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ABSTRACT

Context. Molecular emission is observed in a wide variety of astrophysical environments, yet a substantial fraction of spectral features
detected at millimeter wavelengths remain unidentified. Identifying these features is essential for constraining the inventory of inter-
stellar and circumstellar molecules and for understanding the chemical pathways operating in evolved stars, including those leading to
fullerene formation in planetary nebulae (PNe).

Aims. In this study, we investigate a set of weak unidentified molecular features detected in the carbon-rich and fullerene-containing
PN IC 418. We aim to constrain the nature of their molecular carriers and assess their possible connection to fullerene-related chemistry.
Methods. High-sensitivity observations at 2, 3, and 7 mm were carried out using the RT40m and IRAM 30m radio telescopes. The
spectral features found in these data sets were compared with public molecular spectroscopic databases. Spectral-pattern searches and
line fits were performed under linear, symmetric, and asymmetric rotor approximations to estimate rotational constants of potential
molecular carriers.

Results. We report the detection of 20 weak (SNR ~2-13) unidentified features (UFs), none of which could be attributed to mm radio
recombination lines, instrumental artifacts, or any known molecular species. The observed features are inconsistent with the regular
line spacing expected from linear molecules or symmetric rotors. A recurrent doublet-like pattern was identified, although no other
spectral patterns were found. The estimated rotational constant (B ~ 2500-3660 MHz) suggests these are carriers with 4—13 atoms.
The rotational constants estimated for the spectral lines are incompatible with those expected from Cg, derivatives (B ~ 100 MHz),
disfavoring fullerene-related species as the dominant carriers of the detected UFs.

Conclusions. The detected UFs point to the presence of molecular species that have not yet been identified in space within the
fullerene-rich PN IC 418. Non-planar carbonaceous molecules produced during the destruction and processing of hydrogenated amor-
phous carbon (HAC) grains are suggested as promising candidates. The catalog of UFs presented here has been made publicly available
to facilitate future comparisons with laboratory measurements and theoretical calculations, which will be essential for identifying
molecular carriers and understanding the chemical pathways leading to fullerene formation in PNe.

Key words. radio lines: stars — planetary nebulae: individual: IC 418

1. Introduction

Molecular species are widespread throughout the Universe,
detected across a wide range of astrophysical environments,
from dense molecular clouds to evolved stars in the Milky
Way and other galaxies. The methylidyne radical (CH) was
the first molecule identified in the interstellar medium (ISM;
Dunham 1937; Swings & Rosenfeld 1937; McKellar 1940). Since
then, molecular discoveries have expanded, reaching 325 known

* Corresponding author: thuertas@iac.es

species by 2025 (McGuire & mcguiregroup 2021), with new
detections continuing to emerge (see, e.g., Cernicharo et al.
2023a, 2024b; Pardo et al. 2023; Gupta et al. 2024; Remijan et al.
2024, 2025; Sanz-Novo et al. 2025; Wenzel et al. 2025b, and
references therein, for some of the most recent new detections).

Despite the large number of molecules known up to date, a
significant number of features in spectral spectral observations
remain unidentified, indicating that their molecular carriers are
still unknown. The advent of high-resolution and high-sensitivity
instruments, particularly the JWST and ALMA, has led to the
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detection of an increasing number of unidentified spectral fea-
tures, both in the infrared (IR) and radio domains, in the form of
ro-vibrational and rotational transitions, respectively (see, e.g.,
Appleton et al. 2023; Bianchi et al. 2023; Leisawitz et al. 2023;
Gonzalez-Alfonso et al. 2024; Nickerson et al. 2025). These
unidentified features (UFs) constitute a major challenge for astro-
chemistry, especially in evolved star circumstellar environments
such as planetary nebulae (PNe) and in the ISM, where gas-
phase and grain-surface reactions yield to increasingly complex
molecules (e.g., Tielens 2005; Tielens et al. 2005).

Identifying the molecular carriers responsible for specific
spectral lines is a complex process. Molecular transitions are typ-
ically classified into electronic, vibrational, and rotational types.
Vibrational transitions, typically observed in the IR range, have
been used to identify complex species such as fullerenes Cg
and Cyp in young PNe (Cami et al. 2010; Garcia-Herndndez
et al. 2010) and Cgo in the ISM (Berné et al. 2013; Campbell
et al. 2015). In contrast, molecular families, such as polycyclic
aromatic hydrocarbons (PAHs), exhibit very similar IR signa-
tures even at the high spectral resolution of the JWST (see,
e.g., Smith-Perez et al. 2026), complicating the unambiguous
identification of individual species. Pure rotational transitions
occur when molecules with a permanent dipole moment change
their rotational energy states. These transitions provide unique
spectral fingerprints that make them especially powerful for
molecular identification. These lines are typically observed at
millimeter (mm), submillimeter (submm), and centimeter (cm)
wavelengths, using radio telescopes. However, as molecules
increase in size and structural complexity, their rotational spec-
tra become more complex and their individual lines weaker. It
also gets harder to theoretically predict or experimentally obtain
them, thereby complicating their astronomical identification.

Radio observations have played a fundamental role in the dis-
covery of new molecules in space, particularly toward evolved
stars. The high spectral resolution and sensitivity of modern
radio facilities enable the detection of pure rotational lines that
serve as distinctive molecular fingerprints, making this tech-
nique the most powerful tool for molecular identification (see,
e.g., Wilson et al. 1970). Surveys of low- and intermediate-
mass evolved stars, such as asymptotic giant branch (AGB)
stars and proto-PNe, have historically been among the richest
sources of new molecular detections, as their dense, molecule-
rich envelopes host complex gas-phase and grain surface chem-
istry under diverse physical conditions (see, e.g., Cernicharo
et al. 2000; Pardo et al. 2007, 2022; Velilla Prieto et al. 2017;
Zhang et al. 2013). Extending such studies to PNe provides cru-
cial insights into how circumstellar molecules survive, evolve,
or reform after photodissociation and photoionization (e.g.,
Edwards et al. 2014; Schmidt & Ziurys 2016; Gold et al. 2024).
This also helps trace the chemical transformation of stellar ejecta
into the ISM. Continuous radio spectroscopy of these objects,
enabled by facilities such as Green Bank Telescope (GBT),
ALMA, and IRAM 30m and Yebes 40 m (RT40m) telescopes,
is therefore essential for uncovering new molecular species and
constraining the pathways of molecular evolution in the final
stages of stellar evolution.

The detection of exotic carbonaceous species such as
fullerenes (e.g., Cgp, C70) in young PNe has revealed that these
environments host complex dust and molecular processing under
UV irradiation and/or shock conditions (e.g., Garcia-Herndndez
et al. 2010, 2011a, 2012; Diaz-Luis et al. 2016). Objects such
as IC 418 are particularly valuable laboratories for these stud-
ies. As a carbon-rich elliptical PN, IC 418 exhibits bands of
both aliphatic and aromatic molecular compounds along with IR
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emission features attributed to Cgy (Otsuka et al. 2014), mak-
ing it a prime target for exploring the formation and survival of
fullerenes and their derivatives in H-rich circumstellar gas. Thus,
observations of this object have the capacity to probe not only
the formation pathways and stability of fullerenes, but also their
potential role as tracers of dust chemistry, molecular evolution,
and the chemical feedback of evolved stars to the ISM. Con-
sequently, high-sensitivity radio and millimeter/submillimeter
(mm/submm) spectral surveys of PNe such as IC 418 are key to
advancing our understanding of chemical complexity in evolved
stellar environments.

In addition, the detection of new radio spectral features pro-
vides critical input for molecular astrophysics, as it directly links
observational astronomy with laboratory and theoretical chem-
istry. High-sensitivity spectral surveys reveal candidate lines
of previously unknown species, motivating laboratory measure-
ments and ab initio calculations of their rotational spectra and
dipole moments. Such coordinated efforts are essential to con-
firm molecular identifications and to expand spectral databases
for complex molecules, including radicals, ions, and fullerene-
related species. In this context, radio detections act as the
primary driver for cross-disciplinary progress in characterizing
the molecular inventory of evolved stars and the ISM.

In this paper, we present, for first time, the detection of 20
weak pure rotational lines with a signal to noise ratio (SNR)
~2-13 in high spectral resolution observations of the PN IC 418
ranging from 30 to 140 GHz and obtained with the RT40m and
IRAM 30m telescopes (Huertas-Roldan et al. 2025), aimed at
detecting new UFs and identifying potential molecular carriers
associated with them. In Sect. 2, we describe the data acquisi-
tion and reduction process. In Sect. 3, we detail the set of UFs
and the analyses performed to learn about their molecular origin
and characterize their possible carriers. Finally, in Sects. 4 and
5, we discuss the results and state our conclusions, respectively.

2. Observations and data reduction

The observations of the PN IC 418 were carried out during
the winter semester of 2021. These observations are part of
the IRAM 30m telescope project 158-21 (PI: D.A. Garcia-
Herndndez) and RT40m project 22A011 (PI: D.A. Garcia-
Hernandez). Project 22A011 aimed to observe the whole Q-band
(7 mm, i.e., 30.5-50.0 GHz) with the RT40m, a 40 m diameter
dish located in the Centro Astrondémico de Yebes (Guadala-
jara, Spain) and operated by the Spanish Instituto Geogréfico
Nacional (IGN)'. These observations were executed in dual
polarization using the position switching mode (PSW). The 2
and 3mm (i.e., 131.5-139 GHz and 81.5-89 GHz, respectively)
data were acquired with the IRAM 30 m telescope located on
Pico Veleta in Sierra Nevada (Granada, Spain) and operated
by the Institut de Radioastronomie Millimétrique (IRAM). We
observed the targets (see below) in single sideband and dual
polarization with the E090 and E130 bands of the Eight MIxer
super-heterodyne Receiver (EMIR?, Carter et al. 2012) using the
wobbler switching mode (WSW; see Huertas-Roldén et al. 2025,
for more details).

