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Abstract

Interstellar objects provide a unique opportunity to further our understanding
of the planetary formation process by studying in detail material formed around
another star. Their ices contain precious clues about the environment and condi-
tions prevailing in their home system. As fractionation processes can be sensitive
to the temperature and radiation environment, isotopic ratios are powerful trac-
ers of the origin and evolution of different species. While isotopic ratios have
been measured in solar system comets, previously detected interstellar objects
have been too faint to measure isotopic ratios. Here we report the measure-
ment of two ratios in 3/ATLAS from observations of the CN molecule: 12C/13C
and 14N /15N. We report 12C/13C = 1511, and 4N/5N = 3631932, The
14N/15N is higher than the value of ~ 150 usually measured for solar system
comets, close to the values measured in the interstellar medium, pre-stellar phases
or the outside of protoplanetary discs. The 12C/13C is higher than the values
usually measured for solar system comets and in the local interstellar medium.
These measurements are compatible with an origin of 3I in the outer disc around
an older low-metallicity star.
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Interstellar objects, formed in planetary systems beyond our own and now passing
through the solar system, provide a rare opportunity to study material formed in
another protoplanetary disc potentially having very different physical and chemical
conditions. When such objects become active and sublimate, the released gases can
be studied spectroscopically, allowing us to directly probe their volatile composition
and isotopic ratios. While modern instrumentation allows us to study protoplanetary
discs remotely, their large distances from us constrain the level of detail that can
be obtained. By contrast, studying interstellar objects at a relatively close distance
while they are passing through the solar system provides a unique window into the
conditions prevailing in these discs where planetesimals and planets are forming. The
composition of their ices, and especially the relative abundances of isotopes, constitute
invaluable probes into their formation conditions.

The first two interstellar objects, 1I/‘Oumuamua, discovered in 2017 [1] and
21/Borisov discovered in 2019' (hereafter 11 and 2I, respectively), were studied inten-
sively by astronomers all around the world. However, no gas was detected around 11
and the constraints put on the composition of 2I were limited by its relatively low
brightness.

3I/ATLAS (hereafter 3I) was discovered in July 2025 by the ATLAS survey at
about 5 au from the Sun and already active [2-5]. 31 was discovered several months
before its perihelion which occurred on 29th October 2025 and was significantly
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brighter than previously discovered interstellar objects. Early observations indicated
that 3] may have a composition different from that of most solar system comets. JWST
observations at 3.3 au pre-perihelion revealed a coma extremely rich in CO5 and to
a lesser degree CO, relative to water [6]. Further measurements post-perihelion when
3l was at 2.4 au show a lower CO2/H50O and slightly higher CO/H2O = 2.33 £ 0.07
compared to pre-perihelion measurements [7]. These post-perihelion ratios are high
compared to the average comet observed at this distance from the Sun [8]. High
spectral-resolution optical observations unveiled a very high nickel abundance and,
once the comet approached perihelion, the presence of iron in the coma, with a
Ni 1/Fe 1 abundance ratio initially exceeding that observed in solar system comets
[9, 10]. In addition, [11] reported an exceptionally high CH3OH/HCN ratio, higher
than measured in all but one solar system comet.

Together, these compositional signatures suggest that 3I formed under conditions
markedly different from those that prevailed in the Solar System. Isotopic ratios are
often used to trace the origin and evolution of different species. As fractionation pro-
cesses are sensitive to the temperature and radiation environment, isotopic ratios allow
us to follow the chemical evolution of material from the pre-stellar stage, through the
protostellar and protoplanetary disc stages, and into fully formed planets and plan-
etesimals. As such, isotopic ratios provide a very sensitive probe of the formation
conditions. Within the solar system, isotopic ratios of C, N, O, and H have been mea-
sured in a wide range of bodies, revealing substantial variations measured for D/H or
HN/I5N, e.g. [12].

Nitrogen isotope ratios are particularly diagnostic as they can be significantly mod-
ified by disc chemistry, especially through isotope-selective photo-dissociation which
is dependent on the radiative environment within the disc as well as its physical and
chemical structure. Early models proposed that nitrogen isotope fractionation was pri-
marily driven by isotope exchange reactions [13], but recent investigations have shown
that these reactions are much less efficient than originally thought [14]. An alternative
mechanism involves the isotope-selective photo-dissociation of Ny and the subsequent
formation of species enriched in 5N, including HCN [12]. At small distances from the
star, high Ny abundances and strong UV radiation lead to Ny self-shielding. This effect
favours the photodissociation of NN, lowering **N/!5N ratios in the inner disc. This
is consistent with the trend of increase in “N/!°N ratios with the stellar distance
measured from observations of HCN in protoplanetary discs [15, 16].

