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ABSTRACT

Context. Interstellar objects are the relics of planetary formation of extrasolar systems. They represent a unique opportunity to study
insights of planetary formations around other stars. Since the discovery of 1I/‘Oumuamua in 2017, only two more interstellar objects
have been found. 3I/ATLAS is the third, and its cometary nature was confirmed by early observations.

Aims. Long-slit spectra of comet 3I/ATLAS were obtained with the 1.22 m telescope at the Asiago Astrophysical Observatory. The
7’ slit provided sufficient spatial coverage through the coma to investigate the release of atomic and molecular species. We provide
the first extensive spatial-distribution study of species in the coma of the interstellar comet 3I/ATLAS, with a total coverage of up to
2.8-10° km. Such spatial information has not previously been reported in the literature. We analysed the Fe I, Ni I, and CN emission
features observed at 2.17 AU.

Methods. We extracted the two-dimensional long-slit spectrum and performed the wavelength and flux calibration. From the resulting
spectrum, we analysed the cometary emission line spatial distribution and the production rates of the parent molecules through a Haser
modelling approach.

Results. Several neutral iron and nickel lines were detected together with the CN B-X (0-0) band. Production rates of CN and C;
and 30 NH upper limits were computed as well. We obtained the scale length of nickel, 1;(Ni) = 8.261’%;5 10° km, and iron, 1,(Fe) =
2.48f8:j; 10° km. These results imply a slower outflow velocity with respect to Solar System comet values. The relative abundance was
found: Ni/Fe = 0.20 + 0.11. For CN, the obtained scale length is in agreement with typical values adopted for Solar System comets, but
the CN parent scale length of 1,(CN) = 4.52*0.9% 10* km we found is notably shorter than the usual values assumed or fitted for the CN
parent in the literature.

Conclusions. The iron and nickel scale lengths we computed suggest that they originate from a short-lived parent, with no indication
of an extended source in the coma. The lifetime of atoms are compatible with photoionisation under active Sun conditions. Our analysis
of the CN spatial profile provides the first evidence that CN production in an interstellar comet may not follow the standard behaviour
observed in Solar System comets. Our results indicate that CN in 3I likely originates from a combination of known parent molecules
together with an additional short-lived component or, alternatively, from a parent species with an outflow velocity significantly lower

than typically inferred for Solar System comets.

Key words. comets: general — comets: individual: 3I/ATLAS

1. Introduction

Interstellar objects offer a unique window into the formation
environments of planetary systems beyond our own, and anal-
ysis of their compositions may provide critical information
about planetary formation processes that differ from what is
observed in our neighbourhood. The first two interstellar objects
discovered are radically different from each other. The first,
11/*Oumuamua, behaves essentially as an asteroid. It shows no
detectable activity and exhibits an unusually high aspect ratio
(Meech et al. 2017; Micheli et al. 2018), although its trajectory
has revealed non-gravitational accelerations that were tentatively
linked to CO outgassing (Seligman et al. 2021). In contrast,

* Corresponding author: alessandracaterina.mura@studenti.unipd.it

21/Borisov is a comet in all respects, with properties closely
resembling those of Solar System comets (Opitom et al. 2019;
Jewitt & Luu 2019; Mazzotta Epifani et al. 2021; Cremonese
et al. 2020; Fitzsimmons et al. 2019). On 1 July 2025, a third
interstellar object was identified (Denneau et al. 2025). Early
observations revealed the presence of a coma, establishing it
as the second confirmed interstellar comet after 2I/Borisov.
Precovery images from the Transiting Exoplanet Survey Satel-
lite (TESS) indicate that activity may have begun almost at a
heliocentric distance of approximately 6 AU (Feinstein et al.
2025). Several observing campaigns have begun to obtain an ini-
tial characterisation of this new visitor. Early observations at r;,
~ 4 AU revealed a redder slope with respect to 2I/Borisov, con-
sistent with D-type asteroids (de la Fuente Marcos et al. 2025;
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Seligman et al. 2025; Puzia et al. 2025; Bolin et al. 2025; Xing
et al. 2025; Opitom et al. 2025) and in some cases comparable
to that of Solar System comets (Santana-Ros et al. 2025). At this
point, no emission bands in the visible range have been detected,
and there are only upper limits for CN and OH (Alvarez-Candal
et al. 2025).