Together with the Cgo-rich PN IC 418, the projects included
the observation of the young PN NGC 7027. This object is the
archetypal PAH-rich PN and IR observations clearly show that
it does not contain fullerenes (Otsuka et al. 2014; Smith-Perez
et al. 2026). We note that a detailed analysis of the molecular

I https://rt40m.oan.es/rt40m_en.php
2 https://publicwiki.iram.es/EmirforAstronomers
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rotational lines in NGC 7027 will be presented in a forthcom-
ing paper (Huertas-Roldén, in prep.); however, in Sect. 3.3, we
offer a qualitative comparison between NGC 7027 and IC 418.
All datasets were previously reduced using the Continuum and
Line Analysis Single-dish Software (CLASS) program of the
GILDAS? astronomical software package (sept22a version; see
Huertas-Roldan et al. 2025) to identify and analyze the radio
recombination lines (RRLs)* present in the spectra of both
sources. Some weak lines remained unidentified in these spectra.
For IC 418, we reduced the rms noise by resampling the spec-
tra to a final resolution of 0.916 MHz (8.4-5.7kms™') at 7 mm,
1.954 MHz (6.7 kms™") at 3 mm, and 1.954 MHz (4.3kms™") at
2 mm. At these resolutions, the rms noise level is 0.5-1.4 mK at
7mm [Tp] and 0.4 mK [T,] at 2 and 3 mm.

Weak emission lines can be mistaken with instrumental fea-
tures, radio frequency interferences (RFI), or resonant signals
due to strong lines in the image side band. To confirm the real
emission lines and remove the parasites, we first identified any
known RFI with the help of the IRAM and Yebes Observatory
staff, then compared the spectra acquired with different local
oscillator (LO) frequencies. Finally, we inspected the polariza-
tions of the observations. The comparison of data taken using
different LO frequencies reveals a displacement in frequency
of the artifacts different to that expected for real signals com-
ing from the source. By comparing the V and H polarizations,
genuine emission (sub)thermal molecular lines are expected to
exhibit similar shapes and intensities. Otherwise, they are con-
sidered as artifacts. We compared, line by line, the total average
of scans at each polarization and removed from the list of can-
didates to real molecular lines all features that clearly showed
displacement on a polarization with respect to the other or emis-
sion just in one polarization. With the remaining candidates, we
compared the average of each individual day in both polariza-
tions. The lines that displayed significantly different emission
profiles or intensities on each day were also removed from the
list. In this analysis, we also confirmed that there were no signals
coming from the image side band of the receiver related to strong
RRLs contaminating the data (see Huertas-Roldan et al. 2025).
Furthermore, no exceedingly narrow emission typical of masers
was detected in the spectra.

3. Results

Among the approximately 160 RRLs that populate the radio
spectrum of IC 418 (see Huertas-Roldén et al. 2025), we found
20 UFs with SNR > 2 (see Table 1 and Figs. 1 and 2). Out of the
total, 11 UFs are observed above the detection level and they are
all isolated lines (SNR > 3 for isolated lines), this is, not-blended
with any RRL. The isolated lines show intensities varying from
1 to 5SmK (see Fig. 3) and Gaussian-like profiles. At 7 mm, the
four isolated lines display quite similar peak intensities. Their
FWHMs are compatible with the +10 region around the mean
(see Fig. 3), with the exception of U35300, which is the broadest
UF. At 3 mm, the lines display also similar peak intensities and
FWHMs statistically compatible. At 2 mm, the peak intensities
of the lines are more diverse. We find in this range that the only
line in absorption from the whole data set (Abs136891 Fig. 2g).

3 For more information, see https://www.iram. fr/IRAMFR/GILDAS
(accessed on 24 September 2024).

4 The RRLs are emission lines in the radio regime produced in a

plasma when a recently captured electron de-excites to a lower Rydberg

level.

Table 1. Frequencies of the UFs found in IC 418.

Species v (MHz) SNR  Comments
Detections ¢

U35300 35300.1 £0.5 3.9 Isolated
U36344 363449 + 0.5 4.2 Isolated
U37403 37403.7 £ 0.5 53 Isolated
U37410 374103+ 0.5 5.0 Isolated
U85582 85582.1 +1.0 33 Isolated
U87129 871295+ 1.0 4.0 Isolated
U87336 87336.7+ 1.0 4.0 Isolated
U131474 1314744+ 1.0 52 Isolated
Abs136891 136891.5+1.0 6.8 Absorption, isolated
U138455 138455.1 1.0 3.8 Isolated
U139054 1390549 + 1.0 13.3 Isolated

Tentative detections ?
U33180 33180.0+0.5 3.4+0.9 Blended with HI03Z
U35519 355193 +0.5 3.9+1.1 Blended with H95¢
U35593 355939+0.5 2.0+1.2 Blended with H1109
U39019 390194 +£0.5 2.4 +0.8 Blended with H92¢
U42876 42876.6 0.5 3.5+1.0 Blended with H835
U42987 42987.9+0.5 3.6+4.0 Blended with H89¢
U47746 47746.0+0.5 2.4 +0.9 Blended with H73y
U85342 853422+ 1.0 3.3+0.9 Blended with H78
U133126 133126.5+ 1.0 4.2+ 1.3 Blended with H72:

Notes. a: we consider detections of isolated lines with SN/ > 3 as well
as blended features with SNR > 5. b: we consider tentative detections
of isolated and blended spectral features with SNR > 2.

The FWHMs are compatible with their average value at 1o level,
except for U139054, which doubles the mean FWHM value.

The nine tentatively detected UFs are all partially blended
with RRLs (see Figs. 1 and 2). We assumed Gaussian shapes
to fit and analyze them. In the 7mm band, seven lines display
a wide range of intensities and FWHMSs broader than the val-
ues of the clearly detected and isolated lines. However, this latter
parameter has not been aptly determined due to the uncertain-
ties imposed by the partial blending on the fitting process. The
tentative line at 3 mm has an intensity and FWHM similar to the
values of the clearly detected lines. The same is found for the
tentative lines at 2 mm.

Tentative UFs can be weak real lines produced by molecules,
heavy chemical elements, and inhomogeneities in the envelope
of IC 418, or unusually strong and broad noise structures that are
difficult to identify without observational ratification. All these
possibilities are particularly important in the current work given
that all tentative UFs are blended with RRLs. We performed
several sanity checks to retain only the molecular features, but
plausible noise structures could not be completely removed from
the linelist a priori, with the expectation that the data analy-
ses presented in Sect. 4 would be successful in identifying any
spurious features.

3.1. Analyzing coincidences of UFs with RRLs

Given the high number of RRLs detected in this source, it can be
argued that the UFs partially blended with the hydrogen RRLs
could actually be unassigned RRLs of heavier atoms. Compar-
ing the predictions with the observed spectra, we found all H
and He1 RRLs that were expected to appear on each spectral
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Fig. 1. UFs detected and tentatively detected across the spectra of IC 418 in the Q-band. Pink curves show the Gaussian fits of some RRLs, while
blue curves display the Gaussian fits of UFs. The total profiles (RRL+UF) are shown in green (when applicable).

range in IC 418 (see Huertas-Roldan et al. 2025) and we con-
clude that the UFs are not RRLs of these atoms. We also checked
RRL frequencies of other neutral chemical elements or their ion-
ized species (D, *He1, *He11, “*He11, C1, C11, C111, O1, O11,
and O111) even though their low abundances in this environ-
ment result in peak flux intensities below the noise level of
our observations (for example, for CI lines the intensities are
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~107%K; see, e.g., Pottasch et al. 2004, to find the abundances
of the elements). Despite the fact that there are a few coinci-
dences between some of the UFs and RRLs of chemical elements
other than H and hei, they have to be considered accidental. Any
real contamination to RRLs associated to particularly dense gas
inhonomogeneities in the HII region should affect all lines of
the same series systematically; namely, all & lines (An = 1), all 8
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Fig. 3. Peak temperature (K, top) and FWHM (kms™!, bottom) of the
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tatively detected lines because they are blended with RRLs and their
SNRs are ~2—4 (see Table 1). The gray area in the bottom panel repre-
sent the =10, +207, +30, and +40 values around the mean.

lines (An = 2), and so on. This behavior was not determined, so
the coincidences were considered accidental.

Furthermore, to check whether the UFs blended with RRLs
were, in fact, features associated with possible denser clumps in
the ionized wind of IC 418, we tested whether RRLs profiles dis-
play systematic asymmetries. The emission of each clump would
produce a noticeable bump in the overall emission that could
be shifted due to a possible distinct expansion velocity. Thus,
any systematic asymmetry in the line profiles of the RRLs could
suggest the presence of such clumps, but such variations have
to be found in all the RRLs simultaneously and, in particular,
in the Ha lines. We stacked all the Ho RRLs to get an average,
high-quality line profile and we did not find any bump that would
suggest the presence of such clumps.

