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Abstract

Context. The James Webb Space Telescope large program DiSCo-TNOs has recently shown that CO2 ice is ubiquitous on 54 mediumsize trans-Neptunian objects (TNOs). TNO surfaces are found to define three main spectral and thus compositional groups that are likely linked to their position before planetary migration. CO ice is observed on the spectral type that is richest in CO2 and on the type that is richer in CH3OH and organics. Considerations on the thermal evolution of TNOs predicted the depletion of hypervolatiles such as CO from their surface layers, however.

Aims. We investigate a potential irradiation origin of CO as well as its stability by studying the distribution of CO in two TNO compositional types and compared it with irradiation experiments.

Methods. We studied the 4.68 µm band of CO and the 2.70 µm band of CO2 to probe the relation between the two molecules in 33 TNOs. We performed ion irradiation experiments on CO2 and CH3OH ices at 45 and 60 K with 30 keV H+ . We compared the laboratory spectra to TNO observations by focusing on the band areas and positions.

Results. We find that the two types of surfaces in which CO is detected are very distinct in terms of their relative abundances and chemical environment. CO that is observed on surfaces that are rich in CO2 are consistent with being produced by CO2 irradiation, specifically, at 45 K. On objects that are rich in CH3OH and complex organics, CO is more likely formed by irradiation of CH3OH. As the CO band areas are only partly related with temperature, the chemical environment plays a major role in the CO retention.

Conclusions. We find that the CO that is observed on TNO surfaces is compatible with being a secondary molecule that is entirely formed by late irradiation processes. Its abundance and stability is mostly controlled by the matrix from which it formed.
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1 Introduction
Trans-Neptunian objects (TNOs) are icy bodies that mostly orbit beyond Neptune. Until recently, the characterisation of their surface composition has been limited except for the largest objects because spectroscopic data were only available below 2.5 µm (Barucci & Merlin 2020). Photometric observations revealed a colour dichotomy of the TNO surfaces (e.g. Tegler & Romanishin 2003; Peixinho et al. 2012; Fraser et al. 2023). To account for this, Brown et al. (2011) proposed a volatile retention scenario based on evaporation gradients in the protoplanetary disk (PPD). As the heliocentric distance in the compact PPD is the major driver of condensation and sublimation processes at the planetesimal surfaces, objects that formed inwards can only retain water (H2O) at their surface while the objects that formed farther out also start to retain carbon dioxide (CO2) and finally methanol (CH3OH) (Brown et al. 2011). This could have set the early surface composition of TNOs, which in turn would set their colour coupled with the irradiation of the dominant ice (Brunetto et al. 2006). Clear chemical information linking the presence of volatiles, their retention, and the current colours were still scarce (Dalle Ore et al. 2015).
Now, more than 50 medium-size TNOs (∼100–800 km) have been observed as part of DiSCo, a large program of the James Webb Space Telescope (JWST) executed in cycle 1. These spectra, covering the 0.7–5.1 µm range, provide unprecedented insight into their surface composition. Pinilla-Alonso et al. (2024a) found by clustering techniques that these TNO surfaces fell into three main spectral groups: The low-albedo dusty H2O-rich “bowl” type, the CO2-dominated “double-dip” type and the CH3OH-rich “cliff” type, which is more chemically complex and also the reddest type. Pinilla-Alonso et al. (2024a) argued that these spectral types reflect the distribution and retention of volatiles on TNOs before planetary migration, in accordance with a retention-line scenario (Brown et al. 2011). Consistent dynamical evidence indicates that bowl-type objects are formed inwards, double-dip objects are formed in between, and finally, cliff-type objects are formed the farthest out. All cold classical objects in the DiSCo sample belong to the cliff type, and their orbits are thought to have been affected least by planetary migration (Morbidelli & Nesvorný 2020).
Carbon dioxide (CO2) was detected in varying chemical states and abundances in all medium-size TNOs (De Prá et al. 2024). In objects in which CO2 is most abundant, CO2 is not mixed with either H2O or CH3OH, but is mostly pure. Variations in the abundance of CO2 were later shown to be correlated to the three spectral types, which means that CO2 is a pivotal molecule in defining the three TNO surface types (Pinilla-Alonso et al. 2024a). Carbon monoxide (CO) was firmly detected in 28 TNOs and was exclusively detected in those with the most abundant CO2 (De Prá et al. 2024), namely the cliff and double-dip types. In the outer Solar System, CO ice was previously only detected on the dwarf planet Pluto (Owen et al. 1993) and on Triton (Cruikshank et al. 1993; Quirico et al. 1999). Interestingly, CO ice appears to be absent from the surface of other large TNOs, such as the methane-rich dwarf planets Eris and Makemake (Grundy et al. 2024b), or Sedna, Gonggong, and Quaoar, all three displaying signatures of H2O, hydrocarbons, and CO2 (Emery et al. 2024).