The ratio between the two stable nitrogen isotopes (}*N/5N) has been measured in
a range of solar system comets, using different molecular tracers. Observations of CN
revealed an enrichment in heavy nitrogen by a factor of three relative to proto-solar
value [17]. Similar enrichments were subsequently found in HCN and later in NHa, see
the review in [18]. In situ measurements by the ROSINA mass spectrometer on board
Rosetta determined 1“N/5N ~ 130 in molecular nitrogen in comet 67P/Churyumov-
Gerasimenko [19]. This value is consistent with what is measured from observations of
CN, HCN and NH; for other comets, thus ruling out the hypothesis of the existence
of two distinct nitrogen reservoirs in comets. Overall, the measured values are remark-
ably uniform across solar system comets of different dynamical origins. One notable



exception is the lower heavy nitrogen enrichment in split comet 73P/Schwassmann-
Wachmann 3 (hereafter 73P) [17]. More recently, [20] reported a “N/!5N ratio of
68 £ 27 in comet 46P/Wirtanen (hereafter 46P) from HCN observations, suggesting
a larger diversity of nitrogen fractionation among solar system comets than originally
thought. However, independent measurements of CN in the same comet yielded a
value of 150 £ 30 [21], consistent with what is measured for most solar system comets.
This discrepancy is surprising, as CN is thought to be produced mainly (even if not
exclusively) by the photodissociation of HCN [22]. We would then expect the same
ratios to be measured for both species for a given object. Indeed, for other solar sys-
tem comets, both carbon and nitrogen ratios measured in CN and HCN usually agree
within the uncertainties (see Tables 3 and 4). With the exception of 46P, this is true
both at the individual object level as well as for whole population averages. Modelling
in molecular clouds also suggests very similar ratios for both species [23]. The origin
of the N enrichment in solar system comets remains debated. It has been suggested
to be the result of the above mentioned isotope-selective photo-dissociation of Ny in
the protoplanetary disc but a consensus on the origin of the N /N values measured
in solar system comets across all molecules is still missing.

Fractionation of carbon isotopes is thought to occur through selective pho-
todissociation of CO and exothermic isotope exchange reactions. Models predict
that different levels of fractionation through isotope exchange reaction are expected
between molecules formed from CO (like CO3) and molecules formed from C* (like
HCN and CN), with molecules formed from CO richer in ¥C [24]. However, this has
been challenged by measurements of *2C/13C in dense clouds, with values either simi-
lar to the Interstellar Medium (ISM) or enriched in '3C [12]. Measurements of 12C/13C
isotopes in solar system comets were originally made from observations of Cy and CN,
with values around 90, consistent with solar and terrestrial values [17, 18]. In-situ mea-
surements in CO, COs, CHy, CoHg and CH30H by the ROSINA mass spectrometer
onboard Rosetta at comet 67P revealed similar values in the range 84-91, with only
H5CO showing a lower value of 40 [25-27].

We performed observations of 31 with the UV-Visual Echelle Spectrograph (UVES)
on the Very Large Telescope between 6 and 26 December 2025, from which we measure
isotopic ratios for 14N/N and 2C/!3C in CN. Details about the observations and
data analysis are presented in the Methods section 1. We measure '2C/13C = 1517}}°
and 14N/ N = 363'_"?2%. The spectra co-added for all dates with lines combined are
presented in Fig. 1 for both *CN and C'®N. The uncertainties given are the 3-sigma
uncertainties from the Markov Chain Monte Carlo (MCMC) fit.

