2016). The entries of
the catalog for these species are based on the laboratory
works of|de Zafra/(1971);/Alexander et al.|(1976));|Creswell et al.
(1977); Mallinson & de Zafral(1978);Winnewisser et al.|/(1982));
Chen et al.|(1991));|Yamada et al.|(1995)); Thorwirth et al.| (2000,
2001)); [Bizzocchi et al.| (2004); |Giesen et al.| (2020a)); Sanz et al.
(2005). The dipole moments were determined by|Alexander et al.
(1976); DeLeon & Muenter| (1985)). We note that we do not dis-
play and use in the analysis the rotational transitions that are
heavily blended with other molecular species or whose emis-
sion lies below the noise level. Only in a few cases—such as
H!3C13CCN, discussed below—these transitions are shown since
they provide further support for the derived model fits. In fact,
some transitions are blended with lines from other species, but
their predicted intensities remain useful for reproducing the ob-
served spectra once the contributions of all species previously
identified toward G+0.693 are included. Furthermore, the hyper-
fine structure (HFS) of the molecular transitions is neglected in
our line profile modeling. In our observations, the maximum fre-
quency separation due to HFS occurs in the HC3N(J = 5 - 4)
transition, where the ' = 4 — 3 component is offset from the
F = 6 — 5 component by 0.2494 MHz. This corresponds to a
velocity separation of ~ 1.6 km s~!, which is negligible given the
broad observed line widths (FWHM ~ 20 km s~!). Since HFS
splitting scales inversely with the rotational quantum number J,
these components remain unresolved and do not significantly
contribute to the observed line profiles.

To derive the total column densities of all molecules, we per-
formed a local thermodynamic equilibrium (LTE) analysis. For
HCsN, we carried out a dedicated analysis following the same
methodology applied to HC3N in [Colzi et al.| (2024). The full
set of observed transitions cannot be simultaneously reproduced
under LTE conditions. In fact, possible non-LTE effects intro-
duce a curvature in the rotational diagram (Goldsmith & Langer

2 Individual observing sessions were performed between 2021 March
and 2022 March; see Rivilla et al.| (2023) and |Sanz-Novo et al.| (2023)
for details.

3 http://cdms.astro.uni-koeln.de/classic/
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Fig. 1: H3CCCN observed transitions used for the LTE analysis (black histogram). For each panel, the corresponding transition is
indicated in the upper right corner. The green and orange solid lines are the best LTE fit to the C1 and C2 components, respectively.
The dark gold line is the sum of the two components. The blue line indicates the total modeled line emission, including the
contribution of all molecular species previously identified in the survey.
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Fig. 2: Same as Fig. |1/ but for HC'>*C'3CN. In this case only
the C1 component modeled in green is detected, as explained in
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1999), as illustrated in Fig. 2 of |Colzi et al.| (2024])). Thus, as in
the previous work, we first excluded all transitions with upper-
level energies Eyp < 5K (J = 54 and 7-6), whose observed
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intensities exceed the predictions of LTE models. These two low-
energy transitions of HCsN are therefore not considered further
in the analysis. The remaining transitions were separated into two
groups: (i) 5< Ey, <70K (low-J, from J = 12-11 to 32-31;
Fig.@, and (ii) Eyp > 70K (high-J, from J = 33-32 to 43-42;
Fig. . Transitions at even higher J are too faint to be detected
in our data. We note that for HC3N and its isotopologues the low-J
regime is defined for 5 < Eyp < 100 K (see also|Colzi et al.[2024).
For HCsN we have redefined this in order to cover the same en-
ergy range as its '3C-isotopologues, for which only transitions
with Ey, <70K have been detected. We verified that extending
the HCsN analysis up to Eyp=100 K (i.e., including transitions
up to J=39-38) does not significantly affect the derived total col-
umn density, yielding consistent values within the uncertainties
((1.248+0.011)x10'* cm™2 and (1.247+0.018)x10'* cm™2).

For the 13C isotopologues of HC3N and HCsN studied here,
only transitions corresponding to the low-J regime of the main
isotopologues are detected, as the high-J lines remain below the
noise level. Thus, all isotopic ratios discussed in the following
are derived exclusively from these low-J transitions. Finally, we
note that the C1 velocity component is detected in all species
analyzed, whereas the C2 component is detected only for the
main isotopologues HC3N and HCsN, and for the single '3C-
isotopologues of HC3N.

To fit the groups of transitions under LTE conditions, we
used the Spectral Line Identification and Modeling (SLIM) tool
(version from 2024, June 15) within the MADCUBA software pack-
age, which generates synthetic spectra assuming LTE and taking
line opacity into account. For each transition, SLIM computes
the convolution of a Gaussian source distribution with the corre-
sponding Gaussian telescope beam; further details are provided
in Sect. 3.2.2 of Martin et al.[| (2019a). The physical parameters
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Fig. 4: Carbon isotopic ratios ('>C/!3C) measured for different isotopologues of HC3N toward G+0.693 (C1 component) in the
Galactic center. From left to right, the panels show the ratios obtained with HC3N, H'*CCCN, HC'3*CCN, and HCC'3CN in the
numerator. The black dashed horizontal lines indicate the canonical Galactic center value of ~20. The points with arrows denote
lower limits, and the scatter points with error bars represent individual measurements. Light green corresponds to ratios derived
from double-isotopologues, while olive green corresponds to ratios from the main isotopolog. In each panel, the dashed green line
and shaded area indicate the average value and uncertainty for that molecule. Moreover, in the first panel, the solid light green line
and shaded area shows the average ratio derived from the double isotopologues.

describing the molecular emission were obtained using the auto-
matic fitting routine AUTOFIT, which performs a nonlinear least-
squares LTE optimization based on the Levenberg—Marquardt
algorithm (Martin et al.[2019a)).

The free parameters considered in the MADCUBA fit are the col-
umn density of the molecule (V), the excitation temperature (7¢y),
the velocity (vLsr), the full width at half maximum (FWHM) and
the source size (Osource). As determined in (Colzi et al.| (2024),
we considered component C1 to be extended for the line fitting,
meaning that no beam dilution was applied, while for C2, we
used a source siz¢? of 9”. The FWHM of the C1 component of
HCsN has been left as a free parameter (as for HC3N), while for

4 This explains the diverging evolution of the modeled line intensities
for the C1 and C2 components with increasing J observed in Figs.[TJand
@ Specifically, the intensities of higher J transitions become more

C2 we assumed the same value as HC3N to ensure convergence
of the fit. For the '3C-isotopologues, the FWHM has been fixed
to that of the same component of the main isotopolog. Tex and
uLsr were left free in the fitting procedure unless their relative
errors were higher than 15%. In the latter case, these parameters
were also fixed to the values of the other isotopologues used to
derive the '>C/!3C ratio or, when possible, to the average value
of similar species. The final column densities were derived using
the antenna temperature (7', ) scale for the C1 component and the
main beam temperature (Tyg) scale for the C2 component, which
has been found to be a compact condensation (Colzi et al.|2024)).
Tvp was obtained from T, using the formula T} = Tyg 7Ms,

prominent as the coupling between the source size and the telescope
beam improves at higher frequencies.
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Fig. 6: '2C/!3C ratios derived from HCsN for the C1 component
(left panel) and the C2 component (right panel). In both panels
the black dashed horizontal lines indicate the canonical Galactic
center value of ~20. In the left panel, the light green dashed line
and shaded region indicate the average value and its uncertainty
derived from HCsN. In the right panel, the dark orange line
and shaded region show the average value obtained for C2 from
HC;3N, illustrating that the lower limits derived from HCsN are
consistent with this value.

where nyp is the ratio of the main beam efficiency, Beg, and the
forward efficiency of the telescope[’| Fefr.