CO ice is a major component of dense molecular clouds (Boogert et al. 2015; McClure et al. 2023) and PPDs (Sturm et al. 2023). TNOs, which formed in the outer part on the PPD, thus likely accreted CO ice. There is an emerging consensus, however, that these small bodies probably did not retain their primordial inventory of hyper-volatile ices, especially within their surface layers. CO is one of the most volatile species, so that it is easily depleted within a few kilometers from the surface through insolation (e.g. Lisse et al. 2021; Kral et al. 2021; Parhi & Prialnik 2023), or even from the bulk through radiogenic heating (e.g. Davidsson 2021; Malamud et al. 2022), on timescales of a few hundred million years. The survival up to the present day of CO in the bulk of small icy bodies as shown by CO detections in cometary comae (e.g. Harrington Pinto et al. 2022) therefore strongly relies on its trapping in more refractory ices such as CO2 and H2O (Simon et al. 2019).
The atmosphereless TNO surfaces are constantly exposed to energetic processing by the bombardment of ions from the solar wind (SW), solar energetic particles (SEPs), and Galactic cosmic rays (GCRs) (Cooper et al. 2004). The formation of CO can be triggered by irradiation of any ice containing carbon and oxygen that is exposed to the doses thought to have been accumulated at the surfaces of TNOs (Hudson et al. 2008). Specifically, CO2 and CH3OH are the most likely candidates for a radiolytic source of CO on TNO surfaces, considering their abundance in interstellar medium (ISM) ices and detection alongside CO ice on TNO surfaces.
We investigated the irradiation scenario as the source of the CO ice detected on TNO surfaces. We studied the distribution of CO in 33 TNOs and its relation with CO2 by analysing JWST observations. We performed new ion irradiation experiments to monitor the evolution of CO and CO2 when starting from distinct surfaces: One surface dominated by CO2 to reproduce the chemistry of double-dip-type TNOs, and the other surface dominated by CH3OH to reproduce the chemistry of cliff-type TNOs. We first present the experimental results to show that they shed light on the distribution of CO ice on TNOs. As already proposed by Satorre et al. (2000), the CO/CO2 ratio from irradiation experiments can be used to investigate the irradiation history and original ice composition of icy surfaces. Using this parameter, we discuss the implications of our results towards understanding of the origin and stability of CO ice.
2 Methods
2.1 Observational data
We used spectra obtained using the PRISM mode of the Near InfraRed Spectrograph (NIRSpec) during the large JWST cycle 1 general observers programme “Discovering the Surface Composition of trans-Neptunian Objects” (DiSCo-TNOs; program 2418; P.I.: N. Pinilla-Alonso). The spectra cover the range of 0.7–5.1 µm with a resolving power (λ/Δλ) from ~30 to ~300. The data reduction and spectral extraction were performed in the same way as in previous studies (De Prá et al. 2024; Pinilla-Alonso et al. 2024a; Licandro et al. 2024). The data reduction for the resolved binary Mors-Somnus was performed by Souza-Feliciano et al. (2024). Briefly, the raw uncalibrated data that were obtained using the NIRSpec integral field unit (IFU) and the low-resolving power PRISM mode were locally processed with the JWST calibration pipeline version 1.11.4 and reference file context jwst_1119.pmap. The spectra were extracted using a template point spread function fitting routine in background-subtracted slices (Wong et al. 2024). The reflectance spectra were obtained by correcting for the solar contribution by dividing the flux with that of the standard star SNAP-2 (Gordon et al. 2022).
Figure 1 presents the spectra of objects within the double-dip and cliff groups. 2004 PG115 was clustered among the cliffs, but its high CO2 abundance makes its CO2 behaviour consistent with double-dip objects. In contrast, Huya was clustered among the double-dips, but its CO2 poor surface aligns with that of the cliffs. The reason for this is that the clustering was performed throughout the whole wavelength range, where similarities were found between Huya and the double-dips that outweighed their different behaviour with respect to CO2 abundance. Huya and 2004 PG115 can be regarded as interesting hybrid objects, whose characteristics deserve further study.