In the near-infrared (NIR), the spectrum becomes flatter, and
modelling suggests a grain distribution that differs from Solar
System comets (Kareta et al. 2025) and the presence of water ice
grains in the coma (Yang et al. 2025; Xing et al. 2025). Observa-
tions with the Hubble Space Telescope at 3.8 AU pre-perihelion
revealed that the nucleus radius should not be larger than about
2.8 km and not less than ~0.22 km, assuming a CO-driven activ-
ity (Jewitt et al. 2025). Observations with the James Webb Space
Telescope (JWST) at 3.32 AU report a CO,-dominated coma and
detectable H,O, CO, water ice, and dust and a tentative identifi-
cation of the OCS molecule. Cordiner et al. (2025) found a high
CO,/H;0 ratio, suggesting an intrinsically CO,-rich nucleus or
suppressed water sublimation (Cordiner et al. 2025). More recent
optical spectroscopic observations have detected the onset of
CN activity as far out as 3.2 AU (Salazar Manzano et al. 2025;
Lazzarin et al. 2026) as well as strong carbon-chain depletion.
This depletion is no longer evident in the post-perihelion data,
while marked depletion of NH, (Kawakita et al. 2026) and NH
have emerged (Jehin et al. 2025b). At radio and submillimetre
wavelengths, pre-perihelion observations have revealed lines of
HCN and CH;OH with ratios of HCN/H,O and CN/HCN com-
patible with Solar System comet values (Coulson et al. 2026)
and CH3;0H/HCN compatible with the upper limits of Solar
System comet measurements (Roth et al. 2026). 31 revealed an
extremely low sulphur-to-carbon abundance and an unusually
low gas expansion velocity, which is compatible with the pres-
ence of heavy molecules such as CO; in the inner coma (Biver
et al. 2026). Iron and nickel lines in 31 have been observed pre-
perihelion (Rahatgaonkar et al. 2025; Hutsemékers et al. 2026).
Rahatgaonkar et al. (2025) observed unusually strong Ni I lines
and the CN violet band near 3883 A but no Fe I nor C,, Cs,
NH,, or [O I] from r; ~ 4.4-2.85 AU. They suggest that the
steep rise of nickel and CN production towards the Sun is due
to the release from low-energy dust-driven processes, such as
photo-desorption or thermolysis of metal-bearing compounds
such as iron- and nickel-carbonyls, rather than from sublima-
tion from conventional metallic or sulphide phases. Hutsemékers
et al. (2026) report strong Ni I emission in 3I/ATLAS at all
observed distances and Fe I only closer to the Sun, revealing
an initially extreme Ni/Fe ratio that later evolved to values typi-
cal of Solar System comets. In this context, the authors suggest
that high metal production rates and the change in Ni/Fe ratio
are best explained by the release of nickel and iron from volatile
carbonyl compounds (Ni(CO)4, Fe(CO)s), rather than by direct
sublimation of refractory minerals.

In this study, we report the detection of iron and nickel lines
as well as the CN B-X (0-0) and C; A-X bands in the spectrum
of comet 3I/ATLAS. The comet was observed at 1, = 2.17 AU
post-perihelion with the 1.22m Galileo telescope at the Asiago
Astrophysical Observatory. The adopted setup allows for high
spatial coverage of 3I’s coma up to a nucleocentric distance of
o ~ 2.8 - 10° km. The spatial distribution of the molecules in
3I’s coma has not been investigated in detail to date, and our
observations offer the first basis for a new characterisation of the
spatial distribution of the observed species. The scale lengths of
Ni, Fe, and CN in the interstellar comet 3I/ATLAS were derived
from their spatial profiles, allowing us to discuss the nature of
their parent molecules.

A9, page 2 of 10

N 110820 110610 1108
-
E

- +05 30

w 4
+06 28

/
Rises

+05 28

_—
406 24

,.’

4

Fig. 1. Frame of 3I/ATLAS at 600s taken in the sloan r filter from the
same observing session of spectroscopy with the 0.67/0.92 m Schmidt
telescope (INAF-OAPD), Asiago. The orientation of the long-slit is
shown.

2. Observations and data reduction

Spectra of 3I/ATLAS were obtained with the 1.22m Galileo
telescope at the Asiago Astrophysical Observatory (MPC-IAU
code: 043) when the comet was at r, = 2.17 AOU, with the 1200
lines/mm grating, which has dispersion of 0.6 A/px. The grating
angle was adjusted to access the UV configuration, which cov-
ers the 3300-4570 A spectral range with a resolving power of
R ~ 2000. The effective area of the charge-coupled device (CCD)
is 435 x 2034 pixels, and each pixel has a size of 13.5 x 13.5
micron and a pixel scale of 1.00”/px. The spectrograph long-slit
aperture has an effective length of 7.25” and a width of 2.56” on
the focal plane. The slit was oriented along the parallactic angle
to avoid any differential flux loss due to atmospheric diffraction.
In Fig. 1, the slit orientation during the observing run is shown.
Comet 31 was observed in the context of a cometary monitor-
ing project conducted at the Asiago Astrophysical Observatory!.
Three spectra of 3I/ATLAS were obtained, each with an expo-
sure time of 1200 s. Additional observations included a spectrum
of the spectrophotometric standard star HR 7001 for flux cali-
bration and the solar-analog star 16 Cygni B, which was used to
characterise the contribution of reflected sunlight from cometary
dust. We used standard Image Reduction and Analysis Facility
(IRAF) routines (Tody 1986) for bias subtraction and flat-field
correction. Wavelength calibration was performed using He-Fe-
Ar hollow-cathode lamp spectra acquired immediately before
and after the comet’s observations. The three comet exposures
were co-added to increase the signal-to-noise ratio. Flux calibra-
tion was derived by comparing the observed HR 7001 spectrum
with the corresponding ESO reference spectrum. A slit-loss
correction factor was computed from the calibration star obser-
vations and applied to the final flux-calibrated comet spectrum
to account for light losses at the slit. In order to remove the sky
background, a median sky spectrum was extracted by combin-
ing two 20-pixel windows located at the bottom and top edges of