When one of the isotopologues was not detected, we derived
an upper limit to its column density. These limits were estimated
using 3 X rms at the corresponding rest frequency, together with
the assumed excitation temperature (7¢x ) and linewidth (FWHM)
(see Table|C.1). For the C2 component of the double '>C isotopo-
logues we computed several upper limits because the adopted Tex
depends on which single '3C isotopolog is taken as reference.
This procedure ensures that the resulting lower limits on the
12¢/13C isotopic ratios are derived consistently and accurately.
The only exception is the column density derived for H3C'3CCN
(Fig.[A.2). Two of its transitions are slightly blended with emis-
sion from other species, preventing a reliable fit. For this reason,

5 The beam efficiencies of the telescopes are available on-
line athttps://publicwiki.iram.es/Iram30mEfficiencies|and
https://rt40m.oan.es/rt40m_en.php for the IRAM 30m and
Yebes 40m telescopes, respectively.
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we provide an upper limit obtained by manually increasing N un-
til the synthetic spectrum reproduced the full observed line pro-
file. The best LTE fits are shown superimposed on the observed

spectra in Figs. [TH3] [A.THA.6] and [B.2] The corresponding

fitting results are summarized in Table[C.1]

From the derived total column densities, we calculated the
12C/13C ratios in two ways: (i) by dividing the column density of
the main isotopolog by those of the single '3C isotopologues (for
both HC3N and HCsN), and (ii) for HC3N only, by dividing the
single 13C isotopologues by the double '3C isotopologues, con-
sidering all possible combinations. The resulting isotopic ratios
are reported in Tables[2]and[3] for HC3N and HCsN respectively,
and are graphically presented in Figs. [} [5] and|[6]

For the C1 component of HC3N, the '>C/!3C ratios derived
from the main isotopolog are approximately factor of two lower
than those obtained from double-'3C species. This discrepancy
likely stems from moderate optical depth in the HC3N lines
(t ~ 0.1-0.5) and a lack of sufficiently optically thin transitions
to constrain the opacity, which is a lower limit. Consequently, also
the column densities derived from the main isotopolog should be
treated as lower limits. In fact, the optically thinnest lines are all
in the high-J group, where 7 ranges only from 0.001 to 0.04.
Furthermore, we have assumed that the emitting gas is more ex-
tended than the telescope beam,; if this is not the case, the derived
opacities would represent lower limits. It should be noted that,
if the HC3N column density of the C1 component is increased
to reproduce the '>C/!3C ratio derived from the double isotopo-
logues, a source size of >25-30" would be required to match
the observed spectra. In this case T would be better constrained,
reaching values up to 2-3. In contrast, the source size is con-
strained for the C2 component, and even though some transitions
are optically thick, we were able to apply reliable opacity cor-
rections to the final column densities (with T between 0.1 and
2.5). An additional indication of optical depth effects in ClI is
that the Tix derived for the main isotopolog is lower than, and
inconsistent with, the excitation temperature of the optically thin
13C isotopologues, whereas in C2 the T values agree within the
uncertainties. Based on these considerations, we conclude that
the most reliable isotopic ratio for the C1 component of HC3N is
that derived from the double '*C isotopologues, which yields
an average value of 36.7+1.02. For the C2 component, the ratio
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Table 2: Column densities and isotopic ratios for HC3N.

Molecule  Comp. N 2¢c/Bc
(x10'* cm2)
HC;N¢ Cl 6.54+0.078
c2 9+3
HBCCCN  Cl1 0.380+0.004 17.2+0.3
Cc2 0.39+0.04 23+8
HCBCCN  C1 0.372+0.007 17.6+0.4
2 0.41+0.05 2247
HCCBCN  CI 0.407+0.006 16.1+0.3
c2 0.27+0.04 32+11
HBCBCCN Cl <0.01  >38/>37/>40°
C2 <0.018¢ >22 />234
C2 <0.022¢ >13
H3CCBCN C1 0.0117+0.0014 32+4 /32+4 /35447
Cc2 <0.013¢ >28 / >304
C2 <0.015¢ >19
HC3CBCN  C1  0.0095+0.0010 40+4 / 39+4 / 43+4P
Cc2 <0.029¢ >13/>144
C2 <0.032¢ >8f
Average values C17
HC;N/single °C 16.9+0.5
H!'3CCCN/double 13C 36+4
HC!3CCN/double 13C 35+4
HCC!3CN/double 13C 39+4
Mean of double isotopologues 36.7+1.02
Average value C2
HC3N/single °C 26+3

Notes. @ Taken from |Colzi et al.| (2024). Only the low-J transitions
are included in the results of this paper. ¥’ Relative to H3CCCN
/ HC13CCN / HCCBCN. © Calculated using the same Tex of the
single B3¢ isotopologues H!3CCCN and HC!13CCN (see Table .
@ Relative to H'3CCCN / HC'3CCN. © Calculated using the same
Tex of the single B¢ isotopolog HCC3CN (see Table . # Rel-
ative to HCC!3CN. ® The fractional abundance of HC3N relative
to Hy is (4.8 + 0.7) x 10™°, adopting an H, column density of
N(Hp) = 1.35 x 1023 cm™2 from [Martin et al.| (2008), assuming an
uncertainty of 15% of its value. Q) Average values are calculated as
the arithmetic mean of the measurements ¥ = (1/N) Zfi | Xi, where x;
is the i-th measurement and N is the number of measurements, while
their uncertainties o3 are estimated from the data standard deviation

5= ﬁzil\il(xi—f)z — oz =s/VN.

derived from the main isotopolog is considered robust, giving a
value of 26+3.

For HC;sN, for which only the C1 component is detected in
the 13C isotopologues, the main isotopolog is already optically
thin (r ~ 0.01-0.03). Consequently, the '>C/!3C ratios derived
from the main species are considered reliable. We also note that,
in this case, the excitation temperatures obtained for the main
and the 13C isotopologues are mutually consistent. The final iso-
topic ratio, computed as the average over all possible isotopolog
combinations, is 38.8+1.5.

The average isotopic ratio derived from HC3N and HCsN is
37.7+1.0, which is higher than the values reported from gas-
phase molecular emission in the Galactic center prior to 2020. As
we discuss in Sect. more recent studies employing methods

Evidence for gas inflow to the Central Molecular Zone

Table 3: Column densities and isotopic ratios for HC5N.