We performed a Gaussian fitting to extract characteristic parameters such as the area, width, and centre of the 4.68 µm (2137 cm−1) CO band and of the 2.70 µm (3704 cm−1) CO2 band. We first converted the reflectance (R) into –log R and the wavelengths into wavenumbers. The bands can be intertwined with adjacent absorption, as shown in Fig. 1. The left side of the CO band receives contribution from absorption at 4.62 µm, which is attributed to OCN− and is most prominent in some cliff objects (Pinilla-Alonso et al. 2024a). The right side of the CO2 band is at the shoulder of the very broad O-H stretching band, which extends between 2.65 µm and 3.4 µm. To account for these variations in the continuum of the bands of interest, we defined different baselines. The band parameters obtained with varying baselines were averaged to obtain the value discussed here. The errors are a standard deviation around this average. Examples of the chosen baselines, wavenumber ranges, and results of the Gaussian fitting procedure are presented in Appendix A.
We analysed 38 objects with this method and chose to discard 5 objects whose CO detection we considered uncertain based on the band centre, width, and local noise. These 5 objects are discussed in Appendix B, but not in the sections with the results and discussion. The tables that list the band parameters we extracted, as well as all other relevant physical and dynamical parameters, for the 33 objects with a confident CO detection are presented in Appendix C.
	[image: thumbnail]	Fig. 1 Spectra of the sample of objects studied here. Spectra are normalised to unity at 2.6 µm. Objects are coloured and overlap according to their spectral types. Double-dip objects are shown at the top in orange and cliff objects are at the bottom in red. The thick lines represent the average of each group. Huya and 2004 PG115 are presented in the middle in grey to highlight their mixed spectral characteristics. Except for the cliff group, the spectra are offset vertically for clarity. The most characteristic bands of CO2, CO, and CH3OH are marked with vertical lines. The variability of CH3OH bands within the cliff group was studied by Brunetto et al. (2025).



2.2 Laboratory experiments
Irradiation experiments were performed using the IrradiatioN de Glaces et Météorites Analysées par Réflectance (INGMAR) joint setup of IAS-IJCLab (Orsay, France) as previously described in Urso et al. (2020). INGMAR is a high-vacuum chamber (P ≤ 10−7 mbar) interfaced with a closed-cycle He-cryocooler allowing the cooling of a substrate down to temperatures relevant to the study of TNOs. Gas was introduced in the chamber through a low-flow inlet valve and was then condensed on a cooled MgF2 substrate in a background-deposition regime (Dohnálek et al. 2003). The deposited ices were irradiated by H+ accelerated to 30 keV by the SIDONIE ion separator (MOSAIC platform; IJCLab, Orsay, France) (Chauvin et al. 2004). Protons at 30 keV mainly lose their energy in the inelastic regime, which is thought to dominate on TNO surfaces (Quirico et al. 2023). The extent of the energetic processing is characterised using the irradiation dose (expressed in eV/16 u, with u being the atomic mass unit). The final irradiation dose is representative of what is expected to accumulate at the surfaces of TNOs over timescales of billions of years (Hudson et al. 2008; Loeffler et al. 2020; Quirico et al. 2023).
We carried out irradiation experiments on pure CO2 ices at 45 K to reproduce the chemistry of double-dip-type TNOs and on CH3OH ices, pure and mixed with H2O, at 35, 45, and 60 K to reproduce the chemistry of cliff-type TNOs. Laboratory spectra and a table presenting the parameters of each experiment are available in Appendix D, as well as a further description of our experimental methods. The chemical evolution of ice under irradiation was probed in situ in transmission mode by a Fourier-transform infra-red spectrometer. We then converted transmittance (T) spectra into absorbance (–log T) and extracted the area, width, and centre of the 4.68 µm CO band and the 2.70 µm CO2 band by a Gaussian fitting.