I https://doi.org/10.48550/arXiv.2505.02988
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Fig. 2. Two-dimensional co-added spectrum of 3I/ATLAS with the sky and dust continuum removed.

the slit. We subtracted the final median sky spectrum from each
row of the two-dimensional comet spectrum. The curvature of
the sky lines was already corrected along with the wavelength
calibration by the IRAF routine transform, a procedure which
straightens the CCD rows while applying the wavelength solu-
tion. This minimised any residual flux from the sky lines. The
approach of extracting a sky spectrum from the same frame as
the target avoids the strong temporal variability of the night sky,
which affects frames taken at different times, and therefore sig-
nificantly improves the sky subtraction. Because the CN band
emission extended across the entire slit, its wavelength region
was excluded from the sky spectrum before subtracting it from
the comet spectrum. Finally, the solar-analog spectrum was used
to remove the solar features, and a polynomial fit was applied to
subtract the residual dust continuum emission.

3. Data analysis and methodology

The two-dimensional co-added frame of 31 (Fig. 2) shows several
iron and nickel lines (Table A.2), the CN band near 3883 10\, and
the C; band at 3920-4100 A. The slit was centred on the nucleus,
providing a spatial coverage of about 284 000 km in both direc-
tions. The two-dimensional frame was analysed to characterise
the spatial distribution of atomic and molecular emissions in the
coma. The derived one-dimensional summed spectrum (Fig. 3)
was used to extract the integrated flux of each emission line or
band. In the case of the C; band, the received signal was not suf-
ficient to allow for spatial distribution analysis, so the production
rate was computed from the summed-up one-dimensional spec-
trum. The atomic and molecular spatial profiles were analysed
within a Haser-model framework. The Haser model (Haser 1957)
assumes a spherically symmetric coma, where parent molecules
are uniformly emitted from the nucleus at a constant expan-
sion velocity, 0.85 r;*> km s~ (Cochran & Schleicher 1993)
and are subsequently photodissociated by solar radiation into
daughter species. This model assumes that (a) collisions in the
inner coma are negligible, (b) the medium is optically thin, and
(c) the velocity kick imparted to the daughter species is not taken
into account. The Haser model provides the simplest description
of cometary comae and is widely used to interpret the observed
atomic and molecular spatial profiles. Moreover, it allows one to

investigate parent-daughter relationships, derive molecular and
atomic production rates, and compare different comets (A’Hearn
et al. 1995; Fink 2009; Langland-Shula & Smith 2011; Cochran
et al. 2012; Munaretto et al. 2026).

3.1. Spatial distribution of iron and nickel

Concerning the analysis of spatial profiles, we selected the
brightest individual iron and nickel lines, namely, the 3525 A
line for nickel and the 3720 A line for iron. Their integrated
flux was derived by averaging the flux at each nucleocentric dis-
tance in the two slit directions. As the 3720 A iron line did not
provide an S/N comparable to that of the 3525 A nickel line, mul-
tiple iron lines (listed in Table A.1) were co-added to enhance
the signal. The scale lengths of nickel and iron were derived fol-
lowing the procedure described in Guzik & Drahus (2021): their
spatial distributions were modelled with a Haser profile, assum-
ing that both species originate from a short-lived parent released
near the nucleus, imposing 1, < 1000 km. To constrain the Haser
scale lengths, the observed radial profile was normalised to its
maximum value to fit only the shape of the distribution. In this
normalised framework, the production rate appears as a multi-
plicative constant, which was treated as a free scaling param-
eter (A). Model parameters were estimated using a Bayesian
approach implemented with the affine-invariant ensemble sam-
pler in emcee (Foreman-Mackey et al. 2013), which performs
Markov chain Monte Carlo (MCMC) sampling of the posterior
distribution. The best-fit parameters and uncertainties from an
initial least-square fit were used to define informative Gaussian
priors for the MCMC initialisation. Given that iron and nickel
are also commonly described by a 1/p profile (Manfroid et al.
2021), we also considered it in our analysis (Fig. 6).

The iron and nickel emission lines were detected along the
slit up to a nucleocentric distance of 101 428 km, beyond which
the signal-to-noise ratio became too low for reliable tracking.
This represents a larger spatial coverage than previously reported
in the literature. The shortest nucleocentric radii were affected
by the seeing, which varied along the night among 2.5” and 5”.
Considering these variations, the seeing was included as a fitted
parameter in our procedure, in terms of a Gaussian smoothing
applied to the Haser model. Given the projected dimension of
the seeing (~6000 km) and the widely accepted hypothesis that
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iron and nickel atoms are produced in the immediate vicinity
of the nucleus (Manfroid et al. 2021), we did not assign any
physical meaning to the inferred parent scale lengths. The fitted
parameters are reported in Table 1. The fitted seeing value varies
between species, and in particular it tends to be smaller for iron
and nickel than for CN. Although some wavelength-dependence
or instrumental effects could contribute to this behaviour, in the
case of iron and nickel, the model also struggles to disentan-
gle the parent scale length from the seeing, which likely biases
the fitted seeing disk. This may lead to an underestimation of the
seeing during the fit.