3.2. Searching for coincidences with known molecules in
space

We compared these UFs frequencies with those of the
rotational transitions of the 1300 molecules available from
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Cologne Database for Molecular Spectroscopy (CDMS)?, ~400
molecules at the JPL Molecular Spectroscopy Catalog®, and
with recent detections toward sources via TMC-1 since 2021
(Agundez et al. 2021a,b, 2022, 2023a,b, 2024; Cabezas et al.
2021a,b,c,d, 2022c,b,a, 2023b, 2024a,b; Cernicharo et al.
2021a,b,c.d,e,f,g,h,i, 2022, 2023b,c, 2024a,b,c,d; Cooke et al.
2023; Fried et al. 2025; Fuentetaja et al. 2022, 2023, 2024a,b,
2025; Loru et al. 2023; Marcelino et al. 2021, 2023; Remijan
et al. 2023; Remijan et al. 2024, 2025; Silva et al. 2023;
Tennis et al. 2023; Wenzel et al. 2024, 2025b,a) and IRC+10216
(Cabezas et al. 2023a; Cernicharo et al. 2023a; Gupta et al. 2024;
Pardo et al. 2022, 2023; Velilla-Prieto et al. 2023). The signals
do not appear to correspond to any known interstellar or cir-
cumstellar molecules, species with rotational spectra available
in the latter public databases, or more than 100 other species
with unpublished or uncataloged data (including numerous het-
erocyclic species; B.A. McGuire 2025, priv. comm.).

Factoring in the knowledge that IC 418 is Cgo-rich and dis-
plays a variety of hydrocarbon species, it is possible that complex
molecules are present in its circumstellar envelope (CSE), while
their rotational lines would be intrinsically weak. We tried car-
rying out a line stacking procedure (Loomis et al. 2021) with the
frequencies of complex molecules (mainly the PAHs detected
in TMC-1) to search for accumulated features above the detec-
tion level. This method takes advantage of the noise reduction
by stacking the spectrum at the frequencies corresponding to the
rotational transitions of a given molecule. With the stacked fre-
quencies showing an emission above the noise level, constraints
on the abundance of the molecule can be set. Besides the line
stacking of the spectrum of IC 418 at the frequencies of the PAHs
discovered in TMC-1, no feature has been detected over the noise
level. Therefore, these tests do not provide any additional infor-
mation about the molecular content of IC 418 above the noise
level.

3.3. Comparing the spectrum of IC 418 with NGC 7027

The purpose of observing IC 418 and NGC 7027 was to compare
their different fullerene chemistry to extract information about
the molecular content of IC 418. The radio spectrum of IC 418
does not contain features of any detected molecule in space and
even CO is undetected (see Dayal & Bieging 1996). In the IR,
only Cgo bands have been detected (Otsuka et al. 2014). In con-
trast, NGC 7027 displays several carbon molecules in the mm
region (see, e.g., Zhang et al. 2008), and very diverse PAHs in
the IR domain (see, e.g., Smith-Perez et al. 2026); but no hint of
Ceo or other fullerenes in the IR. Therefore, any spectral feature
present only in the spectrum of IC 418 and not in the spectrum
of NGC 7027 could be potentially related with fullerene-based
species.

The comparison of both spectra shows that only two UFs of
IC 418 may be also observed in NGC 7027. These are U39019
(U39013 in NGC 7027) and U139054. In both sources, these
UFs show Gaussian-like profiles. U39019 (Fig. 1h, with SNR
2.4 + 0.8) is partially blended with a RRL, while U139054
(Fig. 2i, with SNR 4.2 + 1.3) is isolated. We also explored
whether these two UFs could be related by applying the same
linear fitting procedure used for the doublets discussed above.
However, no consistent pattern was found and, thus, there is
no evidence at hand to support a common carrier. Finally, the
fact that two UFs of IC 418 are also detected in NGC 7027

5 https://cdms.astro.uni-koeln.de/classic/catalog
¢ https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.html
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could suggest that the same molecule or molecules producing
these rotational lines are present in both Cgy-rich and Cgp-poor
circumstellar environments.

4. Discussion

There are three main types of molecular rotors: linear, symmet-
ric, and asymmetric’. Each type can be associated to charac-
teristic patterns of rotational transitions in the spectrum (see,
e.g., Cooke & Ohring 2013), which can make the situation
even more complex if internal quantum effects (e.g., couplings
between molecular rotation and other angular momenta: orbital
momentum or electronic spin) are present. We searched for these
patterns in the set of 20 UFs presented in Table 1, regardless of
whether they are clear detections. Identifying any of these line
patterns in the observed spectrum can provide key clues to the
identity of the emitting molecule.

Within this set, some features appear grouped in pairs of
closely spaced lines. These pairs (hereafter referred to as dou-
blets) were identified based on their proximity in frequency
and their appearance in the spectra across the observed bands
(2, 3, and 7mm). Ten UFs (i.e., five clearly detected and five
tentatively detected) are involved in this set of doublets (e.g.,
U35519 & U35593 in Table 2 comprise UD35556 in Table 1),
while the remaining UFs do not show any clear grouping or
systematic pattern. We note that examples of Loomis-Woods dia-
grams used to search for correlations among UFs can be found
in the Appendices. The doublets are plotted in Fig. A.l in the
Appendices and their frequencies are listed in Table 2.

4.1. Analysis of doublets of UFs
4.1.1. Fitting under the linear rotor approximation

The central frequencies of the doublets observed in the spectrum
(Table 2) seem to follow a linear dependence with a rotational
quantum number J. We fit them assuming a linear molecule with
doublets using the equation,

v=2B(J +1)=4D(J + 1)’ + HJ + D*[(J + 2)° - J?], (D)
where B is the rotational constant, D and H as the centrifu-
gal distortion constants of the molecule, and J as the rotational
quantum number of the lower level of each rotational transi-
tion. Higher order rotational constants have been neglected by
default. To inspect the effect of each constant to the fit, we con-
sidered three cases: case a has no distortions (just the term with
B), case b considers quartic centrifugal distortions (terms with
B and D), and case ¢ adds sextic distortions (terms with B, D,
and H). To assign J to each doublet, we assumed that UD35556
and UD42932 are consecutive. Their frequency separation is
relatively large, which suggests a pattern more consistent with
species exhibiting sparse and regular spectra, as opposed to the
dense line structure typically found in larger molecules. No addi-
tional lines were detected between these features. While the
nature of the carrier remains unknown, this interpretation pro-
vides a reasonable working hypothesis in the absence of further
constraints. This allowed us to derive a first estimate of the B
constant and the affiliated rotational numbers following Eq. (1).
However, since we are concerned with fitting doublets, the posi-
tion of the individual components with respect to the central

7 Spherical rotors do not display a permanent electric dipole moment,
so they are not considered in this paper.
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Table 2. Frequencies of the doublets of UFs observed on IC 418.

Doublet ¢ Viow (MHZ) Vhigh (MHz) v. (MHz) * Splitting (MHz)
UD35556 35519.3+0.5 355939 +0.5 35556.6 £ 0.5 74.6 + 0.5
UD42932 42876.6 0.5 42987.9 0.5 429323 +0.5 111.3+0.5
UD85462 853422+ 1.0 85582.1+1.0 85462.1 £ 1.0 2399+ 1.0
UD87233 871295+ 1.0 87336.7+ 1.0 87233.1+1.0 207.2+1.0
UDI138755 138455.1 1.0 1390549+1.0 138755.0+1.0 599.8 £ 1.0

Notes. a: UD refers to unidentified doublet. b: central frequency of the doublet.

frequency is a first approximation,
v=2BUJ+1)—4DJ + 1)) + HJ + D’[(J +2)* - Pl +y, (2)

where vy is the splitting constant that applies to the lower
frequency component of the doublet (—y) and to the higher fre-
quency component of the doublet (+y). We fit four different
combinations of three or four doublets or patterns (labeled from
1 to 4) using Eq. (2). The most accurate fits for each pattern are
plotted in Fig. 4 (see all fits and Tables in the Appendices).

When comparing the fits with three doublets (see Figs. 4a
and 4b), a larger dispersion with respect to the observational
frequencies was found in case a than in case b. The statisti-
cal uncertainties are also reduced when D is included (case b).
Focusing on the fits with four doublets (see Figs. 4c and 4d),
we observe that case a provides the highest value of constant
B, while the other two cases display quite similar values within
the errors. The dispersion of the predicted central frequencies
is higher for case a. The difference between observed and pre-
dicted central frequencies is smaller for cases b and ¢ and the
smallest differences are found in case b. This means that includ-
ing H does not improve the results. In fact, case c results show
a slightly higher dispersion and larger uncertainties. Therefore,
case b provides smaller differences between the central frequen-
cies and more accurate values of constants B and D. Despite the
large errors that are found in all cases, pattern 1 and 2 provide
less accurate frequency predictions and larger B and D constants
than patterns 3 and 4.

The bottom panels in the plots clearly show that the dou-
blet splitting increases with frequency. However, the predictions
from the fits with Eq. (2) remain constant. This disagreement
may point out that the splitting depends on the J value and the
parameter y in Eq. (2) should be modified as

v=2B(J +1)=4D(J + 1) + HU + 1)’[(J + 2)° = J°]
£ [y +y,(J+ DIFU), (3)

where F(J) is a function that encodes the value for the higher
frequency line (J/2) and the lower frequency line (—(J + 1)/2),
while y; is a second-order constant related to the doublet split-
ting. The inclusion of the last term in Eq. (3) clearly improves
the description of the higher and lower frequency components of
the doublets. Besides this improvement, the statistical uncertain-
ties are not sufficiently small to clearly discard any pattern to be
real.