The N/'N ratio in 31 is compared to values measured in solar system comets
and other environments in Fig. 2. This is the first measurement of the nitrogen isotopic
ratio in an interstellar comet. The #N/1°N ratio measured for 31 is significantly larger
than the value of ~ 150 that is the average measured for solar system comets. It is
higher than the ISM value of 274418 [28], but still consistent within the uncertainties,
and is close to the solar value of 458.7 +4.2 [29]. It is consistent with values measured
from HCN in pre-stellar cores and proto-stars, which vary between ~ 150 and 450
depending on the target [30], as well as with even higher values measured for other
species [12]. The 1*N/!®N abundance ratio has been measured in star formation regions
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Fig. 1: Co-added observed spectra of 31 with best-fit model Observed and
modelled '3CN-centred (left) and C'®N-centred (right) line profiles. The shaded region
represents the uncertainty of the profile resulting from the combination of the different
lines.

across the Milky Way, with values ranging from ~ 200 to ~ 800. [31] report a trend of
slightly increasing N /!N ratios until about 11 kpc from the galactic centre, with a
decrease after this distance. Given the spread of values even at similar galactocentric
distances and their large uncertainties, it is impossible to pinpoint an origin for 3I in
a specific region of the galaxy or around a specific type of star from the value of the
nitrogen isotopic ratios.

The “N/I°N ratio has been measured in several protoplanetary discs. Disc-
integrated measurements of HCN initially revealed a higher abundance of heavy
nitrogen compared to pre-stellar cores [12], with values consistent with solar system
comets and about a factor two lower than what we measure for 3. [32] provided the
first tentative evidence for increasing 14N/°N ratios with distance from the host star
in protoplanetary discs. These measurements were obtained making the hypothesis
of a fixed 12C/*3C ratio, which is currently under scrutiny and might not be valid.
If the 2C/13C ratio varies with the distance in the disc, it would impact the trend
of increasing N /15N ratios with distance from the host star, making these results
harder to interpret. However, later measurements of the T Tauri star TW Hya made
without assuming a constant 12C/*3C ratio in the protoplanetary disc confirmed the
N /15N ratios increase with stellar distance in the disc [15]. They measure a disc-
average M N /15N ratio of 223421, with values of 121+11 at 20 au increasing to 339428
at 45 au. More recently, [16] reported a ratio increasing from about 100 at 5 au for
PDS 70, peaking at more than 300 around 40 au and then decreasing at larger dis-
tances from the star (similarly to [15], they did not assume a constant 12C/**C ratio in
the protoplanetary disc). These trends have been attributed to shielding in the inner
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Fig. 2: Comparison of 1“N/'°N in different types of objects 1N/°N isotopic
ratios in solar system comets measured from HCN, CN, and NHs are at the bottom,
with different molecules represented by different symbols (values and references are
listed in Table 3). 31 is the red circle, with a 1*N/!5N ratio measured in CN and 3-
sigma uncertainties. Values for protoplanetary discs, pre-stellar cores, and protostars
follow the same convention. Values from protoplanetary discs (PPD) come from [15,
16]. Prestellar 14N/1°N values come from [30] for HCN and from [12] for the other
molecules.

part of protoplanetary discs, making the isotope-selective photo-dissociation of Ny less
efficient and preventing enrichment in '>N. The "“N/!N we measure could indicate
that 31 was formed in a part of the disc where the isotope-selective photo-dissociation
of N5 is not very efficient. This could indicate a formation at a relatively large dis-
tance from the star or more generally in an environment where shielding prevents
isotope-selective photo-dissociation of Ns.

The 12C/13C isotope ratio in 31 is significantly higher than the values measured in
CN for solar system comets, which average around 90 and range from 65 to ~100 [18].
This is illustrated in Fig. 3. The value we measure is higher than the current local
ISM value of 69 + 6 [33]. 12C/13C was constrained for the first time in an interstellar
object by [6], who set a lower limit of 12C/*¥C > 63 in 31 from the detection of CO,



and 3CO4 using NIRSPEC on the JWST. [34] reported a 2C/*3C in COz of ~ 100.
More recently, [7] report a 2C/13C ratio in CO5 and CO in the range 129-196 from
JWST observations. This is consistent with our measurement of the same ratio in CN.