Molecule Comp. N 2¢c/Bc
(x10™ cm™2)
HCsN? C1 1.247+0.018¢
C2 1.7+0.3
HCC,N Cl 0.0288+0.0013 43+2
C2 <0.098 >17
HCB3CC3N Cl 0.0355+0.0005  35.1+0.7
C2 <0.098 >17
HC%3CC2N Cl 0.0302+0.0010 41.2+1.4
C2 <0.075 >23
HC?CCN C1 0.0347+0.0010  35.9+1.1
C2 <0.124 >14
HC}BCN Cl 0.0324+0.0010  38.5+1.3
C2 <0.060 >28
Average value Cl
HCsN/single °C 38.8+1.5

Notes. (9 The fractional abundance of HCsN relative to Hy is (9.2 +
1.4) x 10710, adopting an Hy column density of N(H,) = 1.35 X 1023
em™2 from [Martin et al|(2008), assuming an uncertainty of 15% of its
value. ) Only the low-J transitions are included in the results of this
paper.

less affected by the lines opacity of the main isotopologues have
obtained ratios consistent with those found here. Altogether, these
results indicate that the >C/'3C ratio in the CMZ is likely higher
than the commonly adopted value of 20.

3.2. Astrochemical modeling of isotopologues

In this section, we investigate the possible effects of isotopic
fractionation on the derived '>C/'*C ratio. We employ the chem-
ical model developed by [Sipild et al.| (2023)), which incorpo-
rates an updated chemical network including all combinations
of 13C-, PN-, and '*C!’N-bearing molecular species, together
with the most recent low-temperature isotopic exchange reac-
tions. This chemical network includes '3C in molecules with
up to 3 C atoms. This means that the fractionation of larger
precursors of HC3N and HCsN, such as C4H, is not treated.
Thus, we have first analyzed the primary chemical pathways
responsible for the formation of HC3N, and subsequently in-
vestigate the '>C/!3C ratio of its main precursor species. We
have performed two models, for the two gas components C1
and C2, respectively. In particular, we have assumed as gas ki-
netic temperatures, Tin, and H, densities, ny,, those reported in
Table [T} which remain constant throughout the simulation. We
have also assumed a dust temperature, Ty,g, of 20 K, as typi-
cally found in the CMZ (e.g., Rodriguez-Fernandez et al.|2004;
Henshaw et al.|2023}; Battersby et al.|2025). Moreover, we have
used a cosmic-ray ionization rate of 1.3x10713 57!, as estimated
for G+0.693 (Rivilla et al.|2022;Sanz-Novo et al.[2024)). Finally,
because of the high column densities of gas present in the CMZ,
the G+0.693 molecular cloud is highly shielded from external ul-
traviolet photons, and then we have assumed a visual extinction,
Ay of 40 mag. The rest of the model parameters are assumed the
same as in |Sipila et al.| (2023). The initial elemental abundances
are those used in Jiménez-Serra et al.| (2018)). In the following,
we study the chemistry up to 10° yr, as previous works have
shown that the molecular abundances observed toward G+0.693
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Fig. 7: Time evolution of the simulated abundances (relative to H) of HC3N and its main precursor species for the two physical
models considered in this work. The left and right panels show the results for the C1 and C2 components, respectively. In both panels
the blue horizontal region represents the observed abundance toward the C1 component. The abundances are calculated using the
chemical network of Sipila et al|(2023)) and adopting the physical parameters described in Sect.[3.2] The figure highlights that CCH,
C, and C; are among the most abundant carbon-chain precursors at early times, enabling the formation of C4H and subsequently
HC3N through the reaction C4H + N. At later times, CN and HNC become increasingly important in the chemistry.
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Fig. 8: Predicted isotopic fractionation degree, ¢(C3), as a function of time for the two models. The quantity ¢(X) is defined as the
ratio of the initial elemental '>C/'3C ratio to the modeled isotopic ratio for species X. In both panels the black dashed horizontal
line represents ¢(X)=1. The left panel shows the results for the model of C1, while the right panel corresponds to the model of
C2. The curves represent the fractionation for the different '3C substitutions in C3, together with their average value. At early times
(< 3 x 10* yr), isotopic exchange reactions between '3C and C3 drive the fractionation degree toward values close to ¢*F/T | leading
to moderate fractionation in the C1 model and stronger effects in the lower-temperature C2 model.

can be reproduced for an evolutionary time between 10* and
103 yr after the shock event (see, e.g., Requena-Torres et al.2006;
Sanz-Novo et al.|[2024]).

In Fig. [7)we show the simulated abundances of HC3N and its
main precursors, for the models of C1 and C2, respectively. The
behavior in both models is very similar with up to an order of
magnitude lower abundances for the low gas-phase temperature
model C2. In both models we have found that the main formation
pathway to form HC3N at almost all timescales, up to ~3x10% VI,
is through C4H + N (see similar behavior in abundances in Fig.[7]
and scheme in Fig.|D.1). At 107 yr this reaction is responsible for
43% of HC3N formation, followed by C3N™ + H (24%), CoH; +
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CN (10%), and CCH + HNC (7%), among other less important
reactions. In general, C4H is formed in the gas phase starting from
the reaction CCH + C — Cj, followed by subsequent reactions
involving C, H, H,, and electrons. CCH, C, and C3 are among
the most abundant precursor species up to ~3x10* yr, whereas at
later times HNC and CN become increasingly important. Overall,
C; represents the final key precursor in the chemical formation
pathway of HC3N and can therefore be used to investigate the
degree of its isotopic fractionation. It should also be noted that
at these later timescales the main sink of atomic carbon is CO.

The fractional abundance of HC3;N relative to H, derived
from observations is (4.8 + 0.7) x 1072, calculated using the
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Fig. 9: Same as Fig. [8| but for CN, HNC, CO, and HCO™* as a function of time for the models of C1 (left) and C2 (right). The
fractionation degree decreases below unity at intermediate times, reflecting the role of CO and HCO* as the main sinks of >C in the
gas phase. At later times, the increasing abundance of He* produced by cosmic rays leads to the reformation of atomic carbon and
carbon chains, causing the fractionation degree to rise again toward values close to unity. These two species are therefore expected
to be only weakly affected by isotopic fractionation over most of the chemical evolution.

HC3N column density derived by |Colzi et al.| (2024)) for C1 and
adopting an H, column density of N(H,) = 1.35 x 10?* cm™
from Martin et al.| (2008)), assuming an uncertainty of 15% of
its value. As shown in Fig. [7] this abundance cannot be fully
reproduced by our models, with the closest value attained at ap-
proximately 2x10* yr. As discussed in Sect. most of the
molecules observed toward G+0.693 are likely formed following
a major shock event caused by a cloud—cloud collision. Con-
sequently, part of the missing HC3N may reside on grain sur-
faces. [Dutkowska et al.| (2025) recently investigated the chem-
istry of typical CMZ sources, including shocked environments,
and demonstrated that the HC3;N abundance observed in G+0.693
can be reproduced using a shock model with a cosmic-ray ion-
ization rate of ~1071 s™! (see their Figs. 2 and 4), consistent
with values inferred from previous studies. These differing phys-
ical conditions could, in principle, influence the predicted iso-
topic ratios; therefore, they warrant a more detailed investiga-
tion in future dedicated works. In any case, sufficient time has
elapsed since the shock event (between 10* and 10° yr; see,
e.g., Requena-Torres et al.| 2006} [Sanz-Novo et al.|2024) for the
gas-phase chemistry to reach a new equilibrium. Therefore, we
do not expect significant deviations from the results obtained at
comparable timescales, as explained below.