2.3 Comparing laboratory spectra to observations, and estimation of the relative abundance of CO/CO2
In order to obtain a parameter common to the laboratory spectra and TNO observations that characterises CO and CO2 , we used the area of the 4.68 µm CO band divided by that of the 2.70 µm CO2 band, namely the CO/CO2 band area ratio. The comparison between laboratory absorbance band area ratios and observed reflectance band area ratios is valid within a certain assumption. The 4.68 and 2.70 µm band areas retrieved from TNO spectra are assumed to be proportional to the abundance of the absorbing molecule within the thickness probed by the photons, as is the case for the non-saturated transmission laboratory spectra. This is true in a reflectance regime of volume scattering, where photons undergo multiple internal scattering events before emerging from the surface and thus probe a substantial volume of ice. We expect volume scattering to dominate for the CO and the 2.7 µm CO2 band, but this is not the case of the fundamental CO2 band, which is seen to display peculiar scattering properties (De Prá et al. 2024), and of the broad O-H stretching feature at 3 µm, which might show signs of saturation in some objects (Pinilla-Alonso et al. 2024a). The fundamental CO2 band was not used for the quantification since surface scattering, where photons probe shallow layers, dominates and the band area is not linearly related to the abundance of the absorbing molecule.
A quantitative assessment is possible when the band areas (a in cm−1 ) are combined with the band strength (A in cm molecule−1 ) of the associated vibration. The band strengths are measured in the laboratory and represent the activity of a vibrational mode, similarly to optical constants. They are commonly used to recover the column density (N in molecule cm−2) from laboratory spectra and spectra of ISM ices. We obtained the relative abundance of CO and CO2 from the following relation, using the band strengths discussed in Appendix E:
[image: equation]
This simple method gives a good estimation of the relative abundance of CO and CO2 , which to first order should be similar to quantification from scattering models. Estimates using models are difficult at this stage, as was explored by Brown & Fraser (2023) and De Prá et al. (2024), because of model limitations, the quality of optical constants, and the great variety of possible compounds in the whole wavelength range, but they should be performed in the future to refine the present work.
For each object, the corresponding CO/CO2 band area ratio and N(CO)/N(CO2) relative abundances are listed in Appendix C. In the remainder of this work, we present the relative abundance because it gives an idea of the chemical proportions, and the band area ratio because it is not biased by the choice of the band strengths.
The physico-chemical effects of the irradiation of ices are manifold (Rothard et al. 2017): radiolysis-induced chemistry, sputtering that erodes the ice film, ion implantation, ice compaction, and amorphisation. For ices that are irradiated at temperatures higher than the typical ∼10 K, these effects vary because the produced radicals have more mobility and because species that formed above their sublimation temperature enter sublimation equilibrium until only the efficiently trapped molecules remain. For a comprehensive view of chemical pathways, we refer to Pilling et al. (2023) for CO2 irradiation and to Rocha et al. (2023) for CH3OH irradiation. Our goal was not to resolve these different processes. We focused on a set of parameters that can be obtained in the laboratory and that are directly comparable to TNO observations: the relative abundances, and the band centre. These parameters hold information concerning the initial ice composition, temperature, and irradiation doses, as we show in the following results. We also combined the results of our experiments with available literature data to show the clear trends in the evolution of CO and CO2 with the aforementioned parameters.
	[image: thumbnail]	Fig. 2 Evolution of N(CO)/N(CO2) as a function of irradiation dose for CO2 ices (left panel) and CH3OH ices (right panel). Experimental points are colour-coded so that blue points represent the colder irradiated ices, and red points represent the warmer ices. The data that are connected by a dashed line correspond to thin experiments that received increasing doses, and the others are thick experiments that received a single dose. The errors from experimental data are within the symbol size. The average N(CO)/N(CO2) value for the double-dip objects is presented for comparison alongside the CO2 experiments, and the average value for cliff objects is presented alongside the CH3OH experiments. The shaded rectangles correspond to the standard deviation around this average. We cannot present the CO/CO2 band area ratio because most previous studies focused on the ν3 fundamental CO2 band area and not on the area of its ν1 + ν3 combination mode band.



3 Results
3.1 Chemical evolution under irradiation
In Fig. 2, we present the evolution of the relative abundance of CO and CO2 as a function of the irradiation dose for initial ices dominated by CO2 in the left panel and for initial ices dominated by CH3OH in the right panel. The irradiation of CO2 is known to produce CO as a major product, as well as carbonic acid and various carbon oxides as minor products (Brucato et al. 1997; Raut & Baragiola 2013; Bennett et al. 2014). We found that N(CO)/N(CO2) increases with increasing irradiation dose until an equilibrium between reactant and product molecules is reached, above ∼20 eV/16 u. Interestingly, N(CO)/N(CO2) balances around different values depending on the temperature of the ice. Ices between 10 and 25 K reach equilibrium values of ∼0.6, while ices between 45 and 50 K reach lower values of ∼0.1. The colder irradiated CO2 ices can hold more CO than the warmer ices above the sublimation temperature of pure CO ice; between 27 and 30 K in our experimental conditions (Grundy et al. 2024a). Sputtering, whose efficiency drastically increases with increasing temperature, depletes the irradiated ice in CO because it is preferentially expelled to the gas phase compared to CO2 (Raut & Baragiola 2013).