ISOs inherit properties from their parent stars [35]. Modelling by [36]
and work by [37] suggests that 3I originated around an old low-metallicity
star. Chemical evolution models presented by [41] indicate that high
12C/13C ratios are expected around low-metallicity stars. This is supported
by observations of a radial gradient in the 12C/!3C ratio with distance from
the galactic centre, with lower values (20-25) towards the centre of the
Milky way and larger (up to ~130) ratios at large galactocentric distances
[38, 39], matching the well-known metallicity gradient. This is attributed
to the degree of stellar nucleosynthesis in different regions of the galaxy; as
the galaxy becomes more chemically complex, more '3C is produced rela-
tive to 12C, for example through the CNO cycle in asymptotic giant branch
stars [40]. Therefore, the relatively low abundance of *C we measure is
consistent with an origin of 31 around a low-metallicity star.

Processes occurring during the stellar and planetary formation stages could also
result in high 12C/'3C ratios. The 12C/*3C ratio in 3I is higher than that reported for
protoplanetary discs; [15] measure 86 & 4 from HCN in the TW Hya protoplanetary
disc and [16] report values < 100 for PDS70 at stellar distances smaller than 100
au. Contrary to the nitrogen ratio, there is no strong indication of variation of the
carbon isotopic ratio within discs, except potentially for PDS70 at large distances
from the star [16]. Models predict that the dominant mechanism for carbon isotope
fractionation in discs is the exothermic exchange reaction:

CO+1BCct =1BCco+Ct+35K

In that scenario, molecules formed from C* (like CN) are *C-poor, while molecules
formed from CO are *C-rich. As demonstrated in [12], scenarios where the absorption
is low, leading to sufficient far-ultra-violet radiation, can result in high 2C/13C in
HCN. This would be consistent with 31 forming in the outer disc, where photons can
scatter and reach deeper layers. Recent work by [42] also investigated the effect of the
carbon to oxygen elemental ratio in protoplanetary discs. Their model indicates that
an abundance ratio of C/O ~ 1—1.5 (higher than the C/O in solar twins ~ 0.5 or the
Sun ~ 0.55 [43, 44]) can result in H*2CN/H*3CN ratios larger than 100. This could
be consistent with the large abundance of CO and CO; relative to water reported by
[6, 7].

Scenarios involving exothermic exchange reactions in the protoplanetary disc as
mentioned in the previous paragraph are expected to lead to two different reservoirs.
On one side, molecules formed from C* (like CN) would have a high 2C/13C ratio
and on the other side, molecules forming from CO would have a lower ratio. As '3C
is exchanged between the two reservoirs depending on the conditions, if the starting
12C/13C ratio is similar to the solar system, a much higher 12C/13C for CN should
be coupled to a lower ratio in CO and COs,. Differences between carbon iso-
topic ratios measured in CoH and CO have been reported in the TW Hya
protoplanetary disk [85]. However, this is not consistent with measurement of the



Galactic

Cores - —

PDS70 4 —

TWHya{ 4 -

3I/ATLAS + L
67P (8 molecules) 4 8
C, (8 comets) | — HC3N
CN (27 comets) - ° Comets = Ei:":\‘
HCN (8 comets) - ] [—r
CO+ (C/2016 R2) —_— I CN
5I0 1(I)0 1!I50 2(I)0 ZéO

12C/13C

Fig. 3: Comparison of 2C/!3C in different types of objects '2C/!3C isotopic
ratios in solar system comets were measured from various molecules, with different
molecules represented by different symbols. Plotted values are the weighted average
and uncertainty of all published values listed in Table 4; in some cases multiple mea-
surements were included for a single comet. The 67P point represents the weighted
average of nine measurements of eight molecules obtained in situ during the Rosetta
mission. 31 is the red circle with 3-sigma uncertainties. Values for protoplanetary discs
[15, 16, 45, 46], pre-stellar cores [12], galactic [39], and ISM [33] follow the same color
convention and are identified in the legend.

12¢/13C ratio in CO and COg in 31 by JWST which is similarly high to what we mea-
sure in CN. Both measurements have relatively large uncertainties but are significantly
higher than solar system-like ratios. The high ?C/'¥C in CN, CO, and CO, for
3I thus favours an origin from a '3C-poor reservoir. The combination of
JWST and VLT measurements indicates that the high >C/!3C in 3I/AT-
LAS is more compatible with formation around an older low-metallicity
star rather than processes in the protoplanetary disc.