Conversely, we could constrain the number of atoms of
the possible carrier, after a comparison with public data. The
results plotted in Fig. 4 display the best fits for each different
combination of doublets and, in every case, the fit that does
not consider the H constant provides the smallest errors. The
fits using three doublets provide B = 3632 + 27 MHz (using
UD85462) and B = 3617 + 24 MHz (using UD87233), setting

the range B = 3590-3660 MHz (see Figs. 4a and 4b). These val-
ues are compatible with molecules with 6-12 atoms that have
been already detected in space. The fits with four doublets give
B = 2562 + 41 MHz (using UD85462) and B = 2979 + 29 MHz
(using UD87233) and, thus, a range of B = 2520-3010 MHz
(see Figs. 4c and 4d) can be considered. In this case, by con-
sidering a total range B = 2520-3660 MHz, species of 4-13
atoms could be considered as possible carriers of the observed
doublets.

4.1.2. Fitting under the asymmetric rotor approximation

The fits described in Sect. 4.1.1, based on a linear rotor approx-
imation, were found to be unsatisfactory. This was further con-
firmed using the standard SPFIT/SPCAT (Pickett 1991) spectro-
scopic software package and the JB95® graphical interface pro-
gram to visualize the spectrum and the SPFIT/SPCAT results.
To explore the nature of the potential carriers, we expanded our
analysis to include various coupling terms, such as Coriolis cou-
pling, spin-rotation coupling, and nuclear quadrupole coupling
constants. However, these additional parameters did not improve
the convergence of the fits. The errors on the constants and the
predicted frequencies are not comparable with the precision of
our data. The series of doublets could actually be an apparent
doublet-like pattern, in which the components of the doublets
are actually lines with different K (K,, K.) subbands of a sym-
metric (asymmetric) rotor. Yet, the line splitting for symmetric
rotors depending on K is expected to be exceedingly small (i.e.,
on the order of the centrifugal distortion constants) and an asym-
metric rotor is more likely responsible for the detected apparent
doublets.

We made use of the standard SPFIT/SPCAT (Pickett 1991)
spectroscopic software package to analyze and predict our sets
of doublets using the asymmetric rotor approximation. A distinct
characteristic of them is that their internal frequency splitting
is not constant; rather, it systematically increases with growing
frequency. This behavior is potentially suggestive of a pair of b-
type transitions (K, = 2 « 1) from an asymmetric rigid rotor
(see, e.g., Cooke & Ohring 2013), or splitting arising from large-
amplitude motion (LAM; see, e.g., Nguyen & Kleiner 2020)
between double equivalent potential energy surface minima.
Despite comprehensive attempts to model this doublet progres-
sion, including efforts to account for such splitting mechanisms,
a definitive assignment could not be achieved. The derived
rotational constants were therefore useless to predict additional
transitions consistent with the observed data, nor to extend the
series beyond the detected features.

A systematic search revealed an additional promising pro-
gression of single UFs, distinct from the doublet-like pattern

8 https://www.nist.gov/services-resources/software/
jb95-spectral-fitting-program
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Fig. 4. Fits of four different combinations of doublets. For each dataset, three cases have been considered: a, b, and c. Each case is described using
different panels. The top panel represents the overall fit results. Blue crosses show the central frequency of the observational pairs. The upper
middle panel plots with blue dots the difference between the observed central frequency and the predicted value. Lower middle and bottom panels
represent the modeling of the doublet splitting using Eqgs. (2) (lower middle) and (3) (bottom). The green and pink markers show the difference
between individual lines and the central frequency of the doublet. The light gray areas in all plots indicate the unobserved ranges.

discussed above, in the 30-50 GHz range, characterized by a
quasi-regular frequency separation of approximately 4300 MHz.
Standard Hamiltonian models for linear, symmetric, and asym-
metric rotors were rigorously tested using SPFIT/SPCAT.
Numerous combinations of trial rotational constants and quan-
tum number assignments (J, K,, K.) were explored for this
4300 MHz additional pattern. Unfortunately, these efforts proved
unsuccessful and no tested combination converged to a phys-
ically plausible solution or produced a fit with acceptable
residuals (root-mean-square error). Consequently, both the
~4300 MHz progression and the doublet-like pattern remain
unassigned, highlighting the significant challenge posed by the
unidentified spectral line inventory in this source.
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4.2. Considering whether UFs can be produced by fullerene
derivatives

The Cgp IR detection in IC 418 (Otsuka et al. 2014) suggests
that Cgp-based species could be present in this PN and poten-
tially detectable in the radio domain. The Cgy molecule does
not display a permanent dipole moment and, therefore, it does
not produce a rotational spectrum to be observed at radio fre-
quencies. However, some Cg( derivatives, such as CgoHy, CqoHy,
or CeoHyg, do (see Sabirov et al. 2022, who report values in
the 0.57-8.35 D range). Also, some exohedral metallofullerenes,
such as CgoMg, CgoNa, CgoK, CgoFe™, display very high dipole
moment values (4.9D, 11.8 D, 15.8 D, and 11.8 D, respectively;
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R. Barzaga 2025, priv. comm.). These species are thus poten-
tially detectable at the frequencies covered by our observations,
provided that their abundances are sufficiently high and the
rotational temperature sufficiently low. Given the interest in
detecting large complex molecules in space, which might pro-
vide key clues to unveil the formation pathways of fullerenes in
astronomical environments, we discuss whether our UFs could
be produced by fullerene related species below.

Theoretical simulations of pure rotational spectra using the
rigid rotor approximation of some Cgy derivatives such as
CeoNH; and CgCN (R. Barzaga 2023, priv. comm.), C¢oCN=,
CeoFe, and CgoFe® (GL. Hou et al. 2023, priv. comm.), or C3,
(Nemes 2024, and references therein), give rotational constants
of A, B, C < 100 MHz. This implies that the transition patterns,
within the same branch, are separated by <200 MHz; this is
a detail we did not observed in our IC 418 radio spectra. In
addition, the doublets detected in our spectrum are compatible
with values of B ~ 2520-3660 MHz (see Sect. 4.1.1), which
implies distances between consecutive features a factor of ~20
higher than for those of fullerene derivatives. The large rotational
line separations observed are thus inconsistent with theoretical
simulations of Cgo-based species. We conclude that very likely
fullerene-derivatives are not the carriers of the UFs.

In contrast, the planar C;4 molecule has been tentatively
detected in the mid-IR spectra of some PNe containing fullerenes
(Garcia-Hernandez et al. 2011a, 2012) and its closed fullerene
isomer could be the smallest fullerene possibly present in space
(see, e.g., Bernstein et al. 2017). The planar and cage isomers
of Cy4 do not have a permanent dipole moment. In contrast,
some other C,4 isomers, such as bowl and ring structures (neu-
trals, cations, and anions), have a significant dipole moment (in
the 0.25-12.63 D range; see Karri et al. 2023) and could be
possible carriers of the UFs. Their rotational constants are not
known to date. They are potential molecular targets to be studied
theoretically and in the laboratory for their rotational spectra.

In short, the spectral behavior of fullerene derivatives is
inconsistent with the properties of the observed UFs, indicat-
ing that (even if they are present), they cannot account for
the detected radio features, given our detection limit level. The
lack of radio detections of rotational transitions attributable
to fullerene derivatives may be related to several reasons
both intrinsic and observational effects. On the one hand,
the abundance of these species may be too low to produce
detectable emission. On the other hand, the sensitivity of current
IRAM 30m and RT40m observations may be still insufficient
to detect such weak features. In addition, their optical depths
are expected to be small, leading to intrinsically faint spectral
lines. The partition function is also a critical factor. The large
number of atoms in Cgp derivatives implies that their parti-
tion function is expected to be quite large at the temperatures
prevailing in the molecular regions where fullerenes survive
(Texe ~ 300 K on average; see Table 3 in Garcia-Herndndez et al.
2012). The rotational level significantly populated should have a
rotational energy on the order of 2-37},. Assuming a rotational
constant B = 100 MHz for C¢ along with its derivatives and tak-
ing Tyt ~ SOK, the populated rotational level with the highest
energy value’ should be characterized by J ~ 150. Increasing
the value of Ty, would increase the value of J. Moreover, at
these temperatures the number of vibrational modes is gener-
ally 3N — 6 and, in particular, 174 for Cgy. Populating several
tens of levels is experimentally observed as very weak emis-
sion or absorption spectral lines. Our conclusion is based on

9 We used E.o; = 2T o1

the results of the simulations of fullerene derivatives rotational
spectra. We note that to the best of our knowledge, there are no
laboratory microwave spectra of such fullerene species available
in the literature.

Finally, after analyzing the set of doublets (see Sect. 4.1.1),
we find that any combination of them cannot be explained by
currently known molecules in space or Cgo derivatives. Accord-
ing to the different fitting results and the values of the rotational
constants obtained (Sect. 4.1.1), the set of doublets is consis-
tent with molecular species displaying B ~ 2500-3660 MHz.
Rotational constants in this range are characteristic of molecules
much smaller than fullerenes. By comparing this range of val-
ues with the data of molecular rotational constants available in
the CDMS and JPL databases, the most plausible carriers are
molecules containing approximately 4—13 atoms; this is clearly
distinct from fullerene-based species and fully consistent with
the frequency separations observed for the UFs.