The irradiation of CH3OH is known to produce many abundant and light products, such as CO, CO2, H2O, H2CO, and CH4 (Baratta et al. 1994; Moore et al. 1996; Quirico et al. 2023). It also produces more complex organic molecules, far harder to identify with infrared spectroscopy, that are rich in alcohol groups (Zhu et al. 2020), and that might cause the red colouring of irradiated methanol (Zhang et al. 2024). We found that N(CO)/N(CO2) decreases with increasing irradiation dose until a stable value is reached for doses above ∼50 eV/16 u. This value is independent of the temperature of the ice. Fig. 2 shows that polar compounds such as the initial CH3OH and the secondary H2O, H2CO and complex organic compounds that are rich in alcohol groups trap CO with similar efficiencies between 10, 45, and 60 K. These compounds are also more efficient than a CO2 matrix at 45 K for CO retention. Finally, the stable N(CO)/N(CO2) value depends on the initial ice composition. When the corresponding dose threshold is reached, the irradiation of pure CH3OH ices favours more CO (N(CO)/N(CO2)∼2), while irradiation of mixtures of equal amounts of CH3OH and H2O favours more CO2 (N(CO)/N(CO2)∼0.6). Mixtures with an initially high O/C have more available oxygen to form more CO2 than CO.
To summarise, in the CO2 and CH3OH irradiation, CO forms within the irradiated ice and is trapped within its amorphous structure as it remains in the solid phase above its sublimation temperature. The efficiency of this trapping depends on the nature of the ice matrix, which is composed of the remaining initial ice and the other irradiation products.
Double-dip type TNOs, which are particularly rich in CO2 , have an average N(CO)/N(CO2) value of 0.09 ± 0.02. By comparing these observations to the CO2 irradiation experiments in Fig. 2, we find that the abundance of CO relatively to CO2 on double-dip-type TNOs perfectly matches that of CO2 irradiation at 45 K. Cliff TNOs, which are richer in methanol and organics, have an average N(CO)/N(CO2) value of 0.45 ± 0.24. Comparing these observations to CH3OH irradiation experiments, we find that it matches an initial mixture of CH3OH and H2O in equal proportions.
Our results indicate that CO is formed at the surface of TNOs through the irradiation of two distinct parent molecules, in accordance with their observed spectral type. The production of CO2 from CH3OH irradiation also implies that at least part of the CO2 observed on cliff surfaces is secondary.
Other irradiation products of CO2 and CH3OH might be detected within the NIRSpec range. CO3, a product of CO2 irradiation at low doses, has a feature at 4.89 µm with a band strength similar to that of CO (Martín-Doménech et al. 2015). A rather sharp ∼4.9 µm feature is tentatively detected in double-dip TNOs (Pinilla-Alonso et al. 2024a), as shown in Fig. 1, and might be attributed to CO3. Other species have features in this region, namely CO2 itself, although its unassigned 4.9 µm band is ∼250 times weaker than the known 2.7 µm band (Quirico & Schmitt 2004). OCS, observed on interstellar icy grains (McClure et al. 2023), has a strong ν3 band at 4.88 µm that might be distinguished from CO3 based on the bandwidth (Ferrante et al. 2008). Based on the band strengths and relative band areas, Pinilla-Alonso et al. (2024b) argued that OCS and CO3 are more probable candidates than CO2 to account for the 4.9 µm band observed on Chiron, a CO2-rich Centaur. H2CO and CH4 are abundantly formed by CH3OH irradiation. Below 5 µm, their most intense features are C-H stretching modes (Bouilloud et al. 2015). They do not stand out from the broad 3.4 µm band of irradiated CH3OH (see Fig. D.1.), however, and they are not discernable in cliff-TNOs either. At shorter wavelengths, fine combination bands of CH4 have allowed its detection on Quaoar (Emery et al. 2024). However, this was made possible by the use of medium-resolution spectroscopy, which is not the case for the DiSCo-TNOs dataset. To conclude, both double-dip and cliff-type spectra are compatible with irradiation products other than CO, but further investigations are necessary to clearly identify them.