3.2. Iron and nickel abundances

Several iron and nickel lines were identified using the FlorPy
fluorescence model. Of these, 11 Ni and 9 Fe transitions exhib-
ited an adequate signal and negligible blending, making them
suitable for Gaussian fitting. These lines are listed and described
in Table A.2, and a representative plot is shown in Fig. 3. The
FlorPy code (Bromley et al. 2021) performs a fluorescence equi-
librium computation, assuming a collision-less and optically thin
coma. This model was used to produce the population and fluo-
rescence efficiency for all atomic lines and transitions reported
in the Atomic Spectra Database of the National Institute of
Standards and Technology?. With heliocentric and geocentric
distances and velocities as inputs, FlorPy takes into account
the solar irradiance at the comet’s position and relative velocity
effects on the computed populations. It uses a composite solar
spectrum (fully described in Bromley et al. 2021) to evaluate the
radiation field at the comet’s position and with respect to the
comet’s velocity. Since the observations were carried out dur-
ing a phase of solar maximum, we examined the variability of
the solar flux across our spectral range to assess how much this
effect could influence the resulting g factors. According to Lean
(2001), the solar variability from 200 to 1000 nm is of the order
of a few tenths of a percent. For this reason, a 20% uncertainty
was added in quadrature to the g-factor estimation. The relative
g factor was associated with any observed line flux. With the
obtained scale length, the total number of atoms in the aperture

2 https://physics.nist.gov/PhysRefData/ASD/lines_form.
html
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where F;; is the integrated flux of the single line (erg s7! ecm™?)
and g;; is the fluorescence efficiency of the same line com-
puted through FlorPy (erg s™'). Each F;; value was determined
by fitting the corresponding line with a Gaussian profile using
a Levenberg—Marquardt minimiser (Press et al. 1992) imple-
mented through the scipy library curve_fit function at the
known line positions (Virtanen et al. 2020). The results of the
Gaussian fit for any line are visible in Fig. A.l. The uncer-
tainty of each integrated flux was obtained by combining the
covariance-matrix errors on the Gaussian amplitude and width
with the standard deviation of nearby continuum regions. The
uncertainties on g;; were provided by the FlorPy computation.
From the total number of atoms, the production rate Q (atoms
s~!) was computed as

ng Uout
HF1l,’

0= 2
where ‘HF’ is the Haser fraction (A’Hearn et al. 1995; Fink &
Hicks 1996), which is needed to obtain the total number of atoms
in the coma from the number of atoms inside the aperture; vqy is
the outflow velocity, assumed to be 0.85 r,;O'S km s~! (Cochran &
Schleicher 1993); and 1, (km) is the daughter scale length com-
puted by fitting the spatial profile. Finally, the nickel and iron
abundance ratio was computed with the following expression:
Ni/Fe = log1o(Qni/Qre).

3.3. Spatial distribution of CN

For CN, the most straightforward approach was to use the band-
integrated g factor computed by Schleicher (2010) and to fit Q, 1,,,
and 1; simultaneously, given that the band is largely unresolved.
In this case, the flux measurements were not normalised. As
before, an initial deterministic fit using the scipy curve_fit
routine was performed to determine the priors for the subsequent
MCMC analysis. For CN, the parent scale length is significantly
larger than the seeing disk, so both the parent and daughter
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Table 1. Best—fit parameters for Nil, Fe I, and CN.

fit for the p“ profile. For comparison, the dust
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10°

Atom Ax103 1, (10> km) I, (10° km) Seeing (arcsec)
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. 06 . .
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0.0 0.03 02 0.
CN 1851001 4507008 g 601021 4831011

Notes. NiI * and Fe * are the results of the fit in which the 1, assumption was dropped.

scale lengths are physically meaningful. To evaluate the influ-
ence of the seeing parameter on the retrieved production rate,
a Q-curve analysis approach was used (see Disanti & Mumma
(2008) for a review). In this method, the production rate, Q,
is computed independently at each nucleocentric radius, thus
allowing for the identification of the inner region size where
the computed Q is highly sensitive to seeing. The innermost
radii are affected because atmospheric seeing smooths the cen-
tral divergence of the Haser profile and redistributes flux outside
the aperture, preventing a direct comparison with the model. The
resulting Q-curve indicated the radii at which the production
rate is not reliably constrained. Excluding the first six points and
fitting a straight line to the remaining values yielded an aperture-
independent production rate. This result is consistent with the
value obtained from the MCMC fit. To compute the C; produc-
tion rate and NH upper limit, a Fink & Hicks (1996) approach
was used (Eq. (1)) with the scale lengths and g factors used in
A’Hearn et al. (1995) and Cochran & Schleicher (1993).