We now define the isotopic fractionation degree, ¢(X), as the
ratio between the initial elemental '>C/!3C ratio and the predicted
12C/13C ratio for species X. We have tested that this quantity is
independent of the initial value adopted in the model. Figure
presents ¢(Cs) averaged over its three possible isotopologues
corresponding to the position of the '*C atom. For C1, ¢(C3)
ranges between 1.2 and 1.3, while for C2 it spans values from
0.85 up to 3.2. These results are generally consistent through-
out most of the chemical evolution with theoretical expectations
based on the isotopic exchange reactions '3C + C3 —!2C +
c3ce/Becece/ce3e, which are exothermic by AE = 43 K,
27 K, and 27 K, respectively (e.g.,|Colzi et al.|2020; Loison et al.
2020). These reactions proceed efficiently as long as C3 remains
abundant, that is, at times earlier than ~3x10* yr, causing the
fractionation degree ¢(C3) to approach e2F/Tkin where Ty, is the
kinetic temperature of the gas (see Table [I). For Cl, this yields

expected values of 1.36 and 1.21 for the C'*CC and '3CCC iso-
topologues, respectively, while for C2 the corresponding values
are 4.19 and 2.45 for C'*CC and '3CCC. This is consistent with
what is illustrated in Fig. [8] which shows that for timescales
shorter than ~3x10* yr the predicted ¢(C3) values for C'*CC
and '*CCC are close to the theoretical values discussed above.

At timescales longer than ~3x10* yr, we investigate the iso-
topic fractionation degree of CN and HNC, which also become
increasingly important for the formation of HC3N. As shown in
Fig.[9] both ¢(CN) and ¢(HNC) drop below unity, reaching val-
ues as low as ~ 0.6 in the low-temperature C2 model. At later
times, the fractionation degree increases again, approaching val-
ues of 1.2—1.3 at 107 yr. This behavior was previously reported by
Colzi et al.[(2020) for models with a high cosmic-ray ionization
rate and arises because CO and HCO™ act as the main sinks of
13C during this phase. At longer times, as the abundance of He*
produced by cosmic rays increases, atomic carbon and carbon
chains are re-formed, and their isotopic fractionation degree re-
turns to higher values comparable to those at earlier times. These
effects are more pronounced in the low-temperature model. Even
if not affecting the fractionation degree of HC3N, it is worth not-
ing that for the shorter timescales CN and HNC are enhanced in
13C because of the isotopic exchange reactions (4) and (25) listed
in Table 1 by [Sipila et al.| (2023). Similar conclusions apply to
HC5N, which is mainly formed from Cz and CN, as illustrated in
the scheme in Fig. in Appendix D]

Considering the fractionation degrees predicted by our mod-
els for C1 and C2, the observed values for the two gas compo-
nents indicate low to intermediate fractionation degree at times
earlier than 3 x 10* ylﬁ (1.28 and 3.15 for C1 and C2, respec-
tively). Under these conditions, we have multiplied the observed
ratios with the corresponding isotopic fractionation degree and
we have found that the initial '>C/!3C for the parental material
of molecular clouds in the CMZ is constrained to lie in the range
48-82, with the higher values inferred for C2 when only average
estimates are considered. However, when the uncertainties on
the '2C/'3C obtained for C2 component are taken into account,

6 We do not consider later timescales because the HC3N abundance
decreases to unrealistically low values (< 10~11), see Fig.
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the inferred initial ratio may be as low as 15x3.15=47 (see Ta-
ble [2)), making it compatible with a lower-end initial elemental
12C/T3C ratio of 48 for both components. Conversely, we can-
not exclude significantly higher values; the 1o upper bond of
the C2 average (31«11 individually, or 26+3 in the ensemble)
suggests an initial ratio reaching as high as ~98, potentially over-
lapping with ratios measured in the local Galaxy (see Fig. [T0).
As the spectral features from which we inferred the '2C/!3C ratio
for C2 are partially blended with the main C1 component, the
resulting estimates for C2 are subject to higher systematic uncer-
tainty. Consequently, we adopt the value of 48 inferred from the
more robust C1 component as the representative initial ratio for
molecular clouds in the CMZ for the remainder of the paper. At
later times, the models predict lower levels of isotopic fraction-
ation, corresponding to possible initial >C/'3C values of 3541
for C1 and 15-32 for C2. However, because the modeled HC3N
abundances approach the observed values more closely at earlier
times, we do not consider these ratios further in our discussion.
In future studies, molecules less affected by fractionation, such
as CO and HCO™, could be used to perform this type of analysis,
as shown in Fig.[9]

4. Discussion

In this work we have derived a '>C/'3C ratio of 48 toward
G+0.693 in the CMZ, indicative of the initial value of the material
from which this molecular cloud formed. This value is obtained
from molecular species whose line emission is optically thin (sin-
gle isotopologues of HCsN and double isotopologues of HC3N),
and is corrected for isotopic fractionation effects using astro-
chemical models based on the most up-to-date chemical network
including *C- and '’N-isotopologues. In Sect. We compare
this result with '2C/!3C ratio measured both in the Milky Way
(CMZ and disk) and in extragalactic sources. Furthermore, the
derived '>C/'3C ratio can be used as probe of the origin of the
gas, and the elements within it, in the CMZ (Sect. @])

4.1. Comparison with other sources
4.1.1. Comparison with other CMZ sources

All measured '>C/'3C ratios toward the CMZ are summarized
in the left panel of Fig. [I0] In the CMZ of the Milky Way, the
12C/13C isotopic ratio has been extensively investigated over the
past five decades through radioastronomical observations. Mea-
surements toward prominent molecular clouds such as Sgr B2
and Sgr A yield values ranging from ~3 to 30 for relatively sim-
ple molecules (e.g., HC3N, H,CO, OCS, HCO*, HCN, HNC,
C3, and CH), based on both absorption and emission lines (e.g.,
Turner||1991} |Giesen et al.|2020b). Higher ratios, typically ~20—
32, have been derived from COMs, including CH3OH, CH3CN,
CH;CH,0H, C,H3CN, and C,H5CN. Most of these determi-
nations rely on direct comparisons between the line intensities
of a main isotopolog and its '3C-substituted counterpart. How-
ever, this approach is strongly affected by optical depth effects
and therefore generally provides lower limits to the true iso-
topic ratio. Notably, values derived from COMs tend to lie at
the upper end of the observed range, likely because their tran-
sitions are typically more optically thin than those of simpler
species (e.g., Halfen et al.|2017)), or because they trace different
gas components, such as warmer and denser gas located closer
to the protostar.

More reliable measurements based on optically thin tracers
and double isotopolog methods have also been reported. For ex-
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ample, |Humire et al.| (2020) and |Yan et al.| (2023) derived the
carbon isotopic ratio using C3*S/'3C3*S toward the +50 km s~!
cloud and the Sgr B2 line of sight, obtaining values between
22-35. These results are consistent with the higher end of pre-
viously reported values (see left panel of Fig. [I0). In addition,
Martin et al.|(2012) derived ratios of 15—45 toward the circumnu-
clear disk around Sgr A*, using CN and correcting for line opacity
effects through its hyperfine structure. Jones et al.[(2012) found
that integrated intensity ratios between '“C- and !*C-bearing iso-
topologues of HCN, HCO*, and HNC are typically significantly
lower than 24, confirming that emission from the main isotopo-
logues is generally optically thick in the CMZ. Howeyver, they also
identified regions at the most redshifted velocities (~100 km sh
where the '2C/'3C ratio derived from HCO* reaches values as
high as 45. Consistently, Riquelme et al.|(2010) reported '2C/'3C
ratios >40-70 in the external disk-halo interface of the CMZ,
suggesting the presence of infalling less processed, more pristine
material from a nucleosynthesis perspective.