3.2 CO/CO2 and chemical environment on TNOs
In Fig. 3, we plot N(CO)/N(CO2) as a function of the position of the 2.70 µm CO2 band for individual objects. As shown in De Prá et al. (2024), the observed 2.70 µm bands display a wide range of band centre positions. This is related to the variability in the chemical environment of CO2. The authors showed that the objects that are richest in CO2 absorb on a shorter wavelength range that is typical of pure CO2 ices or CO2:CO ice mixtures. Objects that are poorer in CO2 absorb on a longer wavelength range that is typical of CO2 mixed in H2O or CH3OH. Fig. 3 shows that the position of the CO2 band confirms a clear separation between double-dip and cliff groups (Pinilla-Alonso et al. 2024a). The CO2 molecules are indeed in very distinct chemical environments in the two surface types: a mostly apolar matrix on the double-dip surfaces, and a polar matrix on cliff surfaces.
CO2 is detected as mostly pure on double-dip surfaces, which also show an O–H absorption (Fig. 1). This suggests that segregation, either areal or within layers, prevents the abundant CO2 from being mixed with the polar compounds (Öberg et al. 2009a). Conversely, CO2 on cliff-type surface is less abundant and mixed with the carriers of the strong O-H absorption. Fig. 3 also shows that the band centre positions and N(CO)/N(CO2) of cliff spectra are more spread than those of double-dip, which is consistent with cliff-type surfaces being most chemically complex (Pinilla-Alonso et al. 2024a). N(CO)/N(CO2) also allows us to separate the cliff and double-dip objects. Finally, Fig. 3 contains our experimental points derived from experiments of CO2 ice irradiated at 45 K and CH3OH ices, pure and mixed with H2O, irradiated at 60 K. The good match between the two spectral type and the corresponding landmark experiment highlights that TNO surfaces are compatible with an irradiation origin of CO in terms of the relative abundance, but also in terms of chemical environment.
We note that a similar trend as in Fig. 3 could have been obtained regarding the CO band centre. We found that the mean CO band centre lies at 4.680 ± 0.002 µm for double-dip objects and at 4.686 ± 0.04 µm for cliff objects (see Appendix C). The CO band in cliff objects is shifted to longer wavelengths by ∼6 nm compared to double-dip objects. This is consistent with CO on cliff surfaces being more likely mixed with polar molecules such as H2O and CH3OH, rather than with CO2. Based on transmission laboratory spectra, a redshift of up to ∼15 nm is observed for the CO band between CO:CO2 mixtures and CO:H2O:CH3OH mixtures (Rocha et al. 2022). However, an absolute comparison between the observed CO band centre of TNOs and laboratory spectra is less straightforward than with the CO2 2.7 µm band used by De Prá et al. (2024). This is probably due to potential uncertainties in the PRISM wavelength solution above 4 µm, as previously noted by Brown & Fraser (2023).
	[image: thumbnail]	Fig. 3 N(CO)/N(CO2) as a function of the position of the centre of the 2.70 µm CO2 band for individual double-dip objects (orange crosses) and cliff objects (red squares). The shadowed regions in the graph represent the range of points we obtained during CO2 irradiation experiments at 45 K (orange) and CH3OH irradiation experiments, pure and mixed with H2O, at 45–60 K (light red). The horizontal dashed red line represents a lower limit for cliff object 1999 OX3 , which lacks the 2.7 µm CO2 band. Huya (grey cross) is clustered as a double-dip, but behaves like a cliff in terms of CO and CO2. Conversely, 2004 PG115 (grey square) is clustered as a cliff, but behaves like a double-dip in terms of CO and CO2.



	[image: thumbnail]	Fig. 4 Evolution of the band area of CO (top panels) and of N(CO)/N(CO2) (bottom panels) as a function of diameter, equilibrium temperature, and aphelion. Objects are colour-coded according to their spectral types. double-dip-type TNOs are plotted as orange crosses, cliff-type TNOs as red squares, and the two hybrid objects, Huya and 2004 PG115, in grey. The uncertainties for the CO band area and N(CO)/N(CO2) come from fitting the NIRSpec data as described in Appendix A. The diameter uncertainties come from radiometric studies. The temperature points represent the equilibrium temperature at the heliocentric distance at the time of the JWST observation. The horizontal lines represent the equilibrium temperature that is reached at aphelion and perihelion. The aphelion uncertainties are well below the symbol size. All physical and dynamical parameters are given in Table C.2



3.3 CO/CO2 with respect to diameter, temperature, and aphelion distance
We investigated the abundance of the CO and the CO/CO2 ratio with respect to the diameter as a proxy to assess the contribution from internal bulk CO to the surface properties. De Prá et al. (2024) found that the depth of the fundamental CO2 band was not correlated with the diameter of medium-size TNOs. Likewise, Pinilla-Alonso et al. (2024a) found that the spectral groups are not correlated with the diameter. We found no correlation between the diameter and the abundance of CO, probed by its band area, as shown in panel A of Fig. 4. Panel B shows no correlation between N(CO)/N(CO2) and diameter either. This suggests that at least in this size range, the presence of CO ice is not related to bulk properties or processes, but is rather linked with surface processes.