Work by [47] indicated that the long residence of 3I in interstellar space (on the
order of ~Gyrs) likely resulted in galactic cosmic ray processing of the surface layers
of 31, which could have affected the composition of the gas observed, particularly pre-
perihelion. Our observations were all performed post-perihelion, at a time when the
comet had been very active for several months. Integrating the water production rate
over the perihelion passage, and assuming a gas-to-dust ratio of unity, we estimate
that the comet lost a surface layer of at least 5 m, if the mass loss was distributed
uniformly across the nucleus (Xing et al in prep). This estimate adopts a nucleus
radius of 1.3 + 0.2 km [48]. Given the material loss experienced by 3I about
perihelion, the gas in the coma probed by this work could originate from



deeper layers that were possibly unaffected by processing, even though it
is difficult to confirm given the currently available measurements.

In summary, using observations of the CN molecule with the UVES spectrograph
at the VLT, we measure a high *N /15N isotopic ratio in the interstellar comet 31, a
factor of two higher than what is measured in solar system comets but consistent with
measurements of the same ratio in CN or HCN in pre-stellar cores, protostars, and
at larger stellar distances in protoplanetary discs. We measure a 12C/13C ratio higher
than that of solar system comets. This is compatible with values expected for older,
low-metallicity stars.

1 Methods

1.1 Observations

Observations were performed with the UV-Visual Echelle Spectrograph (UVES?) at
the European Southern Observatory (ESO) Very Large Telescope (VLT) Unit Tele-
scope 2 (UT2), under programme 115.28NL.003. Observations were obtained as soon
as possible after perihelion, over a period ranging from 6 to 26 December 2025. While
observations with UVES as part of this programme span a longer period of time, we
selected observations with the highest signal to noise ratio for this work. We used two
different settings to cover the entire optical range: 348+580 (dichroic 1) covering the
ranges 3050-3888 A in the blue and 4760-6840 A in the red, and 4374860 (dichroic
2) covering the range 3740-4990 A in the blue and 6600-10600 A in the red. The slit
width was set to 0.6”, providing a resolving power of ~60,000. In this manuscript, we
will focus on observations with the blue arm of each setting as they contain the CN
B2X+-X2%* (0,0) emission band which we are interested in (around 3880 A). The
observational circumstances of the spectra used in this work are presented in Table 1.

Table 1: Observational circumstances. r;, is the heliocentric distance, 7 the
heliocentric velocity, A the geocentric distance, and A the geocentric velocity.

Date (UT) Set-up Th Th A A Exp. Time
DD-MM-YYYY HH:MM-HH:MM au km/s au  km/s # X8
06-12-2025 07:25-08:25 3484580 1.93 44.5 1.86 -15.5 3x1000
10-12-2025 07:10-08:35 4374860 2.04 46.5 1.83 -11.6 3x1600
15-12-2025 07:05-07:56 348+580 2.18 48.6 1.80 -5.8 3x1300
21-12-2025 05:40-07:35 348+580  2.35 50.6 1.80 2.8 2x3400
21-12-2025 07:40-08:35 4374860  2.35 50.6 1.80 3.1 1x3400
26-12-2025 07:05-07:55 348+580  2.50 51.9 1.82 11.3 1x3200

2UVES User Manual, VLT-MAN-ESO-13200-1825,
https://www.eso.org/sci/facilities/paranal/instruments/instruments.html



1.2 Data reduction

Before processing with the ESO pipeline, cosmic ray hits were removed from the raw
frames using the “lacosmic” package [50]. The data were then reduced using the ESO
UVES pipeline, resulting in flux and wavelength-calibrated 2D spectra. The spectrum
extraction (over the full slit length) and subtraction of the continuum were performed
using custom python scripts following the procedure described in [17], resulting in
wavelength and flux-calibrated 1D spectra. The wavelength calibration was refined
using CN and solar lines, yielding an accuracy better than 0.1 km/s. Particular
care was taken to remove solar light scattered by cometary dust and by the Earth’s
atmosphere (twilight and moonlight).