4.3. Possible carrier species depending on the fullerene
formation process

The formation mechanism of fullerenes in space is a funda-
mental open question in astrochemistry. Two main mechanisms
(bottom-up vs. top-down) have been proposed to explain their
presence in space. The bottom-up schema involves small C-
based species, such as small hydrocarbons or small clusters,
that progressively grow into larger structures. Fullerenes would
form through sequential reactions building larger carbonaceous
species that would eventually close into stable cage structures
(Kroto et al. 1985; Heath 1992). This mechanism is efficient
in high temperature and high-density environments. However,
in the low-density interstellar and circumstellar media, the
growth reactions would be extremely slow and the formation
of fullerenes is expected to be very inefficient (Micelotta et al.
2012). The top-down scenario proposes the photochemical pro-
cessing or destruction of larger C-based species to finally form
fullerenes. Two main options are considered that differ in the
initial carbonaceous compound: PAHs (Berné & Tielens 2012)
or hydrogenated amorphous carbon (HACs; Garcia-Hernandez
et al. 2010, 2011b).

Berné & Tielens (2012) proposed that fullerenes in the ISM
form from the photo-fragmentation of large PAHs. The strong
UV radiation from the star would lead to the complete dehydro-
genation of the PAHs, turning them into planar graphene sheets,
which then would lose C, units from the border. These border
defects in the structure may force the formation of pentagons
that curve the planar structure until it definitely closes and forms
cages such as Cgy and C79. Some experimental results support
the photochemical processing of large PAH cations (=60 C-
atoms) as a possible top-down route toward Cgg, as well as other
species (Zhen et al. 2014). Some byproducts of these photochem-
ical processing, such as small graphene flakes, rings, and small
cages, could be detectable in the mm range (or via rotational
emission) if they: (i) display a permanent dipole moment; (ii)
their abundance is high enough; and (iii) they are highly stable
against UV radiation. Berné et al. (2015) point out that the for-
mation of Cg from PAHs is efficient only for species with 60—66
C atoms and the process is extremely fast. Therefore, most inter-
mediate transition species are not expected to reach sufficiently
high abundances.

However, Micelotta et al. (2012) demonstrated that the large
PAHs scenario for fullerene formation proposed by Berné &
Tielens (2012) requires a very specific tuning of the dissoci-
ation parameters. This would be very unlikely to happen in
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space, at least under the physical conditions of young PNe
with fullerenes such as PN IC 418. Fullerenes could form in
young PNe due to the destruction and processing (e.g., by
UV radiation) of dust grains composed by a mixture of aro-
matic and aliphatic species, such as HACs, coal, and so on
(Garcia-Hernandez et al. 2010, 2011b; see also Gémez-Muioz
et al. 2024 and references therein). Fullerenes have been detected
in conjunction with HAC-like grains in young PNe (e.g.,
Garcia-Hernandez et al. 2011b, 2012; Bernard-Salas et al. 2012)
and laboratory experiments found fullerenes among the disso-
ciation products of UV-irradiated HACs (Scott et al. 1997);
namely, small alkanes, unsaturated carbon-chain radicals, and
small dehydrogenated PAH-like species are released first fol-
lowed by proto-graphitic, aromatic clusters with ~40 C atoms
similar to the locally aromatic polycyclic hydrocarbons (LAPHs)
proposed by Petrie et al. (2003). Indeed, Micelotta et al. (2012)
argue how the UV-induced dehydrogenation of HAC grains nat-
urally provides the conditions for fullerene formation in young
PNe; both H removal and pentagonal ring formation, which force
the evolving structure to curl up. They suggest that the HACs
dehydrogenation would produce LAPH-like species, which they
call “arophatic” structures, mainly characterized by aliphatic
bridging groups linking the aromatic clusters. The “arophatic”
molecules proposed by Micelotta et al. (2012) and their expected
fragments are curled-up structures that are expected to exhibit
significant dipole moments, potentially enhanced by the incor-
poration of atoms such as N, O, or S. We note that up to
date no molecules containing these elements are detected in
our source. Such complex structures (i.e., neutral, anion, cation
forms), if being stable and abundant enough, may be present in
Ceo-rich PNe and are strong potential candidate carriers of the
UFs detected in the mm spectrum of IC 418. Apart from that,
Jones (2025) recently showed that the end products of the UV-
induced processing of HACs might be non-planar and highly
conjugated cyclic species, such as 1,3- and 1,4-cyclohexadiene
and cyclooctatetraene. Such non-planar species are highly stable
and emit the strong 3.3 pum emission seen in the ISM and evolved
PNe (i.e. usually hotter than IC 418'°, where even fullerenes
have been already destroyed) and largely attributed to planar
PAHs!!. Unfortunately, to our best knowledge, there are no
laboratory and/or theoretical rotational microwave spectra of
such non-planar species (either arophatic and highly conjugated
molecules) available in the literature.

Interestingly, the molecular size of the non-planar highly
conjugated cyclic species recently suggested to be products of
the HACs processing (Jones 2025) agree quite well with the
possible molecule/s (~4—13 atoms) producing the doublet UFs
detected in IC 418. Highly conjugated species in such a range
as 1,3-cyclohexadiene (CgHg), 1,4-cyclohexadiene (CgHg), and
cyclooctatetraene (CgHg), possibly among others, are thus strong
potential candidate UF carriers to search for in our IC 418 radio
spectra. The cyclooctatetraene does not have permanent dipole
moment, but the 1,3-cyclohexadiene and the 1,4-cyclohexadiene
have permanent dipole moments of |u| = 0.437 D (Butcher 1965)
and |u| = 0.3D (Scharpen et al. 1968), respectively. The lat-
ter species could be thus identified through their pure rotational

10 Note that IC 418 is one of the Cgp-rich PNe also showing PAH-like
emission at 3.3, 6.2, 7.7, and 11.3 um (see, e.g., Otsuka et al. 2014).

I During the evolution from the AGB to the PN phase, there is a shift
from aliphatic IR features (e.g., at 3.4, 6.9, 7.3 um) in proto-PNe to clas-
sic PAH bands (at 3.3, 6.2, 7.7 um) in evolved PNe, possibly reflecting
a progressive dehydrogenation (e.g., UV-induced ) of initially aliphatic-
rich (e.g., HAC-like) carbonaceous dust (e.g., Sloan et al. 1997; Kwok
& Zhang 2011).

AS52, page 10 of 12

spectrum if their abundances toward PN IC 418 are high enough.
For example, indene, with a dipole moment of ~0.6D was
detected toward TMC-1 (Cernicharo et al. 2021b) because of its
unexpectedly large abundance. Moreover, this kind of species
could react with other atoms or small radicals, forming new
molecules with significantly higher dipole moments; e.g., 1,4-
cyclohexanedione (1,4-C¢HgO,) displays a permanent dipole
moment of ~1.4D (Rogers & Canon 1961).

We note that from the processing and destruction of HACs,
other carbonaceous species could be produced, such as small
chain radicals, alkanes, and others. More recent experiments
simulating the processing and destruction of HAC grains by UV
radiation (or cosmic rays) at ISM conditions generally find that
small hydrocarbon species (e.g., C;H,) are efficiently released
into the gas phase (see Alata et al. 2015; Dartois et al. 2017).
Thus, the UV irradiation of HACs around PNe is expected to
produce a wide variety of small carbonaceous molecules that
could eventually grow up and form PAHs. If the newly formed
PAHs are exposed to the UV radiation of the central star, they can
get ionized and undergo radical isomerization prior to dehydro-
genation (Patch et al. 2025), efficiently forming PAH* isomers
containing pentagons. This process would produce a set of
highly symmetric and compact PAH" isomers with significant
dipole moment and potentially detectable in the radio domain by
their pure rotational spectra'?. If the lifetime and abundance of
these PAH" isomers are sufficiently large, then they can also be
considered as potential candidate carriers of the UFs detected in
our IC 418 radio spectra.

In summary, current understanding indicate that fullerene
formation in young Cgo-rich PNe is most likely driven by the pro-
cessing and destruction of HAC-like grains (Garcia-Herndndez
et al. 2010, 2011b) than by the fragmentation of large PAHs
(Berné & Tielens 2012). For example, the UV-induced dehy-
drogenation of HACs would generate curved, defect-rich car-
bonaceous structures (e.g., the so-called arophatic species) that
provide chemically realistic precursors to closed-cage fullerenes
and represent a diverse population of non-planar, dipole-bearing
molecules displaying a pure rotational spectrum. Such UV pro-
cessing could be also expected to act on newly formed PAHs,
which could undergo radical isomerization, producing pentagon-
containing PAH isomers with significant dipole moments. All of
these species, previously undetected in the radio range, represent
promising candidate carriers for the UFs observed in the mm
spectrum of IC 418. In particular, if the doublet UFs detected in
IC 418 pertain to the same molecule, we suggest small (~4-13
atoms) non-planar highly conjugated cyclic molecules, such as
those recently suggested by Jones (2025), to be strong candidate
carriers. Laboratory measurements and theoretical simulations
of their rotational spectra will be essential to confirm or discard
their viability as carriers and to advance in our understanding
of the chemical pathways leading from complex carbonaceous
solids to fullerenes in astrophysical environments.