Because CO is a very volatile component, it is not expected to survive at the surface of atmosphereless bodies for long timescales. We computed a single equilibrium temperature for the entire surface of each body (see Appendix C) to assess the thermal effects. In addition to the temperature at the distance at which objects were observed by JWST, we considered two extreme points of the orbit: the aphelion (lowest orbital temperature), and the perihelion (highest orbital temperature). It is difficult to interpret the abundance of CO and the CO/CO2 ratio as a function of temperature. First, we found that the CO abundance shows some variation with temperature. The four objects (cliff type) with the least amount of CO are the warmest objects in the sample, with equilibrium temperatures at the time of observation ≥50 K. However, the objects that are richest in CO (three objects, also cliff type) do not reach temperatures below 30 K, where CO would be more stable against sublimation, even at aphelion. This seems puzzling given that double-dip-type TNOs, which all reach colder temperature than cliffs on average, do not have more CO than cliffs. This indicates that the temperature is not the only factor playing a role in the retention of CO ice at the surface.
In panel D of Fig. 4, we present N(CO)/N(CO2) as a function of temperature. We expect CO, which is the most volatile of the two species, to be preferentially lost over CO2 with increasing temperature. Laboratory experiments indeed show this decrease in N(CO)/N(CO2) when ices irradiated at low temperatures are then warmed (Satorre et al. 2000), which is consistent with the different desorption behaviours of CO and CO2 (Collings et al. 2004). In our sample, no obvious trend is observed, especially since double-dip-type objects are all observed at similar distances and thus temperatures, which makes it hard to determine any evolution of N(CO)/N(CO2) with temperature. Cliff-type objects reach higher temperatures and might show a potential trend of increasing N(CO)/N(CO2) with increasing temperature. Surprisingly, this is opposite to the behaviour expected from laboratory data, which suggested that CO2 is very efficiently lost for T ≥ 50 K. In any case, we can infer that the range of N(CO)/N(CO2) cannot be set by temperature alone, but rather by a combination of initial abundances, chemistry, and temperature.
Finally, we plot the band area of CO and N(CO)/N(CO2) as a function of aphelion distance in panels E and F of Fig. 4. We mark the approximate current position of the termination shock and heliopause to highlight changes in the radiation environment of the objects (Stone et al. 2019). In the band area of CO, we observe no trend with aphelion for cliffs, but a small increasing trend for double-dips. For N(CO)/N(CO2), we observe no clear trend with increasing aphelion distance. Specifically, double-dip-type TNOs show similar N(CO)/N(CO2) ratios throughout the whole range of aphelion distances because the CO2 abundance follows the same slight increase as CO. This highlights the role of the temperature at aphelion, which allows eccentric double-dip-type TNOs to be generally slightly icier than the less eccentric double-dip-type TNOs. Cliff-type TNOs might show a decreasing trend in N(CO)/N(CO2) with increasing aphelion distance, but this needs further investigations to be confirmed.
4 Discussion
We recapitulate the evidence that CO more likely has an irradiation than a primordial origin. We then discuss the irradiation doses and timescales needed to accumulate the observed CO ice. We point out the link of the stability of CO ice to each compositional group. Finally, we discuss some perspectives for a further comparison of laboratory spectra and TNO observations.
4.1 Evidence of an irradiation origin of CO ice
While thermal evolution models do not explicitly resolve the extremely shallow surface layer probed by infrared spectroscopy (from one µm to several hundred µm), they suggest that CO should be depleted from much thicker layers (tens of meters to kilometers) relatively quickly after the formation of mediumsize TNOs (e.g., Davidsson 2021; Steckloff et al. 2021; Kral et al. 2021; Parhi & Prialnik 2023). Therefore, we can anticipate that during the time-frame that shaped the three spectral types before and after planetary migration, most if not all of the primordial CO ice was lost from the surface layers of TNOs within ~200 Myr.