In this work, we derive a ratio of ~37 using HCsN and the
double isotopolog of HC3N, and up to 48 when correcting for
fractionation effects. Moreover, using the column densities re-
ported by|Colzi et al./(2022a), considering HC'>N and H3CPN,
we derive a '>C/!3C ratio of ~36 (not corrected for fractionation)
toward the C1 component of G+0.693. More recently, |Luo et al.
(2024) derived '>C/'3C ratios higher than 35 from absorption-
line observations toward Galactic center region lines of sight
(Rgc ~ 1 kpce). Finally, Boogert et al.| (2000) used ISO-SWS ice
observations toward the Galactic center source GC3 and obtained
a CO,/13CO; ratio of 52 + 11. These results further support the
presence of a '2C/'3C ratio of at least ~35 toward the CMZ and
highlight the importance of employing optically thin tracers, as
well as considering fractionation effects, for accurate determina-
tions.

4.1.2. Comparison with Milky Way sources

The right panel of Fig. compiles the most relevant
12C/13C measurements obtained in molecular clouds across the
Galactic disk and in the CMZ. For the comparison with Galac-
tic sources, we revised the adopted galactocentric distances to
ensure consistency with the most recent determinations. For
H,CO, CS, CO, and CN, we adopted the updated distances re-
ported by|Yan et al.[(2019}2023) , which use trigonometric paral-
laxes when available and revised kinematic distances otherwise.
The only exception is WB89-437, for which Wouterloot & Brand
(1996) derived a '2CO/!*CO ratio of 104 + 60; for this source
we adopted the trigonometric parallax distance of 13.24 kpc de-
termined by |[Hachisuka et al.|(2015). For CH* and CH, we used
the galactocentric distances reported by |Ritchey et al.|(2011) and
Jacob et al.| (2020)), respectively. The majority of the sources in
the disk lie at galactocentric distances Rgc between ~2.5 and
11 kpc. The data include observations obtained with different
molecular tracers; the molecules used and the corresponding ref-
erences are listed in the figure and in Sect. [d.T] On average, the
12C/13C increases with galactocentric distance. This behavior is
also consistent with the most recent Galactic chemical evolution
models (Colzi et al.|2022b).

A linear regression fit including all the measurements yields
the following galactocentric gradient when the CMZ data points
are included:

12C/PC = (18 £3) + (6.5 £ 0.5) Rgc. M
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regions.

Excluding the Galactic center and Rgc >12 kpc sources results
instead in the relation
2¢/BCc=12+7)+ (7.4 +1.1) Rge. )
These trends are consistent with the observational trend obtained
in previous works (see references in caption of Fig.[I0) and with
the predictions of Galactic chemical evolution models for the
Milky Way (e.g.,[Romano et al.[2019; Romano|2022;|Colzi et al.
2022b, see also right panel of Fig. [10).

Using the two reported linear relations for the Galactic gra-
dient of the '>C/!3C ratio, we estimate the galactocentric dis-
tances at which the observed values in this work, between 37 and
48, are expected. For the first relation taking into account CMZ
sources this interval corresponds to Rgc =~ 2.9—-4.6 kpc when
using the central values of the coefficients. Similarly, adopting
the second relation, excluding CMZ and outer Galaxy sources,
the same range of isotopic ratios is obtained at Rgc ~ 3.4-4.9
kpc. Therefore, both gradients consistently indicate that >C/13C
ratios between 37 and 48 are most likely found at galactocentric
distances of approximately Rgc ~ 3—5 kpc. When accounting for
the uncertainties in the slopes and intercepts, this range broadens
to roughly Rgc ~ 2.1-6.8 kpc. It should also be noted that the
values obtained by [Luo et al.| (2024) at ~ 1 kpc along the line of

sight toward the CMZ are consistent with the values derived in
our work within 100 pc of the Galactic center.

Moreover, in the Galactic disk the values obtained at a given
Rgc the values obtained are not consistent among them. In fact,
they are obtained using observations toward sources with differ-
ent physical conditions and different molecules, pointing out also
in this case the importance of taking into account isotopic frac-
tionation, through astrochemical models, to properly retrieve the
initial isotopic ratios of those regions of the Galaxy. For example,
locally at 8.2 kpc, different '>C/!3C ratios have been evaluated
toward the cyanopolyyne peak in TMC-1. [Tercero et al.| (2024)
reported that most of the 13C resides in HCC'3CN rather than
in H3CCCN or HC'3CCN. In that region, the cosmic-ray ion-
ization rate is lower than in the CMZ (~1.3x107'7 s~!), making
the reaction C,H, + CN one of the most efficient formation
routes for HC3N. Given the low kinetic temperature of TMC-1
(10 K), CN is likely fractionated (Colzi et al.|2020), and its low
12C/13C can propagate into HC3N via the aforementioned reac-
tion, which proceeds efficiently only in the forward direction at
such low temperatures. The differences in the observed ratios
toward TMC-1 indicate that this reaction does not involve car-
bon exchange during formation. Consequently, '>C/!3C values
obtained both from the single and double isotopologues when in-
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cluding H'*CCCN and HC'3CCN, which exhibit '2C/!3C values
within the range 78-105 (see right panel of Fig.[T0), likely better
represent the intrinsic isotopic ratio of the local TMC-1 molecu-
lar cloud. In contrast, our results toward G+0.693 show that the
12C/13C values are consistent within 1o among the different '3C
isotopologues of HC3N in both C1 and C2, in line with on aver-
age higher Ti;,. However, as mentioned above, proper chemical
models are needed to interpret the results (see Sect.[3.2).

4.1.3. Comparison with external galaxies

In external galaxies, the '>C/'3C ratio spans nearly an order of
magnitude (Fig. [TT). Values exceeding 100 are reported in lu-
minous and ultraluminous infrared galaxies (LIRGs/ULIRGS),
whereas starburst galaxies, active galactic nuclei (AGN), and
normal spiral galaxies typically exhibit lower ratios. Such lower
values are generally associated with systems that are not undergo-
ing large-scale mergers. Early extragalactic measurements were
primarily based on '>CO and '*CO. However, the main isotopolog
is usually severely optically thick (t > 3; e.g.,|Young & Sanders
1986; Wiklind & Henkel|1990; |Kruegel et al.|1990), often yield-
ing ?C/"3C ratios below 15. Thus, we do not discuss the ratios
derived from CO further in this paper. Subsequent studies em-
ploying alternative tracers reported higher and likely more reli-
able values. Aalto et al.|(1991alb) derived a ratio of 35+5 toward
the center of the LIRG NGC 3256 and >20 toward four merging
ULIRGS. They proposed that the elevated intensity ratios reflect
a reduction in the mean optical depth of molecular clouds, pos-
sibly due to tidal disruption or starburst activity triggered by the
merger process. A more robust determination was presented by
Henkel et al.|(1993), who reported '>C/!3C >30 within the cen-
tral 500 pc of the starburst galaxy NGC 253 using CN, CS, and
HNC. Similarly, Mauersberger & Henkel| (1993) suggested that
enhanced central “C/!°C ratios are most plausibly explained by
the inflow of less chemically processed gas toward the nuclear
region. Such inflows may be driven by galaxy interactions, merg-
ers, or by the dynamical effects of a stellar bar (see Sect. @.2)).
Consistent results were later obtained by [Tang et al.|(2019), who
derived values of ~40 in three nearby starburst galaxies using
CN. They also proposed that gas inflow from the outer disk into
the circumnuclear region (inner kpc), possibly mediated by the
halo and bar, could explain the observed enhancements.

