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Abstract

We present spectroscopic observations of the third interstellar comet 3I/ATLAS obtained with the DOLORES
instrument on the 3.58 m Telescopio Nazionale Galileo on 2025 August 16 (rh = 2.98 au). The spectrum revealed
a red slope of 12.68% ± 0.05%/1000 Å across the 5000–8000 Å range, consistent with previous findings.
Observations show the CN outgassing violet band, which yields a production rate of (4.28 ± 0.83) · 1023 mol s−1.
We derived upper limits for C2 and C3 production rates since no clear detection was possible and used those to
compute C2/CN and C3/CN ratios. The resulting, notably low, values of −0.86 and −1.47, respectively, for
C2/CN and C3/CN ratios classify 3I as a strongly carbon-chain depleted comet in the preperihelion orbit.
Notably, recent postperihelion observations found a typical solar system cometary composition, probably
suggesting new innermost material being exposed to solar radiation.

Unified Astronomy Thesaurus concepts: Interstellar objects (52); Small Solar System bodies (1469); Solar system
(1528); Comets (280); Spectroscopy (1558); Comet origins (2203)

1. Introduction

Just as comets and asteroids provide key information on
solar system formation (H. F. Levison et al. 2010), interstellar
objects (ISOs) offer a rare opportunity to investigate
dynamical and chemical processes occurring in extrasolar
environments. Theories of planetary system formation
(C. Ceccarelli et al. 2023) suggest that migration and mixing
of planetesimal populations, along with instabilities associated
with giant planet dynamics, can efficiently eject planetesimals,
some of which may enter the solar system as ISOs.
Characterizing these bodies is therefore one of the most
powerful ways of testing current formation models. The
importance of ISOs is highlighted by the ESA’s Comet
Interceptor mission (G. H. Jones et al. 2024), which is
designed to encounter a dynamically new comet or, poten-
tially, an ISO.

Up to now, only two ISOs have been previously discovered
and observed. The first, 1I/’Oumuamua (1I hereafter), was
rapidly confirmed as an interstellar body with an eccentricity
of 1.1956 ± 0.0006 (K. Meech et al. 2017). Its peculiar
double-peaked light curve suggested an extreme elongation,
while its red spectral slope (A. Fitzsimmons et al. 2018) was
comparable to organic-rich bodies in the solar system. In
contrast, 2I/Borisov (2I hereafter) was the first active
interstellar comet ever identified. Spectroscopic observations
revealed strong CN emission and early-onset dust activity at
4.5 au; detection of C2 as far as ∼ 2 au classified it as a carbon
depleted comet (H. W. Lin et al. 2020; C. Opitom et al. 2021),
and detections of iron and nickel emission lines with Ni/Fe
abundances were compatible with solar system comets

(M. T. Bannister et al. 2020; P. Guzik & M. Drahus 2021;
C. Opitom et al. 2021).

On 2025 July 1, the Asteroid Terrestrial-impact Last
Alert System (ATLAS) discovered a third ISO, designated
3I/ATLAS or C/2025 N1 (ATLAS; 3I hereafter). Its highly
hyperbolic orbit, with eccentricity e = 6.13935 ± 0.00003
(JPL 30, the reference to the orbital solution of the comet
provided by the JPL Horizon system

6

), incoming velocity
v∞ = 58 km s−1, and retrograde inclination of 175° (JPL
Horizons System6), confirmed its extrasolar nature
(B. T. Bolin et al. 2025; D. Z. Seligman et al. 2025). The
comet reached perihelion on 2025 October 29, at 1.36 au, but
ground-based visibility before perihelion was restricted to the
end of August due to decreasing elongation.