1.3 Modelling and data fitting

Fluorescence models of the three isotopologues (12CN, 13CMN, 12C15N) were com-
puted for each spectrum using the model described in [17]. The instrumental line profile
was adjusted to the observations through a convolution kernel computed with the
IRAF psfmatch procedure. The observed spectra and the models were then optimally
combined according to their signal-to-noise ratios. Isotopic lines were not individually
detected, even in a co-added spectrum containing all dates. As a result, we co-added
a selection of lines into a single profile to enable the detection of the isotopes’ signa-
tures, as has been done in previous work to detect faint isotopic signature [51, 52].
We carefully selected lines to avoid contamination by any known cometary or telluric
emission line and provide the cleanest combined profile possible. Combinations of lines
were done separately to produce a final observed spectrum centred for *C'N and
12C15N respectively. This resulted in a total of five co-added lines for '3C'4N and 10
lines for '2C'N. The selected lines are listed in Table 2 and the resulting profiles
are displayed in Figure 1. Both profiles show a peak centred at 0 due to *CN and
12C15N respectively, with the '2C1°N profile showing an additional region of higher
flux around 0.08 due to the signature of '2C'#N. In addition to these, wiggles can
be seen in the combined profiles, resulting from the co-addition of low signal-to-noise
ratios spectra and lines to create the profiles.

Isotopic abundances were derived from the combined profiles of selected lines for
each isotopologue. A linear combination of CN, ¥*CN and C'>N was fitted for both of
the CN-centred and C'®N-centred profiles. Despite a careful continuum correction,
the final profiles were seen to have an offset from the zero level. This is the result of
large-scale wiggles in the spectrum introduced by the flux calibration process, which
is a documented effect for the UVES instrument. We tried different fitting methods
to account for this, which all gave similar results. First, we minimized the standard
deviation of the residuals between the model and the observations for the carbon- and
nitrogen-centred profiles simultaneously. This technique is insensitive to a constant
offset in the underlying background and thus provides a reliable way to estimate
the isotopic ratios in this case. Isotopic ratio uncertainties were estimated using a
jackknife resampling technique that successively removed one of the lines from the
line co-addition. This method for estimating uncertainties is particularly sensitive to
potential unidentified lines in the selected ranges or local over/under-subtraction of
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Table 2: Lines used to
produce combined profiles for
I3CN and C'°N

Wavelength ~ Species ~ Weight

3864.877 I3CN 3.4016
3866.374 C5N 13.7924
3867.172 CI5N  17.8456
3867.955 CI°N  20.4280
3869.464 C15N  36.6548
3869.567 13CN  39.4362
3870.189 C15N  23.2371
3870.285 I3CN  31.1156
3870.894 C15N 17.6514
3871.581 CI5N  21.1103
3871.660 13CN 18.9411
3872.249 C15N  31.3997
3873.526 CI5N  23.9557
3873.582 13CN  23.8820
3874.135 CI5N  21.9128

the continuum and presents a way to estimate the impact of systematics on the results.
With this technique, we measure '2C/3C = 147780 and "“N/!°N = 343713}, The
jackknife technique is illustrated in Figure 4, where we display three sets of profiles
where a line was removed. In each case, the final shape of the profile is similar to the
profile with all lines co-added presented in Figure 1. However, the jackknife variance
tends to be overestimated for small sample sizes, which is our case with 5 and 10 lines.

To get a better quantification of the uncertainties of our measurements, we also
fitted the profiles (with the full set of lines) using the python MCMC emcee package.
For those fits, the value of the background level matters, so we included offsets for
the '3CN-centred and C'®N-centred profiles, respectively, in addition to the values of
the isotopic ratios, as free parameters. We used loose boundary conditions for all fit-
ted parameter but introduced a more informed prior for the 14N/!°N ratio to ensure
physically meaningful results, with the ratio set to be between 0 and 1000, encom-
passing the range of values measured in pre-stellar cores. The MCMC fit resulted in
2¢/13C = 15171° and "N/°N = 363723 with the uncertainties stated at the 3-
sigma level. The corner plot with the MCMC a posteriori distribution of our fitted
parameters (including the offsets) is shown in Figure 5. The values given here for the
ratios are the mode of the posterior distributions, which are the most likely value
of the parameter. For N/!N, the posteriori distribution is asymmetrical and the
mode and median of the distribution differ significantly, as illustrated in Figure 5.
For comparison, the medians of the posterior distributions are: 2C/13C = 159 and
HN/15N = 458. The offset parameters are 0.0124 and 0.0260 (in arbitrary flux units)
for the '3CN-centred and C'®N-centred profiles, respectively. The results from both
techniques (jackknife and MCMC) agree very well within the uncertainties and we
have adopted the MCMC mode values and 3-sigma uncertainties in the rest of the
manuscript.