More recently, spatially resolved observations of the starburst
galaxy M82 have revealed a gradient in the '>C/!3C ratio along
its major axis, with values of ~40 in the inner regions (very sim-
ilar to the values obtained in our work) increasing to ~50-100
at 0.45 kpc from the center (Li et al.||2022)). This trend may re-
flect reduced optical depth effects outside the central regions, as
well as genuine nucleosynthesis variations, as discussed in the
following section for the CMZ. The ALMA ALCHEMI large pro-
gram has provided a complete astrochemical census of the inner
500 pc of the nearby starburst galaxy NGC 253. Using ACA data,
Martin et al.[(2021) derived '?C/'3C ratios from a wide range of
molecular species, including CO, C!30, HCO™", HCN, HNC, CN,
CS, H,CO, CCH, and HC3N, among others. They found a huge
spread of values, demonstrating that the inferred isotopic ratios
depend both on the molecular tracer and on the spatial reso-
lution of the observations (Fig. E]; see also [Meier et al.|[2015;
Martin et al.2019b)). This result underscores the necessity of ac-
counting for line optical depth effects, varying molecular spatial
distributions, as well as possible fractionation effects when de-
riving isotopic ratios also in extragalactic environments.

The values discussed above generally correspond to mea-
surements averaged over the inner central kiloparsec of these
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galaxies, making them directly comparable to those obtained in
the CMZ of the Milky Way (Fig. [11). The '>C/!3C ratio derived
in this work is consistent with the values reported for starbursts,
AGN, and spiral galaxies (excluding ratios derived from the opti-
cally thick CO lines), suggesting that similar gas processing and
chemical enrichment mechanisms may operate across these en-
vironments, as discussed in Sect However, this comparison
should be taken with cautions since the values from extragalatic
sources taken from the literature could be both affected by line
opacity and isotopic fractionation effects (e.g.,|Viti et al.|[2020).

Measurements toward the nearby dwarf galaxies, the
Large Magellanic Cloud (LMC) and the Small Magellanic
Cloud (SMC), show values > 20 (Boreiko & Betz| (1991}
Johansson et al.| [1994; Wang et al.| [2009), reaching up to 82
in more recent measurements based on CO, ice observations
(De Marchi et al.|[2025)). Possible connections of the CMZ with
these systems are also discussed in the next section, together with
the implications for chemical nucleosynthesis evolution.

4.2. Implications of the carbon isotopic ratios for Galactic
center evolution and stellar nucleosynthesis

4.2.1. Carbon isotopic ratios as probes of gas accretion in the
Galactic center

In Sect. B.1.2] we have discussed that comparison with the
12C/13C ratios derived in the Milky Way disk toward massive
star-forming regions shows that the values obtained in this work
toward the CMZ are similar to those at galactocentric distances
of ~3-5 kpc (see right panel of Fig. [T0). This supports a sce-
nario in which the CMZ is replenished by gas with isotopic
ratios characteristic of larger galactocentric distances. This pro-
cess can be explained by the presence of bars as one of the main
mechanisms driving gas inflow from the Galactic disk toward the
CMZ where the dense molecular gas accumulates (e.g., /Gerhard
2011;Sormani & Barnes|2019; Tress et al.[2020; [Henshaw et al.
2023)). It can be noted that a part of this flow can also come from
the halo, a roughly spherical region surrounding the Galaxy that
contains hot ionized gas, dark matter, and some old stars, where
the gas is less reprocessed. In fact, there are some evidences that
unmixed stars within the halo present '2C/!3C ratios higher than
40 (e.g.,Molaro et al.|2023} Rizzuti et al.[2025)). This inflow can
occur through the infall of cooler gas clouds, large-scale accretion
along filaments, or galactic fountains driven by supernova explo-
sions in the galactic disk (e.g.,/[Henley et al.[2010; Riquelme et al.
2010; |Bish et al.[2019)). If the CMZ is fed by gas coming from a
few kpc out in the disk, its isotopic ratios can reflect those larger
Rgc values rather than purely local nucleosynthesis.

Another possible mechanism is the past interaction of the
Milky Way with dwarf galaxies. The Milky Way has undergone
several merger events with dwarf galaxies during its evolution.
A well-known example is the ongoing accretion of the Sagittar-
ius dwarf spheroidal galaxy, whose tidal disruption has produced
the Sagittarius stellar stream (Ibata et al.||1994; Majewski et al.
2003). In addition, analyses of stellar kinematics and chemical
abundances from Gaia data have revealed evidence for a major
ancient merger with a dwarf galaxy known as Gaia—Enceladus,
which contributed significantly to the formation of the Galactic
stellar halo (Helmi et al.| 2018} Myeong et al.[2018}; Berni et al.
2026)). Such accretion events illustrate how external material can
be incorporated into the Milky Way and potentially influence the
chemical properties of its gas reservoir. In fact, dwarf galaxies
typically exhibit lower metallicities and contain less chemically
processed material than the Milky Way, which can modify iso-
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correspond to the position of the '*C in the molecule with respect to the C atoms.

topic ratios once this gas is accreted into the inner Galaxy. Recent
work suggests that star formation in the inner Milky Way has oc-
curred in several episodic bursts rather than continuously. Using
Gaia color-magnitude diagram fitting, |[Ruiz-Lara et al.| (2026)
showed that super-metal-rich stars in the solar neighborhood,
likely formed in the inner Galaxy and later migrated outward,
trace multiple star formation episodes over the past ~ 13 Gyr,
possibly triggered by satellite interactions and gas inflow events
(see also|Palla et al.[2024)). After mixing within the Galactic halo
or disk and subsequently migrating inward, such gas may in-
crease isotopic ratios in the Galactic center, as observed here for
carbon. This scenario is supported by the similarities between
the isotopic ratios measured in the Large and Small Magellanic
Clouds and those derived in this work (Sect. and Fig. [TT).

4.2.2. Some insights from stars and chemical evolution
models of the CMZ

From the perspective of stellar nucleosynthesis, '2C is predomi-
nantly synthesized via the triple-a process during the giant and
supergiant phases of low-mass, intermediate-mass, and massive
stars. In contrast, 13C is primarily a secondary isotope produced
through the CNO cycle and in nova outbursts. The enrichment of

13C is largely dominated by long-lived asymptotic giant branch
(AGB) stars and therefore occurs on longer timescales than the
enrichment of '2C. This difference in production channels natu-
rally leads to a decrease in the carbon isotope ratio with increasing
metallicity and decreasing Rgc across the Galactic disk. These
trends are consistent with the predictions of Galactic chemical
evolution models for the Milky Way disk (e.g., [Romano et al.
2019; Romano [2022; |Colzi et al.[2022b| see also right panel of
Fig.[10). In this context, Galactic chemical evolution models pro-
vide an essential framework for interpreting isotopic ratios and
their variation across different galactic environments. In particu-
lar, models that focus on the central regions of galaxies, including
the CMZ of the Milky Way, aim to describe how processes such
as gas inflow, star formation, stellar feedback, and mixing shape
the chemical enrichment history of the nuclear regions (e.g.,
Spitoni et al.|2026)). In fact, all of these are processes that could
explain the high >C/13C ratio of 48, typical of less processed
material, inferred for the CMZ from this work.