5. Conclusions

We report the presence of molecular emission in the high-
sensitivity radio spectrum of the fullerene-containing PN IC 418
based on the detection of 20 weak (at SNR ~2-13) unidentified

12 Note that their neutral counterparts may also easily form via neu-
tralization from collisions with an electron (Patch et al. 2025), being
detectable at radio wavelengths. For example, azulene, a pentagon-
containing isomer of naphthalene, has a significant permanent dipole
moment of ~0.8 D (Huber et al. 2005).
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molecular pure rotational lines at 2, 3, and 7mm. These UFs
cannot be attributed to the numerous radio recombination lines
observed in this source (Huertas-Roldan et al. 2025), instru-
mental artifacts, radio frequency interferences, or to any known
molecular species listed in the literature and public spectroscopic
databases.

A search for spectral patterns was performed to estimate the
rotational constants of the possible molecular carriers. Apart
from a recurrent doublet-like structure, no clear or systematic
pattern was identified. The detected UFs are unlikely to arise
from linear molecules, as the characteristic regular line spac-
ing of 2B is not observed. However, if real, this may indicate
that an internal mechanism in the linear molecule is producing
them. The same conclusion applies to symmetric and asymmet-
ric rotors, which would exhibit similarly regular spacing in each
K-dependent branch. The rotational constant B for the appar-
ent doublet pattern using different combinations of the observed
doublets has been estimated using the linear rotor approximation
(B ~ 2500-3660 MHz) and a comparison with published data,
reporting that it could likely correspond to a molecule containing
approximately 4-13 atoms. Given the difficulty in identify-
ing clear patterns, a machine learning-based analysis could be
explored in the future to systematically search for connections
among the detected UFs.

Fullerene derivatives were considered as potential UF car-
riers given the IR detection of Cgy in IC 418, but we conclude
that fullerene-derivatives are not likely to act as carriers of the
UFs. Therefore, we discussed possible carrier species depending
on the fullerene formation process. In this context, diverse non-
planar molecular species that had previously gone undetected in
radio astronomy, explained as the product of the processing and
destruction of HAC-like grains, are now considered promising
candidates for the carriers of these UFs. However, substantial
theoretical and laboratory efforts are still required to obtain reli-
able rotational spectra for comparisons with observations. Such
data would not only help explain some of the UFs detected in
IC 418, but also provide valuable constraints on the chemical
pathways leading to fullerene formation in PNe.

Following the publication of this work, the catalog of UFs
detected toward the fullerene-rich environment around IC 418
has been made publicly available to the radio astronomical com-
munity. It will serve comparisons with future laboratory and
theoretical data that could eventually lead to the detection of new
molecules in space.

Data availability

Figures A.1, B.1-B.4, and C.1-C.6 as well as Tables B.1-B.5 can
be found in the appendices.

Acknowledgements. The authors acknowledge Miguel Santander-Garcia from
the OAN for carrying out the observations at the Yebes RT40m and the
IRAM staff for help provided during the observations. The authors acknowl-
edge B.A. McGuire for comparing our data with their private database
and GL. Hou and his group for sharing the synthetic rotational spectra
of some fullerene-based species. THR, DAGH, AMT, and RB acknowl-
edge the support from the State Research Agency (AEI) of the Min-
istry of Science, Innovation and Universities (MICIU) of the Government
of Spain, and the European Regional Development Fund (ERDF), under
grant PID2023-147325NB-100/AEI/10.13039/501100011033. THR acknowledges
support from grant PID2020-115758GB-I00/PRE2021-100042 financed by
MCIN/AEI/10.13039/501100011033 and the European Social Fund Plus (ESF+).
JPF acknowledges support from grants PID2023-147545NB-100 and PID2023-
146056NB-C22. S. Mato has been funded by the call for UVa 2023 predoctoral
contracts, cofunded by Banco Santander and by the predoctoral contract of
Junta de Castilla y Leén 2023, cofunded by European Social Fund (FSE+).

JA, JIDL, and VB acknowledge support from the project CRISPNESS, grant
PID2023-146056NB-C21, funded by MICIU/AEI/10.13039/501100011033 and
by ERDF/EU. MAGM acknowledge to be funded by the European Union (ERC,
CET-3PO, 101042610). Views and opinions expressed are however those of
the author(s) only and do not necessarily reflect those of the European Union
or the European Research Council Executive Agency. Neither the European
Union nor the granting authority can be held responsible for them. MAGM
also acknowledge financial support from grant CEX2024-001451-M funded by
MICIU/AEI/10.13039/501100011033. This work is based on observations carried
out under project number 158-21 with the IRAM 30m telescope. IRAM is sup-
ported by INSU/CNRS (France), MPG (Germany) and IGN (Spain). Based on
observations carried out with the Yebes 40 m telescope (22A011). The 40 m radio
telescope at Yebes Observatory is operated by the Spanish Geographic Insti-
tute (IGN; Ministerio de Transportes y Movilidad Sostenible). This publication
is based upon work from COST Action CA21126 - Carbon molecular nanos-
tructures in space (NanoSpace), supported by COST (European Cooperation in
Science and Technology).

References

Agtindez, M., Cabezas, C., Tercero, B., et al. 2021a, A&A, 647, L10

Agtindez, M., Marcelino, N., Tercero, B., et al. 2021b, A&A, 649, L4

Agtindez, M., Marcelino, N., Cabezas, C., et al. 2022, A&A, 657, A9%6

Agiindez, M., Cabezas, C., Marcelino, N., et al. 2023a, A&A, 669, L1

Agtindez, M., Loison, J. C., Hickson, K. M., et al. 2023b, A&A, 673, A34

Agtindez, M., Bermidez, C., Cabezas, C., et al. 2024, A&A, 688, L31

Alata, 1., Jallat, A., Gavilan, L., et al. 2015, A&A, 584, A123

Appleton, P. N., Guillard, P., Emonts, B., et al. 2023, ApJ, 951, 104

Bernard-Salas, J., Cami, J., Peeters, E., et al. 2012, ApJ, 757, 41

Berné, O., Mulas, G., & Joblin, C. 2013, A&A, 550, L4

Berné, O., Montillaud, J., & Joblin, C. 2015, A&A, 577, A133

Bernstein, L. S., Shroll, R. M., Lynch, D. K., & Clark, F. O. 2017, ApJ, 836, 229

Berné, O., & Tielens, A. G. G. M. 2012, PNAS, 109, 401

Bianchi, E., Briinken, S., Ceccarelli, C., et al. 2023, Faraday Discuss., 245, 199

Butcher, S. S. 1965, J. Chem. Phys., 42, 1830

Cabezas, C., Agtindez, M., Marcelino, N., et al. 2021a, A&A, 654, L9

Cabezas, C., Endo, Y., Roueff, E., et al. 2021b, A&A, 646, L1

Cabezas, C., Roueff, E., Tercero, B., et al. 2021c, A&A, 650, L15

Cabezas, C., Tercero, B., Agtindez, M., et al. 2021d, A&A, 650, L9

Cabezas, C., Agtiindez, M., Fuentetaja, R., et al. 2022a, A&A, 663, L2

Cabezas, C., Aglindez, M., Marcelino, N., et al. 2022b, A&A, 657, L4

Cabezas, C., Nakajima, M., Chang, C. H., et al. 2022¢, A&A, 657, A24

Cabezas, C., Pardo, J. R., Aglindez, M., et al. 2023a, A&A, 672, L12

Cabezas, C., Tang, J., Agiindez, M., et al. 2023b, A&A, 676, L5

Cabezas, C., Agtindez, M., Endo, Y., et al. 2024a, A&A, 686, L3

Cabezas, C., Agiindez, M., Endo, Y., et al. 2024b, A&A, 687, L22

Cami, J., Bernard-Salas, J., Peeters, E., & Malek, S. E. 2010, Science, 329, 1180

Campbell, E. K., Holz, M., Gerlich, D., & Maier, J. P. 2015, Nature, 523, 322

Carter, M., Lazareff, B., Maier, D., et al. 2012, A&A, 538, A89

Cernicharo, J., Goicoechea, J. R., & Caux, E. 2000, ApJ, 534, L199

Cernicharo, J., Agtindez, M., Cabezas, C., et al. 2021a, A&A, 647, L2

Cernicharo, J., Agtiindez, M., Cabezas, C., et al. 2021b, A&A, 649, L15

Cernicharo, J., Agiindez, M., Kaiser, R. L, et al. 2021¢c, A&A, 652, L9

Cernicharo, J., Agtindez, M., Kaiser, R. L, et al. 2021d, A&A, 655, L1

Cernicharo, J., Cabezas, C., Agindez, M., et al. 2021e, A&A, 647, L3

Cernicharo, J., Cabezas, C., Agtindez, M., et al. 2021f, A&A, 648, L3

Cernicharo, J., Cabezas, C., Bailleux, S., et al. 2021g, A&A, 646, L7

Cernicharo, J., Cabezas, C., Endo, Y., et al. 2021h, A&A, 650, L14

Cernicharo, J., Cabezas, C., Endo, Y., et al. 2021i, A&A, 646, L3

Cernicharo, J., Fuentetaja, R., Agiindez, M., et al. 2022, A&A, 663, L9

Cernicharo, J., Cabezas, C., Pardo, J. R., et al. 2023a, A&A, 672, L13

Cernicharo, J., Pardo, J. R., Cabezas, C., et al. 2023b, A&A, 670, L19

Cernicharo, J., Tercero, B., Marcelino, N., Agiindez, M., & de Vicente, P. 2023c,
A&A, 674,14