4. Results
4.1. Iron and nickel

The strongest iron feature (3720 A) has a measured integrated
flux of (5.76 + 0.37) 107'* erg cm™2 s™!, and the strongest Ni line
(3525 A) was detected with an integrated flux of (2.25 + 0.07)
10713 erg cm™2 s~!. The radial distribution of iron and nickel was
traced along the slit orientation and fitted with a Haser model.

The same procedure was also applied to the CN band, result-
ing in an integrated flux of (7.94 + 0.01) 10™"* erg cm™2 s7!.
The results of the fit are shown in Fig. 4 and reported in
Table 1. Using Eq. (1), the fluorescence equilibrium outputs
from FlorPy were used to compute the total number of iron
and nickel atoms within the aperture, with the following results:
(1.22 + 0.38) 10%® atoms for Fe I and (2.50 + 0.56) 10?® atoms
for Ni I. The production rates of nickel and iron were computed
through Eq. (2), resulting in Qy; = (1.13 + 0.18) 10?* atoms s~
and Qg = (7.06 = 1.11) 10? atoms s~!. The corresponding Ni/Fe
abundance ratio derived from these values is 10g10(Qpyi/Qre) =
0.20+ 0.11, which is in agreement with the value reported
by Zhao et al. (2026). We compared the measured profile
with the typically assumed p~! distribution (Fig. 6). This fit
produced a slightly steeper slope for both iron and nickel spa-
tial distributions: —1.10 + 0.02 for nickel and —1.21 + 0.03 for
iron.

4.2. CN spatial distribution and molecules production rate

For the CN production rate, the result of the MCMC fit produced

Qcw = 1.85*501 10% molec s~" at 1, = 2.17 AU and scale lengths

of l; = 4.52f8:8§ 10* km and 1, = 9.60f8§} 10° km, assuming

an outflow velocity of 0.85 ;%> km s~ (Cochran & Schleicher
1993). The fitted Q¢ from Q-curve analysis is 1.89 + 0.01 10%
molec s!. For C; the computed production rate is Q¢3 = 3.65
+ 0.03 10%* molec s~!, which leads to a logarithmic ratio with
CN of 1og19(Qc3/Qcn) = 0.71. The computed 30 upper limit for
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NH is <1.45 10 molecules s~!, and the relative ratio to CN is
—0.12.

5. Discussion
5.1. Iron and nickel

The observation of iron and nickel lines up to 3 AU is something
that has also been observed in Solar System comets (Manfroid
et al. 2021). This is a phenomenon that does not have a definitive
explanation yet. Indeed, the first time that metal lines, such as
iron, nickel, copper, and cobalt, were observed was in sungrazing
comets such as Ikeya-Seki (Slaughter 1969) and the Great Comet
of 1882 (Copeland & Lohse 1882), both below 0.01 AU. When
a comet is in such proximity to the Sun, a reasonable expla-
nation for metal lines is the direct sublimation from refractory
compounds such as silicate, sulfide, and metal grains. This expla-
nation is also coherent with the findings of in situ missions such
as Giotto, Stardust, and Rosetta (Jessberger et al. 1988; Stenzel
et al. 2017; Zolensky et al. 2006).

When comets exhibit metal lines far from the Sun, a dif-
ferent mechanism is needed since temperatures are too low to
allow direct metal sublimation. Both 2I/Borisov and 3[/ATLAS
have shown iron and nickel lines far beyond the distance where
the sublimation of silicate, metal, and sulfide compounds is rea-
sonable (Guzik et al. 2020; Opitom et al. 2021; Hutsemékers
et al. 2021; Rahatgaonkar et al. 2025). The most credible expla-
nation for how this happens is currently the one of Manfroid
et al. (2021), which suggests the presence of complexes such
as [Fe(PAH)]" and carbonyls such as Fe(CO)s; and Ni(CO)y,
already hypothesised by Klotz et al. (1996), that sublimate
at high heliocentric distances. This interpretation is based on
earlier work (e.g. Klotz et al. 1996) and on the sublimation
behaviour of Fe(CO)s and Ni(CO)4. Their sublimation rates
make their presence in cometary comae plausible up to 3 AU and
explains the observed relative Ni/Fe abundance. The photodis-
sociation pathways required to release atomic Fe and Ni from
these molecules were later explored in detail by Bromley et al.
(2021), who constructed a framework relying on several assump-
tions, including that each absorbed UV photon removes a single
CO molecule and that all intermediate fragments share the same
absorption cross-section as the parent molecule. Under these
conditions, sequential CO loss would fully strip the carbonyls
within ~120-150 km of the nucleus. While this mechanism is
plausible (Cole-Filipiak et al. 2021), it depends on unverified
cross-sections for intermediate complexes, and laboratory stud-
ies show that prompt atomic emission from carbonyl dissociation
is weak or absent (Ribar et al. 2015). Metal carbonyls therefore
remain a possible but still unconfirmed source of cometary Fe
and Ni atoms, and only further laboratory studies have the capa-
bility to confirm it. In this context, the analysis of the spatial
distributions of iron and nickel plays an important role in con-
straining the mechanisms responsible for their emission. Our
data reveal that the spatial profile of both atoms is correctly
reproduced by a short-lived parent. No evidence was found for
any extended-source production. To further assess this point, the
usual 1000 km upper limit on 1, was removed, and the param-
eter was allowed to vary freely over a wider range. The seeing
was estimated from the standard-star spectrum and adopted as
a lower bound; we note that this value does not include addi-
tional broadening from telescope-tracking errors, which are rel-
evant during comet observations. All the results are reported in
Table 1. If the 1, is left free to vary, its value adjusts to values that
are still below 1000 km, which is within the seeing disk. Beyond
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Fig. 5. Comparison between the computed iron and nickel parent
scale lengths (with 3¢ error bars) and the photoionisation values from
Huebner & Mukherjee (2015). Different outflow velocities are shown:
the highlighted region corresponds to the range of parent scale lengths
obtained using the HCN outflow velocity from Biver et al. (2026); the
segmented lines indicate the HCN scale lengths derived from ALMA
observations (Roth et al. 2026); and the solid lines represent the scale
lengths computed using the standard 0.85 r,** km s™" outflow velocity
law.