Chemical evolution models focusing on the central zones of
our Galaxy can only be constrained by a few measurements to-
ward stars. For example, Kovtyukh et al.|(2019}|2022) measured
from Cepheids [Fe/H]<0.4 dex in the CMZ with a decrease in
the inner 2 kpcs from 0.4 dex to solar O dex value. In general,
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stars in the Nuclear Stellar Disk (NSD), the stellar counterpart of
the CMZ, present solar or slightly higher metallicity (see also
Najarro et al.| |2009; Ryde & Schultheis| 2015}, |Schultheis et al.
2019; [Thorsbro et al.|[2020; [Matsunaga et al.||2023). These mea-
surements further support the idea of a possible inflow of less
reprocessed and low-metallicity gas in the central Galaxy. Going
at smaller scales|Chen et al.| (2023 measured [Fe/H]~0.5 dex or
less in the inner 1.5 pc in the Nuclear Star Cluster (NSC) in the
vicinity of the supermassive black hole. In fact, the sub-solar
[Fe/H] stars have spatial anisotropy indicating a recent star clus-
ter infall event, as well as they have different kinetics from the
super solar-ones (Feldmeier-Krause et al.|[2020; Do et al.|2020).
They suggested that this is consistent with an infall of a globular
cluster or of a dwarf galaxy.

From the point of view of models, |Grieco et al.| (2015)
studied the chemical evolution of the NSD and compared
with a-elements and Fe abundances of M giant stars by
Ryde & Schultheis|(2015). They suggest that the Galactic center
experienced a rapid early formation phase with a high star forma-
tion efficiency (~ 25 Gyr~!) and an Initial Mass Function (IMF)
richer in massive stars than the standard solar-neighborhood IMF
(e.g., Kroupa et al.[1993), with the|Chabrier|2003|IMF providing
a better match to observations). The present-day star formation
rate could be explained by a secondary burst triggered by a modest
gas infall episode 0.5 Gyr ago, likely associated with bar-driven
accretion, without significantly affecting the abundance patterns
or the metallicity distribution function.

A more recent study by |Friske & Schonrich (2025) further
investigated the chemical evolution of nuclear stellar disks using
analytical multi-zone models tailored to the central regions of
barred galaxies. Their work explores how sustained gas inflow
toward the Galactic center can shape the metallicity distribution
and abundance patterns observed in NSDs. They find that contin-
uous or recurrent gas accretion from the outer parts of the galaxy
into the nuclear region, likely driven by the Galactic bar, can
sustain star formation over extended periods while progressively
enriching the interstellar medium. In this scenario, the NSDs
are not formed in a single early episode but rather through pro-
longed star formation fueled by inward gas transport, yielding the
metallicities and complex abundance trends usually observed in
nuclear stellar populations.

Recent constraints on the chemical composition of the NSD
were provided by [Thorsbro et al.| (2020), who analyzed high-
resolution near-infrared spectra of M giant stars in the nuclear
region. They found a predominantly metal-rich population, with
metallicities up to [Fe/H] ~ +0.5, and a-element abundances
indicating a complex enrichment history. By comparing their
measurements with chemical evolution models of the Galactic
center by|Grieco et al.|(2015), they argued that the observed abun-
dance patterns are consistent with rapid early enrichment (mini-
starburst activity) followed by a more recent starburst ~ 1 Gyr
ago, involving accretion of primordial or slightly enriched gas.
To trigger this starburst episode, the gas must be accreted either
from other regions of the Galaxy or from extragalactic origin.
This mini-starburst scenario is further supported by our findings,
as the isotopic ratios we derive toward G+0.693 closely resemble
those measured in starburst galaxies.

More recently, Spitoni et al.[(2026) presented a new chemical
evolution model for the NSD within a Bayesian framework. In
this work, the authors explored scenarios in which the NSD forms
primarily from gas transported to the Galactic centre through
bar-driven inflows from the inner disk. By comparing model
predictions with the observed metallicity distribution function
and a-element abundance ratios, they showed that a simple inner-
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disk origin struggles to reproduce the metal-poor tail of the data.
Models including additional dilution from more metal-poor gas,
or alternatively adopting a low star formation efficiency combined
with mild galactic winds, provide a better agreement with the
observations, although the results depend on the level of bulge
contamination in the stellar samples.

These results highlight the uncertainties in the chemical evo-
lution of the NSD and the need for additional constraints beyond
stellar abundances alone. In this context, measurements of the
chemical composition of the interstellar medium, particularly in
molecular clouds, provide a complementary probe of the ongo-
ing enrichment processes in the Galactic centre. In particular,
isotopic ratios, such as the '>C/!3C studied in this work, are
powerful diagnostics of nucleosynthetic enrichment and gas pro-
cessing, as they trace the relative contributions of massive stars
and intermediate-mass stars over time. Constraining these iso-
topic ratios in molecular clouds therefore provides important
independent constraints on the star formation history, gas inflow,
and mixing processes that shape the chemical evolution of the
NSD.

5. Conclusions

We investigated the '?C/'3C isotopic ratio toward the CMZ
molecular cloud G+0.693—0.027 using observations of HC3N,
HC;N, and their 13C isotopologues. Our main findings are sum-
marized as follows:

1. Using several '>C isotopologues of HC3N and HC;sN,
we derived the '>C/13C ratio in G+0.693. For HC3N,
the main C1 extended, warm, and more diffuse veloc-
ity component (Tij,=140 K and ny,=2x10* cm™3) yields
12C/13C=36.7+1.02 based on double-'*C isotopologues.
Moreover, the compact, colder, and denser C2 component
(Tiin=30 K and ny,=5x10* cm~3) gives '2C/!3C=26+3. For
HCsN, the average ratio obtained for C1 is 120/13C=38.8+1.5.
Ratios derived from the main HC3N isotopolog are strongly
affected by line optical depth effects. The most reliable value
for C1 comes from double-'3C isotopologues of HC3N, and
from single isotopologues of HCsN. The combined average
ratio of 37.7 + 1.0 for C1 indicates that the carbon isotopic
ratio in the CMZ is likely higher than previously adopted.

2. We used astrochemical modeling with the most up-to-date
chemical models including '3C- and 'SN-isotopologues,
which suggests that the observed ratios correspond to a low to
intermediate isotopic fractionation degree and are consistent
with early chemical times (< 3 x 10* yr) after the shock event
affecting G+0.693. This provides a constraint on the initial
12C/13C ratio of the parent material of the CMZ clouds of
~48.