Since its discovery, 3I has been the subject of rapid follow-ups.
Early photometry and spectroscopy obtained with the Gran
Telescopio Canaria, Two-meter Twin Telescope, Very Large
Telescope, and SOuthern Astrophysical Research telescope have
constrained its brightness, color indices, and spectral slope,
pointing to weak activity and relatively neutral reflectance
(A. Alvarez-Candal et al. 2025; B. T. Bolin et al. 2025; R. de la
Fuente Marcos et al. 2025; T. H. Puzia et al. 2025; D. Z. Seligman
et al. 2025). High-resolution imaging with the Hubble Space
Telescope placed constraints on the nucleus radius (subkilometer
to a few kilometers) and resolved the coma structure (D. Jewitt
et al. 2025), while JWST/NIRSpec revealed a CO2-dominated gas
coma at 3.32 au, confirming that CO2 sublimation is the main
driver of activity at that heliocentric distance (M. A. Cordiner
et al. 2025).

However, the molecular composition of the outgassing
coma, its comparison with solar system comets, and the
formation region of the comet are still unconstrained.
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In this work, we present the results from our campaign to
characterize 3I through low-resolution spectroscopy. We
analyze the spectra taken on August 16, at 2.98 au. We
compute the production rates of the CN violet band near
3882 Å, and upper limits for C2 and C3 emissions. Finally, we
compare our results with current literature on 3I and compare
its carbon-chain depletion with solar system comets.

2. Observations

Data were acquired with the DOLORES spectrograph and
camera at the Telescopio Nazionale Galileo (TNG; La Palma,
Canary Islands), equipped with a 2048 × 2048 E2V 4240
thinned, back-illuminated, deep-depleted CCD with a pixel
size of 13.5 μm. The detector has a field of view of 8.6× 8.6
and a pixel scale of 0.252× pix−1. The setup used for
DOLORES was the LR-B grism with 2″ wide long-slit
unit. This configuration provides a spectral resolution of
λ/Δλ ∼ 500 and a wavelength coverage spanning the range
3700–8200 Å. We observed the target during the night of 2025
August 16 with a mean seeing <1″. Comet 3I had just a few
hours of observability after twilight. Three 1200 s spectra of 3I
were collected, along with spectrophotometric standard star
BD+28d4211 and solar analog SA112-1333, used for flux
calibration and dust component removal, respectively. All
scientific frames were taken with the slit aligned along the
parallactic angle to avoid differential refraction loss by the
atmosphere. Table 1 summarizes the spectroscopic observa-
tions with the corresponding observing parameters. Data were

prereduced using standard calibration frames (bias, flat, arc
lamps) with IRAF software standard routines.

3. Analysis

3I spectra collected on August 16 (Figure 1) present a
marked red slope, as reported in previous literature
(A. Alvarez-Candal et al. 2025; B. T. Bolin et al. 2025;
R. de la Fuente Marcos et al. 2025; T. Kareta et al. 2025;
C. Opitom et al. 2025; D. Z. Seligman et al. 2025; B. Yang
et al. 2025). The slope, determined with the least-squares
method, results in 12.68% ± 0.5%/1000 Å in the range
5000–7500 Å at a phase angle of 19.°59 (see Table 1).

In any individual spectrum there are faint sights of the CN
violet band (B2Σ+ → X2Σ+). There is no clear detection of
other emission bands. To enhance the signal from the CN
band, we coadded the three spectra. The final coadded
spectrum shown in Figure 1 still lacks any other evident
emission band.

The background subtraction was done by extracting the sky
in regions of the frame where no CN emission was present. We
extracted a median sky spectrum, which was then subtracted
by any row of the bidimensional frame. In order to check for
possible residuals of CN in the sky subtraction region, we used
a Haser model of CN surface brightness (described in
Section 3.1) and computed the possible fraction of CN
contribution within the background regions. We included
these corrective factors in the final production rate and upper
limits computation. We verified that such a fraction (∼ 11%)

Figure 1. Wavelength regions used to compute upper limits on CN, C2, and C3.

Table 1
Log of Spectroscopic Observations of 3I/ATLAS Performed at TNG

Date Object Exp. Time Air Mass rh vh Δ f
(UT) (s) (au) (km s−1) (au) (deg)

2025-08-16 21:29:36 3I/ATLAS 3 × 1200 1.7 2.98 −54.68 2.65 19.59
2025-08-16 23:25:56 SA112-1333 15 1.2 ⋯ ⋯ ⋯ ⋯
2025-08-16 23:35:47 BD+33d2642 16 1.1 ⋯ ⋯ ⋯ ⋯
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lies within the error on CN flux. We determined a similar
result also for the C2 and C3 upper limits (∼ 12% and ∼ 7%,
respectively).