this region, the model requires only the daughter distribution,
suggesting that any parent species must be released within the
4” seeing disk.

To assess consistency with published photoionisation val-
ues at 1 AU under active-Sun conditions, the lifetimes of
535-10° s for nickel and 5.13 - 10* s for iron from
Huebner & Mukherjee (2015) were converted to scale lengths
at 2.17 AU (Eq. (3)). Agreement with these values was explored
by adopting different values for the gas outflow velocity. Fig-
ure 5 shows the computed values for the iron and nickel scale
lengths. Using the outflow velocity derived for HCN by Biver
etal. (2026) (0.32-0.43 km s~! at 1.37 AU), we obtained a corre-
sponding range of parent scale lengths. The values inferred from
ALMA observations (Roth et al. 2026) fall near the midpoint
of the Biver et al. (2026) confidence interval. For comparison,

we also computed the scale lengths using the standard 0.85 r;O'S

km s~ outflow velocity law. This comparison highlights how
strongly the assumed outflow velocity, and in particular its
heliocentric scaling, affects the resulting parent scale lengths.
The r,;O'S scaling is derived from observations of Solar System
comets, and its applicability to the present case is not guaran-
teed. Consequently, the conversion of lifetimes and scale lengths
from 1 AU to the observed heliocentric distance may introduce
a systematic bias if the true velocity law deviates from this
assumption. In line with this matter, the 1/p profile fit (Fig. 4)
showing steeper slopes may be indicative of a different radial
behaviour. In particular, a steeper slope may suggest a lower
density in the outer coma. This interpretation is consistent with
the slow inner coma expansion velocity expected in the pres-
ence of heavy molecules, as in Biver et al. (2026). In Fig. 4 the
dust profile is also shown for comparison, which appears steeper
with respect to the iron and nickel profiles. Finally, our Ni/Fe
ratio agrees with the modelling of the Ni/Fe ratio expected from
carbonyls, as explained in Hutsemékers et al. (2026).

5.2. Ni/Fe and NH depletion

Another relevant point is the potential correlations between
carbon-chain depletion, NH depletion, and an enhanced Ni/Fe
abundance ratio (Hutsemékers et al. 2021). This is particularly
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Table 2. Photodissociation rates of proposed CN parent molecules at 1 AU.

Molecule CN-production channel Photodiss. rate (107 s71)
HCN HCN +hy - CN+H 1.26
C,N, (dicyanogen) C,N; + hy - CN + CN 3.08
HCs;N HCsN + hy - CN + C,H 3.92
CH;CN CH;CN + hvy — CN + CHj; 0.67
C4N; (dicyanoacetylene) C4N, + hy — CN + C3N 20.0
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Fig. 6. Reproduction of the plot of correlation between Q(Ni)/Q(Fe) and
Q(NH)/Q(CN) from Hutsemékers et al. (2021) but including the results
computed here.

relevant in light of the variations observed in 3I/ATLAS, both in
its Ni/Fe ratio and in its degree of carbon-chain depletion before
and after perihelion. It is also notable that, although the carbon
depletion disappears in the post-perihelion data, no trace of NH;
or NH has ever been detected on 31 at any point along its orbit
(Jehin et al. 2025a). To test whether a such correlation holds, we
evaluated and correlated the 30 upper limits of NH with Ni/Fe
abundance (Fig. 6). In the spectral range of the NH band, there
are two moderately strong Ni lines. The fluorescence model was
used to retrieve the flux of these lines and remove the contami-
nation from the NH wavelength region. The resulting abundance
ratio is log10(Qunu/Qcn) < 0.36. This value indicates a high NH
depletion. In Fig. 6, 31 abundances are compared to 2I/Borisov
values. The figure shows that they tend to align with the correla-
tions suggested by Hutsemékers et al. (2021). A comparison with
Solar System NH abundance is shown in Fig. A.2. In particular,
the measured NH abundance of 31 is compared with the dataset
of Cochran et al. (2012).