3. The '?C/'3C ratio derived in this work (~37, increasing up
to ~48 when correcting for fractionation effects) lies at the
upper end of the values reported for the CMZ and is consis-
tent with measurements obtained using optically thin tracers
and double-isotopolog methods. When compared with the
Galactic gradient of the '>C/!3C ratio, these values corre-
spond to those typically found at galactocentric distances of
~3-5 kpc, suggesting the presence of less chemically pro-
cessed gas in the central region. Moreover, the derived ratios
are comparable to those observed in the nuclear regions of
nearby starburst and spiral galaxies, indicating that similar
gas inflow and chemical enrichment processes may operate
in galactic centers.
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4. The high '2C/'3C ratios derived in this work support a sce-
nario in which the CMZ is replenished by less chemically pro-
cessed gas, originating from larger galactocentric distances,
or from the Galactic halo, with a possible contribution from
the merging of external dwarf galaxies. From the perspec-
tive of stellar nucleosynthesis and chemical evolution mod-
els, such elevated ratios are consistent with the presence of
recently accreted material that has experienced limited '3C
enrichment from long-lived AGB stars. Our results therefore
provide independent constraints on the chemical evolution of
the NSD, supporting scenarios in which sustained or episodic
gas inflow from the inner Galactic disk fuels star formation
and shapes the isotopic composition of the CMZ.

This study emphasizes the importance of combining different
species, multiple isotopologues (including double ones), and as-
trochemical modeling to accurately derive and interpret isotopic
ratios and, as a consequence, the chemical evolution of elements
in chemically rich environments such as the CMZ. Such isotopic
diagnostics are also becoming powerful tools in extragalactic
studies, where measurements of molecular isotopic ratios in star-
burst galaxies can constrain the stellar initial mass function and
the star formation history of distant systems (e.g., Zhang et al.
2018).
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Appendix A: Supplementary observed spectra and model fits

In this appendix we show the observed spectra and the fit to those molecules studied in this work but not shown in the main text:
HC'3CCN, HCC'*CN, H'*C'3CCN, H*CC"CN, H¥CC4N, HC'*CC3N, HC}*CCN, and HC)*CC,N (Figs. [A.1HA.6).
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Fig. A.1: Same as Fig. but for HC'3CCN and HCC'3CN.
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Appendix B: Observed transitions of HCsN in G+0.693

In this appendix, we present the transitions of HCsN detected toward G+0.693 and analyzed in Sect.[3.1] The transitions are divided
into two groups: the low-J lines, spanning J = 12-11 to J = 32-31 (Fig. B.I), and the high-J lines, ranging from J = 33-32 to
J = 43-42 (Fig.[B2).
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Fig. B.1: HCsN observed low-J transitions used for the LTE analysis (black histogram). For each panel, the corresponding transition
is indicated in the upper right corner and the telescope information is given if the same transition is observed with more than
one instrument. The green and orange solid lines are the best LTE fit to the C1 and C2 components, respectively. The dark gold
line is the sum of the two components. The blue line indicates the total modeled line emission, including the contribution of all
molecular species previously identified in the survey (e.g., Zeng et al]2018} [Rodriguez-Almeida et al|[2021bla; [Rivilla et al]2021};
[Sanz-Novo et al[2023).
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Fig. B.2: Same as Fig. but for high-J transitions.
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Appendix C: LTE fit results

In this Appendix we present the results of the LTE fitting procedure for the molecules studied in this work.

Table C.1: Results from the LTE fitting procedure.

Molecule Component FWHM ULSR Tex N
(km s™1) (km s™1) (K) (x10* cm™2)

HC;N
HC;N“ Cl 23.52+0.17 67.79+0.09 16.53+0.15 6.54+0.07
C2 7.2+0.6 73.5° 14.5+1.7 9+3
HB3CCCN  CI 23.5° 66.92+0.12  11.4+0.1 0.380+0.004
C2 7.2 72.53+0.16  14.5+0.6 0.39+0.04
HC®CCN ClI 23.5 67.32+0.17 11.03+0.16 0.372+0.007
C2 7.2 71.9+0.2 14.5+0.9 0.41+0.05
HCC3CN C1 23.5 66.63+0.15 11.25+0.15 0.407+0.006
2 7.2 722 17.2+1.3 0.27+0.04
HBCBCCN  Cl 23.5 66.8 13.8 <0.01¢
C2 7.2 72.1 14.5 <0.0184
17.2 <0.0224
HB3cCcBCN  CI 23.5 66.8+1.3 10.9+1.4 0.0117+0.0014
2 7.2 72.1 14.5 <0.013¢
17.2 <0.015¢
HC®CBCN  C1 23.5 66.8 1743 0.0095+0.0010
2 7.2 72.1 14.5 <0.029"
17.2 <0.032

HCsN
HCsN low-J¢ Cl 21.0+0.2 65.70£0.14  19.0+0.2 1.247+0.018
2 7.2 73.5 36+9 1.7+0.3
HCsN high-J  Cl 21.0 67.2+0.2 22.9+0.5 1.12+0.07
2 7.2 73.5 36 0.34+0.05
HBCC4N Cl 21.0 65.7 16.2+1.6 0.0288+0.0013
2 7.2 73.5 36 <0.098"
HC®CC3N  CI 21.0 65.87+0.18  21.0+0.7 0.0355+0.0005
c2 7.2 73.5 36 <0.098!
HCPCCN  Cl 21.0 65.7 19 0.0302+0.0010
2 7.2 73.5 36 <0.075"
HCPCCN  CI 21.0 66.0+0.4 19 0.0347+0.0010
C2 7.2 73.5 36 <0.124
HC}’CN C1 21.0 65.7 17.6 £0.5  0.0324+0.0010
2 7.2 73.5 36 <0.060"

Notes. (@ Taken from Table 2 of|Colzi et al.| (2024). ) Parameters without errors are fixed in the fitting procedure, as explained in Sect. and
in|Colzi et al[(2024). () All the transitions are contaminated by other species. Upper limits calculated by hand simulating the maximum intensity
that can reproduce the observed spectra (see Fig. . @ Upper limit calculated as explained in Sect. taking into account the rms of 3 mK at
105 GHz. © Taking into account the rms of 0.5 mK at 44 GHz. o Taking into account the rms of 0.6 mK at 36 GHz. ® Only the low-J transitions
are used to calculate the isotopic ratios since the high-J transitions are not detected for the B3¢ isotopologues. ) Taking into account the rms of
0.7 mK at 34 GHz. ) Taking into account the rms of 0.7 mK at 31 GHz.
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Appendix D: Main chemical pathways leading to HC3N and HCsN
In this Appendix we present the main chemical pathways leading to the formation of HC3N and HCsN in the models presented in
Sect.

The four reactions below are
the dominant formation routes
after 3x10% yr

HC3N §\ C3N™ +H
CyH, + CN

CCH + HNC

+C,H,Hy, e” = Dominant formation route
CCH + C > C3 }. .......................... > C4H until 3)(104 yr

Main reaction for
formation of C4H

Y

C4H+N

Fig. D.1: Schematic representation of the main chemical pathways leading to the formation of HC3N. The dominant route proceeds
via the neutral-neutral reaction C4H + N, while additional neutral and ion—neutral reactions contribute at later times. The dotted

arrows indicate that this part of the pathway comprises multiple reactions that are not shown explicitly.

+H2

& &)

Secondary
ion—molecule path

Fig. D.2: Simplified chemical network illustrating the main formation routes of HCsN in the interstellar medium. C3 contributes
indirectly by forming longer carbon chains (C3 — C4 — C4H»), which then react with CN to produce HCsN. The dashed arrow

indicates an alternative ion—molecule pathway.
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