11
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—0.10 —0.05 0.00 0.05

70“05 0,60 0,65 04‘10
M [A]
(b) The C!N 3866.374 A line was removed.
The measured isotopic ratios for this profile are:
12¢/13C = 152 and MN/15N = 688.

005 L Carbon Nitrogen

Flux [arbitrary units]

—0.01+

—0.02 1
—-0.10 —0.05 0.00 0.05

-0.05  0.00 0.05 0.10
A [A]

(c) The C'°N 3870.894 A line was removed.

The measured isotopic ratios for this profile are:
12¢/13C = 154 and MN/N = 371.

Fig. 4: Co-added observed spectra of 3I with best-fit model. Observed (dot-
ted line) and modelled (solid lines) 3CN-centred (left) and C!°N-centred (right) line
profiles. The shaded region represents the uncertainty of the profile resulting from the
combination of the different lines, estimated from the jackknife technique removing a
single line for each panel.
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Fig. 5: MCMC a posteriori distributions for the fitted parameters The solid

blue, red dotted, and black dashed lines show the median, mode, and 3-sigma bound-
aries of the distributions, respectively.
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Table 3: Nitrogen isotope ratios plotted in Figure 2.

Species Comet HN/I5N Reference
HCN  C/1995 O1 (Hale-Bopp) 205 £ 70 53]
C/2014 Q2 (Lovejoy) 145 + 12 [54]
17P /Holmes 139 + 26 [54]
46P /Wirtanen 68 + 27 [20]
CN C/1995 O1 (Hale-Bopp) 130 £ 40  [55], revised in [17]
150 £ 30  [55], revised in [17]
135 £ 40  [55], revised in [17]
C/1999 S4 (LINEAR) 150 + 40  [56], revised in [17]
C/2000 WM1 (LINEAR) 150 £ 30  [57], revised in [17]
/2001 Q4 (NEAT) 130 + 40 [55]
©/2002 T7 (LINEAR) 160 + 25 [17]
/2002 V1 (NEAT) 160 + 35 [17]
C/2002 X5 (Kudo-Fujikawa) 130 + 20 [17]
C/2002 Y1 (Juels-Holvorcem) 150 + 35 [17]
/2003 K4 (LINEAR) 150 + 35  [55], revised in [17]
145 £ 25  [55], revised in [17]
/2006 M4 (SWAN) 145 + 50 7]
©/2007 N3 (Lulin) 150 + 50 [17]
/2015 ER61 (PanSTARRS) 130 + 15 [58]
8P /Tuttle 150 + 30 [59]
9P /Tempel 1 110 + 20 [60]
45 £ 20 [60]
17P /Holmes 165 + 35 [53]
150 + 50 [17]
21P/Giacobini-Zinner 145 £+ 10 [61]
46P /Wirtanen 150 £+ 30 [21]
73P-B/Schwassmann-Wachmann 3 210 £ 50 [62]
73P-C/Schwassmann-Wachmann 3 220 £ 40 [62]
88P /Howell 140 + 20 [56]
103P /Hartley 2 155 + 25 [63]
122P /de Vico 145 + 20 [64]
153P /Tkeya-Zhang 140 £ 50 [64]
31/ATLAS 3637055 this work
N, C/2000 WM1 (LINEAR) 132 & 31 [65]
C/2001 Q4 (NEAT) 145 + 35 [65]
126 + 30 [65]
/2002 T7 (LINEAR) 138 + 25 [65]
©/2002 V1 (NEAT) 132 + 32 [65]
C/2002 X5 (Kudo-Fujikawa) 137 + 27 [65]
C/2002 Y1 (Juels Holvorcem) 132 + 33 [65]
/2003 K4 (LINEAR) 153 + 63 [65]
©/2009 P1 (Garradd) 154 + 41 [65]
132 + 61 [65]
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Species Comet HN/I5N Reference

C/2012 F6 (Lemmon) 155 + 28 [65]

152 + 72 [54]
C/2012 S1 (ISON) 139 + 38 [66]
C/2013 R1 (Lovejoy) 126 + 28 [65]

100 £ 50 [67]
C/2013 US10 (Catalina) 149 + 32 [65]
C/2014 E2 (Jacques) 126 + 55 [65]
C/2014 Q2 (Lovejoy) 126 £+ 25 [68]

145 + 12 [54]
C/2015 ER61 (PanSTARRS) 140 £ 28 [58]
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Table 4: Carbon isotope ratios plotted in Figure 3.