The monodimensional spectrum was extracted by selecting
an aperture diameter of 20.8 and summing all over the lines.
This aperture diameter coincides with the full extension of the
CN line in the slit direction. The dust reflectance spectrum was
removed by dividing the comet spectrum by the solar analog
SA112-1333. Then, the flux within the CN wavelength bin
(3842–3890 Å) was extracted by fitting the band shape with a
Gaussian function (Figure 1).

3.1. CN Band Analysis

We obtain a CN total flux of (9.22 ± 1.18) · 10−15 erg s−1 cm−2,
which includes the sky background correction factor described
in Section 2. To convert flux into CN production rate (Q), we
use the standard method by U. Fink & M. D. Hicks (1996),
based on the Haser model (L. Haser 1957):

Q
v

g
F HC

4

d

2
out · ·=

where Δ is the geocentric distance, vout is the outflow velocity,
assumed uniform, g is the fluorescence efficiency, βd is the
daughter scale length, F is the flux, and HC is the Haser
correction.

Fluorescence efficiency is obtained by interpolating Table 2
of D. G. Schleicher (2010) at the heliocentric distance and
velocity of 3I at the epoch of observation.7

For the CN band, M. F. A’Hearn et al. (1995) scale lengths
were adopted, scaled for the heliocentric distance as in
L. E. Langland-Shula & G. H. Smith (2011), and the
same values were used for the upper limits of C2 and
C3 for consistency. For the g factors and outflow velocity,
we apply the same heliocentric distance scaling as in
L. E. Langland-Shula & G. H. Smith (2011).

The Haser correction is a factor that takes into account the
amount of flux lost due to the limited size of the aperture. We
use the same procedure described in M. F. A’Hearn et al.
(1995), adapted for a rectangular aperture.

3.2. Upper Limits

As C2 and C3 were not detected in the spectra, a 3σ flux limit
is computed following the method described by A. Cochran
et al. (2012) on the continuum over the molecular-band
wavelength range. From that flux, the upper-limit production
rate is computed as described in Section 3.1, taking into account
the sky background correction factor described in Section 2. For
consistency, the production rates for the undetected species
were derived using the same expansion velocity and photo-
dissociation scale lengths used for CN.

The 3σ upper-limit flux is computed over the wavelength
bands corresponding to C2 and C3. The wavelength regions
corresponding to the expected bands are highlighted, respec-
tively, in green and light blue over the spectrum in Figure 1.
The resulting upper-limit fluxes and production rates are
summarized in Table 2 along with the ratios relative to CN.

We obtain very low upper limits for C2 and C3 and, in
agreement with the results of L. E. Salazar Manzano et al.

(2025), we conclude the extreme depletion of 3I, which we
further explore in Section 4.

4. Discussion

4.1. CN Outgassing Onset

The final coadded spectrum (Figure 1) clearly presents
the bright emission of the B2Σ+ → X2Σ+ (0–0) violet system
of CN. This is also the only feature for which we can compute
an actual measurement, while for C2 and C3 we can only define
upper limits.

Of course these upper limits need to be taken with some
caution; nevertheless, they may be used to make some
considerations on the composition of this interstellar visitor.
The CN production rate, measured on 2025 August 16, is
(4.28 ± 0.83) · 1023 mol s−1, consistent with the results
reported by R. Rahatgaonkar et al. (2025) at comparable
heliocentric distances and with the upper limits provided by
A. Alvarez-Candal et al. (2025) and R. de la Fuente Marcos
et al. (2025; Figure 2). Comparison with L. E. Salazar
Manzano et al. (2025) is challenging given that these authors
did not report any errors on their measurement. Notably,
values reported by D. Schleicher (2025) are higher with
respect to any other published values, and the details for the
computation of the production rates are missing. The
emergence of CN emission around 2.5–3 au is something
usually observed also in solar system comets (N. Fray et al.
2005 and references therein) and suggests that 3I is typical in
this respect. However, to further investigate 3I's composition,
we analyze the C2 and C3 upper limits and their ratios with CN
in Section 4.2.