5.3.CN

The fitted CN parent scale length revealed an unexpected dif-
ference compared to Solar System comets. Our parent scale

length of 1, = (4.52’:8:8%) 10* km remains sizgniﬁcantly smaller

than expected compared to both standard r; scaling (Cochran
& Schleicher 1993) and, for example, the scaling presented in
Langland-Shula & Smith (2011). The fitted scale length from
Table 10 of Langland-Shula & Smith (2011), 1,(CN) = (3.0
+ 0.5)- 10* km at 1 AU, and their fitted 1, scaling law from
Table 9, r}l'3, were used to determine 1,(CN) = (8.2 + 2.3)- 10*
km at 2.17 AU, which is still higher than our estimate.

There is evidence in the literature that the outflow velocity of
3T’s parent molecules is unusually low. Roth et al. (2026) report

a measurement of the HCN pre-perihelion with ALMA covering
a range of heliocentric distances of 2.6—1.7 AU pre-perihelion.
Their HCN detection produced a gas expansion velocity of
0.2 km s~!'. Also Coulson et al. (2026) detected HCN at 2.4—
2.2 AU pre-perihelion, and they computed an HCN expansion
velocity of v = 0.46 + 0.14 km s~'. Biver et al. (2026) detected
HCN at perihelion with an asymmetric profile producing veloci-
ties ranging from 0.32 to 0.43 km s~! at 1.37 AU. Finally, ALMA
observations produce an outflow velocity for HCN of 0.276 +
0.015 km s~! (Roth et al. 2026). The typical values used and
computed in the literature for HCN and CH3;CN in Solar Sys-
tem comets are in the range of 0.6-0.85 r;** km s™! (Bergman
et al. 2022). By assuming this low outflow velocity, the photodis-
sociation rate of the parent 8 (s™!) can be computed from 1, by

_ o
p= 3)

p

In Table 2, we list the photodissociation rates of candidate CN
parents (Fray et al. 2005; Bockelee-Morvan & Crovisier 1985;
Hinni et al. 2021; Halpern 1987) for comparison. When assum-
ing photodissociation from a single parent and adopting voy <
0.4 km s7!, the inferred CN parent photodissociation rate is
compatible only with the HC3;N photodissociation rate. So one
possible explanation is that CN is produced from a single parent
with a slower expansion velocity with respect to Solar System
examples. In the case of a multiple parents production scenario,
the CN in 3I’s coma might be produced by a mixture of a known
CN parent molecule, such as HCN, containing an unusually high
abundance of a short-lived known parent, such as C,N;, and
HC3N. For an object formed outside the Solar System, the rel-
evant parent molecules may include species that are not present
or not commonly observed in Solar System comets. One option
is C4N,, which has a high photodissociation rate and produces
CN (Table 2) via the following:

C4N, + hy — CN + C3N. 4)

This molecule was also cited as a probable CN parent by Halpern
(1987). C4N; has not been detected in cometary comae, but it
was proposed in circumstellar chemistry (Petrie et al. 2003) and
in Titan’s atmosphere (Petrie & Osamura 2004) as a CN-bearing
species, making it a chemically reasonable yet unconfirmed
gaseous contributor to the CN parent scale length. Notably, while
the ice phase C4N; is strongly detected in Titan’s atmosphere
(Samuelson et al. 1997), it has not been detected in the gas phase
(McQueen et al. 2025). Also ammonium salts such as NH4;CN
can produce NH,CN under comet-like conditions (Wilkins
et al. 2025), and NH,CN photodissociates into CN and NH,
(Hye-Lee et al. 2008). The presence of such salts was suggested
in 67P (Altwegg et al. 2020). However, the strong NH, depletion
observed in 3I excludes ammonium salts as a viable CN source.

In the end, the variability of the known scale lengths during
periods of high solar activity combined with the absence of a
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reliable rj-scaling for the outflow velocity are likely major con-
tributors to this problem. Nevertheless, our analysis suggests the
CN parent in 31 has a slow outflow velocity. To better charac-
terise its parent species, we encourage future studies to establish
precise outflow speeds of possible parent species. We suggest
that this shorter lifetime for CN parents in the 31 coma may be
caused by a slow outflow velocity or by a mixture of CN par-
ents where one has a shorter lifetime with respect to known CN
parents.

6. Conclusions

We have presented measurements and analysis of iron, nickel,
CN, and C; emission features in the spectrum of the inter-
stellar comet 3I/ATLAS observed between 1.93 and 2.31 AU
post-perihelion with the 1.22 m Galileo telescope at the Asiago
Astrophysical Observatory. These data enabled a spatial distri-
bution study of the species in the coma and the computation
of relative production rates. Overall, 3I/ATLAS exhibits some
behaviour that departs from that commonly observed in Solar
System comets:

— The photoionisation scale lengths for iron and nickel and CN
were computed with a Haser coma modelling. The result
of the fit suggests that the atoms are likely emitted by a
short-lived parent and rule out possible extended sources, in
agreement with iron- and nickel-carbonyls sublimation;

— Iron and nickel lifetimes can be reconciled with the liter-
ature value for photoionisation in active Sun conditions if
one assumes a slower outflow velocity. In the case of nickel,
adopting unusually low outflow velocities, as observed in
the submillimetre domain, makes the computed lifetime
more compatible with the pure photoionisation process. The
situation is apparently different for iron;

— Concerning the spatial distribution of CN, we observed a CN
parent scale length that appears shorter than the frequently
used values for Solar System comets. The reason for this dis-
crepancy is not explained by our data. One possibility is that
the CN parent in the case of 31 comprises a mixture of a
known CN parent and a short-lived one. Another possibil-
ity is that the outflow velocity of the CN parent is somehow
slower than what is usually observed in Solar System comets,
which would be much more consistent with the results shown
for iron and nickel.
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Appendix A: Additional tables and figures

Table A.1: Detected iron lines summed for extracting the spatial profile.