Species Comet 2o/3¢ Reference
Cs C/1963 Al (Ikeya) 70 £ 15 [69]
C/1969 T1 (Tago-Sato-Kosaka) 100 + 20 [70]
C/1973 E1 (Kohoutek) 115750 [71]
135752 [71]
C/1975 N1 (Kobayashi-Berger-Milon) 10073  [72] as reported in [73]
C/1975 V1 (West) 60 + 15 [74]
/2001 Q4 (NEAT) 80 =+ 20 [67]
(/2002 T7 (LINEAR) 85 =+ 20 [67]
C/2012 S1 (ISON) 94 + 33  [66] as reported in [18]
CN C/1989 Q1 (Okazaki-Levy-Rudenko) 93 + 20 [73]
/1989 X1 (Austin) 85 + 20 73]
C/1990 K1 (Levy) 90 + 10 73]
C/1995 O1 (Hale-Bopp) 90 + 15 [75]
90 + 20 [55], revised in [17]
100 + 30 [55], revised in [17]
80 + 25 [55], revised in [17]
/1999 S4 (LINEAR) 90 £30  [56], revised in [17]
C/2000 WM1 (LINEAR) 100 £20  [57), revised in [17]
C/2001 Q4 (NEAT) 90 £ 15 [55]
70 £ 30 [55]
C/2002 T7 (LINEAR) 85 + 20 [17]
C/2002 V1 (NEAT) 100 + 20 [17]
©/2002 X5 (Kudo-Fujikawa) 90 + 20 [17]
C/2002 Y1 (Juels-Holvorcem) 90 + 20 [17]
/2003 K4 (LINEAR) 90 £20  [55], revised in [17]
80 + 20 [55], revised in [17]
C/2006 M4 (SWAN) 95 + 25 [17]
©/2007 N3 (Lulin) 105 + 40 [17]
C/2012 F6 (Lemmon) 95 + 25 [18]
C/2015 ERG1 (PanSTARRS) 100 + 15 [58]
1P /Halley 65+ 9 [76]
89 + 17 [77]
95 + 12 78]
8P /Tuttle 90 + 20 [59]
9P /Tempel 1 95 + 15 [60]
110 £ 20 [60] as reported in [17]
17P /Holmes 90 + 20 [53]
90 + 20 [17]
21P/Giacobini-Zinner 100 + 10 [61]
46P /Wirtanen 100 + 20 [21]
73P-B/Schwassmann-Wachmann 3 100 + 30 [62]
73P-C/Schwassmann-Wachmann 3 100 + 20 [62]
88P /Howell 90 + 10 [56]
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Species Comet 2g/13¢ Reference
103P /Hartley 2 95 + 15 [63]
122P /de Vico 90 £+ 10 [64]
153P /Tkeya-Zhang 80 £+ 30 [64]
31/ATLAS 151110 this work
HCN C/1995 O1 (Hale-Bopp) 111 + 12 [79]
94 + 8 [53]
109 + 22 [80]
C/1996 B2 (Hyakutake) 34 + 12 [81]
C/2012 F6 (Lemmon) 124 + 64 [54]
C/2012 S1 (ISON) 88 + 18 [82]
C/2014 Q2 (Lovejoy) 109 + 14 [54]
C/2022 E3 (ZTF) 135 £ 75 [18]
17P /Holmes 114 + 26 [53]
46P /Wirtanen 90 + 28 20
CO+ C/2016 R2 (PanSTARRS) 73 + 20 83
(6{0) 67P /Churyumov-Gerasimenko 86 £ 9 25
COq 67P /Churyumov-Gerasimenko 84 + 4 26
CH4 67P /Churyumov-Gerasimenko 88 £ 10 84
CyHg 67P /Churyumov-Gerasimenko 93 + 10 84
105 £ 10 27
Cs3Hg 67P /Churyumov-Gerasimenko 87+ 9 84
C4Hqo 67P /Churyumov-Gerasimenko 96 + 14 84
H,CO 67P /Churyumov-Gerasimenko 40 + 14 27
CH3;0H  67P/Churyumov-Gerasimenko 91 £ 10 27
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