4.2. Carbon-chain Depletion of 3I

In Table 2 we report the results of production rates for CN,
upper limits for C2 and C3, and their ratios. The values would
indicate that 3I is a carbon depleted comet in the preperihelion
orbit and put it among the most radical cases of depletion with
respect to comets from our solar system. While this result is
peculiar, we highlight that the upper limits do not represent an
actual detection of the molecule. Moreover, we should also
consider that in solar system comets it is not frequent to
observe all three molecular emissions beyond 3 au (A. Coch-
ran et al. 2012).

Nevertheless, we discuss further the implications of those
ratios for 3I's composition and formation history.

According to M. F. A’Hearn et al. (1995), a comet is
depleted when log 0.18

Q

Q

C2

CN
< , while for A. Cochran et al.

(2012), depleted comets are those for which log 0.86
Q

Q

C3

CN
<

and log 0.02
Q

Q

C2

CN
< . From our measurements it appears that 3I

is depleted following both definitions.

Table 2
CN Production Rates and C2 and C3 Upper Limits

Molecule Flux Q log(Q(X)/Q(CN))
(10−15 erg cm−2 s−1) (1023 mol s−1)

CN 9.22 ± 1.18 4.28 ± 0.83 0
C2 <2.17 <0.60 −0.86
C3 <1.58 <0.15 −1.47

7 Schleicher provided a web tool that performs the interpolation, available at
https://asteroid.lowell.edu.
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We compared comet 3I with dynamically new comet
C/2023 A3 (hereafter A3), one of the first examples of
dynamically new comets found to be depleted in carbon-chain
molecules. Furthermore, comet A3 was observed at a distance
of 2.76 au preperihelion, a very similar condition to the
observation of 3I. P. Cambianica et al. (2024) report values of
log 0.48

Q

Q

C2

CN
< and log 1.10

Q

Q

C3

CN
< . This is an indication

that the depletion of comet 3I is also more extreme than A3.
To include comet 3I in a wider scenario, we refer to the

works of M. F. A’Hearn et al. (1995), A. Cochran et al. (2012),
and A. N. Bair & D. G. Schleicher (2025). In their studies, it is
highlighted how the vast majority of carbon depleted comets
belong to the Jupiter family group, with few comets in

dynamically old orbits. M. F. A’Hearn et al. (1995) find 30%
of their database to be depleted, while A. Cochran et al. (2012)
find 25%, of which two-thirds are Jupiter family comets
(JFCs). In the case of A. N. Bair & D. G. Schleicher (2025),
23% of their database is composed of depleted comets, and 9%
belong to the extremely depleted subgroup. This subgroup is
all composed of JFCs, with only one exception.

Figure 3 shows a comparison between the A. N. Bair &
D. G. Schleicher (2025; B&S25 hereafter) work on carbon
depleted comets and several other datasets. Both our observa-
tions and those of L. E. Salazar Manzano et al. (2025) put
comet 3I within the borders of strongly depleted comets. The
L. E. Salazar Manzano et al. (2025) data are on the leftmost

Figure 2. CN production rate compared with other results from the literature.

Figure 3. Comparison between carbon depleted comets and 3I. Shaded areas represent the edges of various depletion levels defined in Table 5 of B&S25. Diamond-
shaped data points are strongly depleted comets selected in their work. The A’Hearn data were taken from D. J. Osip & M. A’Hearn (2003).
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side of the plot, indicating a level of depletion in C2 that has
hardly been observed in solar system objects.

According to B&S25, the carbon depletion is owed to
conditions in the early solar nebula, and it is a bulk property of
the comet, rather than being due to further processing.
However, recent postperihelion observations proved this is
not the case for 3I. In fact, C2 and C3 were actually detected
postperihelion with an abundance with respect to CN
compatible with that of typical solar system comets (E. Jehin
et al. 2025). Unlike JFCs, the carbon depletion of 3I seems to
be a temporary condition. These new evidences make any
comparison with the solar system challenging. We may argue
that 3I changed its composition due to fresher material being
exposed to solar radiation. This would not be the only evidence
that the gaseous coma of 3I is changing, as also the metal
ratios such as Fe/Ni were found to be variable (D. Hutsemé-
kers et al. 2025).