Avae mm)  E; (em™") conf; term; J; E;(cm™) confy, term; J;
371.993444 0.000 3d%4s? a’D 4.0 26874.550 3d°(5D)4s4p(3P*) z3F* 5.0
373.486354  6928.268 3d’(4F)4s a’F 5.0 33695.397 3d’(4F)4p y F* 50
373.713125 415.933 3d%4s? a’D 3.0 27166.820 3d°(5D)4sdp(3P*) z F* 4.0
374.556086  704.007 3d%4s? a’D 2.0 27394.691 3d°(5D)4s4p(3P*) z3F* 3.0
374.820004 27394.691 3d°(5SD)4sd4p(3P*) z F* 3.0 54066.518 3d’(4F)4d e’G 4.0
374.948483  7376.764 3d’(4F)4s a’F 4.0 34039516 3d’(4F)4p yIF* 4.0
381.583970  11976.239 3d’(4F)4s a’F 4.0 38175.355 3d’(4F)4p y3D* 3.0
382.042491  6928.268 3d’(4F)4s a’F 5.0 33095.941 3d’(4F)4p y°D* 4.0
382.455570  21715.732 3d’(2G)4s a’G 50 47855143 3d°(3G)4s4p(3P*) y H* 6.0
382.588058  7376.764 3d"(4F)4s a’F 4.0 33507.123 3d’(4F)4p y’D* 3.0
382.782220 12560.934 3d’(4F)4s a’F 3.0 38678.039 3d’(4F)4p y3D* 20

Table A.2: Detected Fe and Ni lines used for Gaussian fits to compute the number of atoms in the coma.

Elem. A, (mm) E;(cm™) conf; term; J; E;(cm™) conf; term;, J;
Fe 358.11928  6928.268 3d’(4F).4s a’F 5 34843.957 3d’(4F).4p z3G* 6
Fe 360.88591 8154.714 3d’(4F).4s a’F 1 35856.402 3d’(4F).4p z35G* 2
Fe 363.10968  22845.869 3d°(5D).4s.4p.(3P*) z'F* 5 50377908 3d°(5D).4s (6D).4d D 5
Fe 371.993444 0.000 3d6.4s? a’D 4 26874.550 3d°(5D).4s.4p.(3P*) zF* 5
Fe 373.486354  6928.268 3d’(4F)4s a’F 50 33695.397 3d7(4F)4p yoF* 50
Fe 373.713125 415.933 3d%4s? a’D 3.0 27166.820  3d°(5D)4s4p(3P*)  z F* 4.0
Fe 374.556086  704.007 3d6.4s? a’D 2 27394.691 3d°(5D).4s.4p.(3P*) zF* 3
Fe 382.042491  6928.268 3d’(4F).4s a’F 5 33095.941 3d’(4F).4p y°’D* 4
Fe 385.991106 0.000 3d6.4s? a’D 4 25899.989 3d°(5D).4s.4p.(3P*) zD* 4
Ni 341.4764 204.787 3d°(2D).4s D 3 29480.989 3d°(2D).4p S 4
Ni 342.3707 1713.087 3d°(2D).4s D 1 30912.817 3d°(2D).4p Sp* 1
Ni 343.3556 204.787 3d°(2D).4s D 3 29320.762 3d°(2D).4p Spx 3
Ni 344.6259 879.816 3d°(2D).4s ’D 2 29888.477 3d°(2D).4p Sp* 2
Ni 346.1652 204.787 3d°(2D).4s D 3 29084.456 3d%(3F).4s.4p.(3P*)  F* 4
Ni 3472542 879.816 3d°(2D).4s D 2 29668.918 3d°(2D).4p * 3
Ni 349.2956 879.816 3d°(2D).4s ’D 2 29500.674 3d°(2D).4p 3p* 1
Ni 351.5052 879.816 3d°(2D).4s D 2 29320.762 3d°(2D).4p Sp* 3
Ni 352.4536 204.787 3d°(2D).4s D 3 28569.203 3d°(2D).4p Spx 2
Ni 361.0462 879.816 3d°(2D).4s D 2 28569.203 3d°(2D).4p 3p* 2
Ni 361.9391 3409.937 3d°(2D).4s 'D 2 31031.020 3d°(2D).4p I 3
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Fig. A.1: Individual gaussian fit for iron and nickel lines. In the case of blended features, deblending is performed by fitting a sum of
two Gaussian components.
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Fig. A.2: Comparison between 31 NH abundance with Cochran et al. (2012) database.
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