Cernicharo, J., Agtindez, M., Cabezas, C., et al. 2024a, A&A, 682, L4

Cernicharo, J., Cabezas, C., Agindez, M., et al. 2024b, A&A, 686, L15

Cernicharo, J., Cabezas, C., Agtindez, M., et al. 2024c, A&A, 688, L13

Cernicharo, J., Cabezas, C., Fuentetaja, R., et al. 2024d, A&A, 690, L13

Cooke, S. A., & Ohring, P. 2013, J. Spectrosc., 2013, 1

Cooke, I. R., Xue, C., Changala, P. B., et al. 2023, ApJ, 948, 133

Dartois, E., Chabot, M., Pino, T., et al. 2017, A&A, 599, A130

Dayal, A., & Bieging, J. H. 1996, ApJ, 472, 703

Diaz-Luis, J. J., Garcia-Hernandez, D. A., Manchado, A., & Cataldo, F. 2016,
A&A, 589, A5

Dunham, T., J. 1937, PASP, 49, 26

Edwards, J. L., Cox, E. G., & Ziurys, L. M. 2014, ApJ, 791, 79

Fried, Z. T. P.,, Motiyenko, R. A., Sanz-Novo, M., et al. 2025, ApJ, 992, 187

AS52, page 11 of 12


https://zenodo.org/records/20429265
http://linker.aanda.org/10.1051/0004-6361/202659180/1
http://linker.aanda.org/10.1051/0004-6361/202659180/2
http://linker.aanda.org/10.1051/0004-6361/202659180/3
http://linker.aanda.org/10.1051/0004-6361/202659180/4
http://linker.aanda.org/10.1051/0004-6361/202659180/5
http://linker.aanda.org/10.1051/0004-6361/202659180/6
http://linker.aanda.org/10.1051/0004-6361/202659180/7
http://linker.aanda.org/10.1051/0004-6361/202659180/8
http://linker.aanda.org/10.1051/0004-6361/202659180/9
http://linker.aanda.org/10.1051/0004-6361/202659180/10
http://linker.aanda.org/10.1051/0004-6361/202659180/11
http://linker.aanda.org/10.1051/0004-6361/202659180/12
http://linker.aanda.org/10.1051/0004-6361/202659180/13
http://linker.aanda.org/10.1051/0004-6361/202659180/14
http://linker.aanda.org/10.1051/0004-6361/202659180/15
http://linker.aanda.org/10.1051/0004-6361/202659180/16
http://linker.aanda.org/10.1051/0004-6361/202659180/17
http://linker.aanda.org/10.1051/0004-6361/202659180/18
http://linker.aanda.org/10.1051/0004-6361/202659180/19
http://linker.aanda.org/10.1051/0004-6361/202659180/20
http://linker.aanda.org/10.1051/0004-6361/202659180/21
http://linker.aanda.org/10.1051/0004-6361/202659180/22
http://linker.aanda.org/10.1051/0004-6361/202659180/23
http://linker.aanda.org/10.1051/0004-6361/202659180/24
http://linker.aanda.org/10.1051/0004-6361/202659180/25
http://linker.aanda.org/10.1051/0004-6361/202659180/26
http://linker.aanda.org/10.1051/0004-6361/202659180/27
http://linker.aanda.org/10.1051/0004-6361/202659180/28
http://linker.aanda.org/10.1051/0004-6361/202659180/29
http://linker.aanda.org/10.1051/0004-6361/202659180/30
http://linker.aanda.org/10.1051/0004-6361/202659180/31
http://linker.aanda.org/10.1051/0004-6361/202659180/32
http://linker.aanda.org/10.1051/0004-6361/202659180/33
http://linker.aanda.org/10.1051/0004-6361/202659180/34
http://linker.aanda.org/10.1051/0004-6361/202659180/35
http://linker.aanda.org/10.1051/0004-6361/202659180/36
http://linker.aanda.org/10.1051/0004-6361/202659180/37
http://linker.aanda.org/10.1051/0004-6361/202659180/38
http://linker.aanda.org/10.1051/0004-6361/202659180/39
http://linker.aanda.org/10.1051/0004-6361/202659180/40
http://linker.aanda.org/10.1051/0004-6361/202659180/41
http://linker.aanda.org/10.1051/0004-6361/202659180/42
http://linker.aanda.org/10.1051/0004-6361/202659180/43
http://linker.aanda.org/10.1051/0004-6361/202659180/44
http://linker.aanda.org/10.1051/0004-6361/202659180/45
http://linker.aanda.org/10.1051/0004-6361/202659180/46
http://linker.aanda.org/10.1051/0004-6361/202659180/47
http://linker.aanda.org/10.1051/0004-6361/202659180/48
http://linker.aanda.org/10.1051/0004-6361/202659180/49
http://linker.aanda.org/10.1051/0004-6361/202659180/50
http://linker.aanda.org/10.1051/0004-6361/202659180/51
http://linker.aanda.org/10.1051/0004-6361/202659180/52
http://linker.aanda.org/10.1051/0004-6361/202659180/53
http://linker.aanda.org/10.1051/0004-6361/202659180/54
http://linker.aanda.org/10.1051/0004-6361/202659180/55

Huertas-Roldan, T, et al.: A&A, 711, A52 (2026)

Fuentetaja, R., Agindez, M., Cabezas, C., et al. 2022, A&A, 667, L4

Fuentetaja, R., Bermudez, C., Cabezas, C., et al. 2023, A&A, 671, L6

Fuentetaja, R., Agindez, M., Cabezas, C., et al. 2024a, A&A, 688, L15

Fuentetaja, R., Cabezas, C., Endo, Y., et al. 2024b, A&A, 688, L29

Fuentetaja, R., Cabezas, C., Endo, Y., et al. 2025, A&A, 702, A23

Garcia-Herndndez, D. A., Manchado, A., Garcia-Lario, P., et al. 2010, ApJ, 724,
L39

Garcia-Hernandez, D. A., Iglesias-Groth, S., Acosta-Pulido, J. A., et al. 2011a,
ApJ, 737,L30

Garcia-Herndndez, D. A., Kameswara Rao, N., & Lambert, D. L. 2011b, ApJ,
729, 126

Garcia-Herndndez, D. A., Villaver, E., Garcia-Lario, P., et al. 2012, ApJ, 760,
107

Gold, K. R., Schmidt, D. R., & Ziurys, L. M. 2024, ApJ, 976, 196

Goémez-Muifioz, M. A., Garcia-Herndndez, D. A., Manchado, A., Barzaga, R., &
Huertas-Roldan, T. 2024, MNRAS, 528, 2871

Gonzélez-Alfonso, E., Garcia-Bernete, 1., Pereira-Santaella, M., et al. 2024,
A&A, 682, A182

Gupta, H., Changala, P. B., Cernicharo, J., et al. 2024, ApJ, 966, L28

Heath, J. R. 1992, Am. Chem. Soc., 481, 1

Huber, S., Grassi, G., & Bauder, A. 2005, Mol. Phys., 103, 1395

Huertas-Rolddn, T., Alcolea, J., Garcia-Herndndez, D. A, et al. 2025, A&A, 700,
A194

Jones, A. P. 2025, A&A, 703, A29

Karri, V. L., Kaluva, S., Chaudhari, A., Onaka, T., & Naganathappa, M. 2023,
MNRAS, 519, 2186

Kroto, H. W., Heath, J. R., Obrien, S. C., Curl, R. F., & Smalley, R. E. 1985,
Nature, 318, 162

Kwok, S., & Zhang, Y. 2011, Nature, 479, 80

Leisawitz, D., Bonato, M., Farrah, D., et al. 2023, SPIE Conf. Ser., 12686,
1268609

Loomis, R. A., Burkhardt, A. M., Shingledecker, C. N., et al. 2021, Nat. Astron.,
5, 188

Loru, D., Cabezas, C., Cernicharo, J., Schnell, M., & Steber, A. L. 2023, A&A,
677, A166

Marcelino, N., Tercero, B., Agtindez, M., & Cernicharo, J. 2021, A&A, 646, L9

Marcelino, N., Puzzarini, C., Agindez, M., et al. 2023, A&A, 674, L13

McGuire, B. A., & mcguiregroup 2021, https://doi.org/10.5281/zenodo.
5541828

McKellar, A. 1940, PASP, 52, 187

Micelotta, E. R., Jones, A. P, Cami, J., et al. 2012, ApJ, 761, 35

Nemes, L. 2024, in Journal of Physics Conference Series 2769, 012007

Nguyen, H. V. L., & Kleiner, I. 2020, Phys. Sci. Rev., 7, 37

Nickerson, S., Rangwala, N., Sung, K., et al. 2025, in American Astronomical
Society Meeting Abstracts, 245, 343.04

AS52, page 12 of 12

Otsuka, M., Kemper, F., Cami, J., Peeters, E., & Bernard-Salas, J. 2014, MNRAS,
437, 2577

Pardo, J. R., Cernicharo, J., Goicoechea, J. R., Guélin, M., & Asensio Ramos, A.
2007, ApJ, 661, 250

Pardo, J. R., Cernicharo, J., Tercero, B., et al. 2022, A&A, 658, A39

Pardo, J. R., Cabezas, C., Agiindez, M., et al. 2023, A&A, 677, A55

Patch, M. M., McClish, R., Panchagnula, S., et al. 2025, JACS, 147, 34508

Petrie, S., Stranger, R., & Duley, W. W. 2003, ApJ, 594, 869

Pickett, H. M. 1991, J. Mol. Spectrosc., 148, 371

Pottasch, S. R., Bernard-Salas, J., Beintema, D. A., & Feibelman, W. A. 2004,
A&A, 423,593