Another aspect we decided to explore is the C/O ratio of 3I,
based on JWST data (M. A. Cordiner et al. 2025) and on
D. Z. Seligman et al. (2022). We used the M. A. Cordiner et al.
(2025) 3I measurements of H2O, CO, and CO2 production
rates to compute the C/O ratio of 3I, following the method
described by D. Z. Seligman et al. (2022). According to this
work, the volatile C/O measured on the gases of the cometary
coma is representative of the C/O of gas and ices in the
formation location of the protoplanetary disk. We found a
value of approximately 0.52, similar to what was found for 1I
and 2I. 2I was found to be enriched in CO/H2O (D. Bodewits
et al. 2020; M. A. Cordiner et al. 2020), and both 2I and 1I
have a volatile C/O > 0.5 (D. Z. Seligman et al. 2022). This
ratio was assumed for 1I, which showed no visible emissions,
and a nominal value was adopted in D. Z. Seligman et al.
(2021, 2022) by assuming that the observed nongravitational
acceleration was caused by CO outgassing. Also, recent
observations of 3I with JWST found an unusually high
CO2/H2O ratio (M. A. Cordiner et al. 2025). C/2016 R2 is the
only known solar system comet with comparable values, and
in fact it was suggested it may have originated in a different
stellar environment (A. J. McKay et al. 2019). According to
D. Z. Seligman et al. (2022), these high C/O ratios found for
the ISOs might suggest that they likely formed beyond their
system’s CO snow line (see also Figure 4 of D. Z. Seligman
et al. 2022).

We must underline that the C/O ratio may change along 3I's
orbit, and in particular in the postperihelion phase. This was
proven to be true, for example, for Ni/Fe (D. Hutsemékers
et al. 2025). Further postperihelion measurements of H2O, CO,
and CO2 are encouraged for a clearer picture of 3I's activity
evolution. It is worth noting that in solar system comets, this
ratio is shown to be slightly varying but always staying well
below 0.5 (D. Z. Seligman et al. 2022).

5. Conclusions

We performed spectroscopic observations of interstellar
comet 3I/ATLAS with the DOLORES instrument mounted on
the 3.58 m Telescopio Nazionale Galileo (La Palma) on 2025
August 16 (rh = 2.98 au).

In the range 5000–8000 Å we found a featureless continuum
with a marked red slope of 12.68% ± 0.5%/1000 Å in
agreement with other authors (e.g., R. de la Fuente Marcos
et al. 2025).

We detect the CN violet band. The CN production rate was
found to be (4.28 ± 0.83) · 1023 mol s−1, in agreement with
the only available published preperihelion observations
(A. Alvarez-Candal et al. 2025; R. Rahatgaonkar et al. 2025;
L. E. Salazar Manzano et al. 2025; see Figure 2).

We could not detect any other emission band; nevertheless,
we used the continuum regions associated with C2 and C3

emissions to compute the upper limits of their production rates.
We used this value to investigate C2/CN and C3/CN ratios to
tentatively include 3I in the vast picture of solar system comet
taxonomy. On August 16 we found notably low values of
C2/CN and C3/CN being, respectively, −0.86 and −1.47,
which tentatively classifies 3I as a strongly carbon-chain
depleted comet following the classification by A. N. Bair &
D. G. Schleicher (2025) in the preperihelion phase.

We reviewed previous studies on 3I production rates,
depletion patterns in solar system comets and comet 2I, and the
role of the volatile C/O ratio in constraining 3I’s possible
formation environment.

Using literature data from M. A. Cordiner et al. (2025) in
the infrared, we computed the C/O ratio, resulting in 0.52.
Following the indications by D. Z. Seligman et al. (2022), this
might indicate that 3I possibly formed beyond its system’s CO
snow line, as was suggested for 2I and 1I.
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