Remijan, A., Scolati, H. N., Burkhardt, A. M., et al. 2023, ApJ, 944, L45

Remijan, A. J., Fried, Z. T. P., Cooke, I. R., et al. 2024, ApJ, 976, 105

Remijan, A. J., Changala, P. B., Xue, C., et al. 2025, ApJ, 982, 191

Rogers, M. T., & Canon, J. M. 1961, J. Phys. Chem., 65, 1417

Sabirov, D. S., Tukhbatullina, A. A., & Shepelevich, I. S. 2022, ACS Earth Space
Chem., 6, 1

Sanz-Novo, M., Rivilla, V. M., Endres, C. P., et al. 2025, ApJ, 980, L37

Scharpen, L. H., Wollrab, J. E., & Ames, D. P. 1968, J. Chem. Phys., 49, 2368

Schmidt, D. R., & Ziurys, L. M. 2016, ApJ, 817, 175

Scott, A., Duley, W. W., & Pinho, G. P. 1997, ApJ, 489, L193

Silva, W. G. D. P,, Cernicharo, J., Schlemmer, S., et al. 2023, A&A, 676, L1

Sloan, G. C., Bregman, J. D., Geballe, T. R., Allamandola, L. J., & Woodward,
E. 1997, ApJ, 474, 735

Smith-Perez, C., Hembruff, A., Peeters, E., Tielens, A. G. G. M., & Ricca, A.
2026, A&A, 707, A201

Swings, P., & Rosenfeld, L. 1937, ApJ, 86, 483

Tennis, J. D., Xue, C., Talbi, D., et al. 2023, MNRAS, 525, 2154

Tielens, A. G. G. M. 2005, The Physics and Chemistry of the Interstellar Medium
(Cambridge University Press)

Tielens, A. G. G. M., Waters, L. B. F. M., & Bernatowicz, T. J. 2005, in Astro-
nomical Society of the Pacific Conference Series, 341, Chondrites and the
Protoplanetary Disk, eds. A. N. Krot, E. R. D. Scott, & B. Reipurth, 605

Velilla Prieto, L., Sanchez Contreras, C., Cernicharo, J., et al. 2017, A&A, 597,
A25

Velilla-Prieto, L., Fonfria, J. P., Agiindez, M., et al. 2023, Nature, 617, 696

Wenzel, G., Cooke, I. R., Changala, P. B., et al. 2024, Science, 386, 810

Wenzel, G., Gong, S., Xue, C., et al. 2025a, ApJ, 984, L36

Wenzel, G., Speak, T. H., Changala, P. B., et al. 2025b, Nat. Astron., 9, 262

Wilson, R. W, Jefferts, K. B., & Penzias, A. A. 1970, ApJ, 161, L43

Zhang, Y., Kwok, S., & Dinh-V-Trung. 2008, ApJ, 678, 328

Zhang, Y., Kwok, S., Nakashima, J.-i., Chau, W., & Dinh-V-Trung. 2013, ApJ,
773,71

Zhen, J., Castellanos, P., Paardekooper, D. M., Linnartz, H., & Tielens, A.
G. G. M. 2014, ApJ, 797, L30


http://linker.aanda.org/10.1051/0004-6361/202659180/56
http://linker.aanda.org/10.1051/0004-6361/202659180/57
http://linker.aanda.org/10.1051/0004-6361/202659180/58
http://linker.aanda.org/10.1051/0004-6361/202659180/59
http://linker.aanda.org/10.1051/0004-6361/202659180/60
http://linker.aanda.org/10.1051/0004-6361/202659180/61
http://linker.aanda.org/10.1051/0004-6361/202659180/61
http://linker.aanda.org/10.1051/0004-6361/202659180/62
http://linker.aanda.org/10.1051/0004-6361/202659180/63
http://linker.aanda.org/10.1051/0004-6361/202659180/63
http://linker.aanda.org/10.1051/0004-6361/202659180/64
http://linker.aanda.org/10.1051/0004-6361/202659180/64
http://linker.aanda.org/10.1051/0004-6361/202659180/65
http://linker.aanda.org/10.1051/0004-6361/202659180/66
http://linker.aanda.org/10.1051/0004-6361/202659180/67
http://linker.aanda.org/10.1051/0004-6361/202659180/68
http://linker.aanda.org/10.1051/0004-6361/202659180/69
http://linker.aanda.org/10.1051/0004-6361/202659180/70
http://linker.aanda.org/10.1051/0004-6361/202659180/71
http://linker.aanda.org/10.1051/0004-6361/202659180/71
http://linker.aanda.org/10.1051/0004-6361/202659180/72
http://linker.aanda.org/10.1051/0004-6361/202659180/73
http://linker.aanda.org/10.1051/0004-6361/202659180/74
http://linker.aanda.org/10.1051/0004-6361/202659180/75
http://linker.aanda.org/10.1051/0004-6361/202659180/76
http://linker.aanda.org/10.1051/0004-6361/202659180/76
http://linker.aanda.org/10.1051/0004-6361/202659180/77
http://linker.aanda.org/10.1051/0004-6361/202659180/77
http://linker.aanda.org/10.1051/0004-6361/202659180/78
http://linker.aanda.org/10.1051/0004-6361/202659180/78
http://linker.aanda.org/10.1051/0004-6361/202659180/79
http://linker.aanda.org/10.1051/0004-6361/202659180/80
https://doi.org/10.5281/zenodo.5541828
https://doi.org/10.5281/zenodo.5541828
http://linker.aanda.org/10.1051/0004-6361/202659180/82
http://linker.aanda.org/10.1051/0004-6361/202659180/83
http://linker.aanda.org/10.1051/0004-6361/202659180/84
http://linker.aanda.org/10.1051/0004-6361/202659180/85
http://linker.aanda.org/10.1051/0004-6361/202659180/86
http://linker.aanda.org/10.1051/0004-6361/202659180/86
http://linker.aanda.org/10.1051/0004-6361/202659180/87
http://linker.aanda.org/10.1051/0004-6361/202659180/87
http://linker.aanda.org/10.1051/0004-6361/202659180/88
http://linker.aanda.org/10.1051/0004-6361/202659180/89
http://linker.aanda.org/10.1051/0004-6361/202659180/90
http://linker.aanda.org/10.1051/0004-6361/202659180/91
http://linker.aanda.org/10.1051/0004-6361/202659180/92
http://linker.aanda.org/10.1051/0004-6361/202659180/93
http://linker.aanda.org/10.1051/0004-6361/202659180/94
http://linker.aanda.org/10.1051/0004-6361/202659180/95
http://linker.aanda.org/10.1051/0004-6361/202659180/96
http://linker.aanda.org/10.1051/0004-6361/202659180/97
http://linker.aanda.org/10.1051/0004-6361/202659180/98
http://linker.aanda.org/10.1051/0004-6361/202659180/99
http://linker.aanda.org/10.1051/0004-6361/202659180/99
http://linker.aanda.org/10.1051/0004-6361/202659180/100
http://linker.aanda.org/10.1051/0004-6361/202659180/101
http://linker.aanda.org/10.1051/0004-6361/202659180/102
http://linker.aanda.org/10.1051/0004-6361/202659180/103
http://linker.aanda.org/10.1051/0004-6361/202659180/104
http://linker.aanda.org/10.1051/0004-6361/202659180/105
http://linker.aanda.org/10.1051/0004-6361/202659180/106
http://linker.aanda.org/10.1051/0004-6361/202659180/107
http://linker.aanda.org/10.1051/0004-6361/202659180/108
http://linker.aanda.org/10.1051/0004-6361/202659180/109
http://linker.aanda.org/10.1051/0004-6361/202659180/110
http://linker.aanda.org/10.1051/0004-6361/202659180/110
http://linker.aanda.org/10.1051/0004-6361/202659180/111
http://linker.aanda.org/10.1051/0004-6361/202659180/111
http://linker.aanda.org/10.1051/0004-6361/202659180/112
http://linker.aanda.org/10.1051/0004-6361/202659180/113
http://linker.aanda.org/10.1051/0004-6361/202659180/114
http://linker.aanda.org/10.1051/0004-6361/202659180/115
http://linker.aanda.org/10.1051/0004-6361/202659180/116
http://linker.aanda.org/10.1051/0004-6361/202659180/117
http://linker.aanda.org/10.1051/0004-6361/202659180/118
http://linker.aanda.org/10.1051/0004-6361/202659180/118
http://linker.aanda.org/10.1051/0004-6361/202659180/119

	Detection of unidentified molecular pure rotational lines in carbon-rich planetary nebulae
	1 Introduction
	2 Observations and data reduction
	3 Results
	3.1 Analyzing coincidences of UFs with RRLs
	3.2 Searching for coincidences with known molecules in space
	3.3 Comparing the spectrum of IC 418 with NGC 7027

	4 Discussion
	4.1 Analysis of doublets of UFs
	4.1.1 Fitting under the linear rotor approximation
	4.1.2 Fitting under the asymmetric rotor approximation

	4.2 Considering whether UFs can be produced by fullerene derivatives
	4.3 Possible carrier species depending on the fullerene formation process

	5 Conclusions
	Data availability
	Acknowledgements
	References