A possibility for the amount of observed CO ice would be a resupply from the bulk of the object because Birch & Umurhan (2024) found that CO gas can be sustained within a porous structure such as that of Arrokoth. The size-dependent thermal model of Malamud et al. (2022) showed that CO can migrate from the bulk of the nucleus due to radiogenic heating and might enrich outer amorphous water-ice layers, where it can recondense. For the largest TNOs, the framework of Jeans escape would also come into play, favouring the retention of CO at the surface with increasing object size (Schaller & Brown 2007). Here, in the intermediate size range, the lack of a correlation between the CO band area and diameter (Fig. 4) argues against the idea that the abundance of CO ice at the surface is controlled by internal and size-related processes.
In double-dip-type TNOs, CO2 is about ten times more abundant than CO. This is a clear divergence from ISM ices, where CO2 is found to vary from about twice less abundant than CO McClure et al. (2023) to about three times more abundant than CO (Boogert et al. 2015). Another clear divergence from ISM ices is the fact that CO2 on double-dip-type TNOs is not mixed with polar compounds. In cliff-type TNOs, CO2 is only about four to five times more abundant than CO, with more variability than for double-dip-type objects. CO2 is a key molecule for separating the cliff and double-dip group in abundance and in chemical state (Fig. 3). This indicates that the two groups formed in different regions of the PPD (Pinilla-Alonso et al. 2024a). The CO abundance does not provide a clear separation between the two groups, however, as seen with the CO band area in Fig. 4. This suggests that CO is not one of the components that sculpted the three spectral groups and is more likely secondary.
Our results show that irradiation processes can fully reproduce CO observations in the two spectral groups. Fig. 2 and Fig. 3 show that irradiation of CO2 at 45 K can fully reproduce the characteristics of double-dip-type surfaces, while irradiation of CH3OH is a closer match for cliff-type surfaces. We stress the importance of performing irradiation experiments at temperatures appropriate for TNOs. The CO2 irradiation at 10 K does not match the relative abundance of double-dip-type TNOs.
4.2 Irradiation doses and timescales
Fig. 2 shows that double-dip surfaces are consistent with accumulated irradiation doses ≥20 eV/16u, and cliff surfaces would be more consistent with accumulated irradiation doses ≥50 eV/16u. Although estimates vary in the studies (Hudson et al. 2008; Loeffler et al. 2020; Quirico et al. 2023), these doses can only be accumulated in at least ~1 Gyr, which is much longer than the timescales of primordial CO loss. We conclude that the observed CO must have been accumulated on long timescales. This is consistent with the fact that TNO surfaces, specifically those of cold classicals (Spencer et al. 2020), are thought to be old.
A numerical simulation made within the radiation environment of Arrokoth at 44 au found that the top 100 µm could have accumulated from 150 to 600 eV/16 u within 4.5 Gyr (Quirico et al. 2023). Objects venturing outside of the termination shock and heliopause are exposed to an increased flux of GCRs and accumulate higher irradiation doses than at 44 au for a similar amount of time (Cooper et al. 2004). Sedna, Gonggong, and Quaoar are candidate dwarf planets with an at first glance similar surface composition of H2O, CO2, and hydrocarbons. However, their hydrocarbon composition differs. This can be related to the amount of CH4 each object could sustain at the surface and to the extent of irradiation they endured in the farther regions of the outer Solar System (Emery et al. 2024). Methane chemistry (Zhang et al. 2023) combined with its likely origin from dwarf planet internal processes (Glein et al. 2024) is very different from the CO2 and CH3OH chemistry investigated here for the more primitive surfaces of medium-size TNOs. For double-dip-type TNOs, we find no clear variation in CO/CO2 with different radiation environments, as shown in the aphelion panel of Fig. 4. This is most likely because CO/CO2 becomes independent of the irradiation dose above a threshold of ~20 eV/16u, as shown in Fig. 2. In CH3OH dominated ices, the CO/CO2 becomes stable at higher doses (>50 eV/16 u). Irradiation-induced variations in CO/CO2 within the cliff-type TNOs are thus more likely to be observed than in double-dip-type TNOs.
As sputtering erodes surface ices and exposes fresher subsurface ices, it has the effect of lowering the total accumulated irradiation dose at the surface (Quirico et al. 2023). Moreover, sputtering preferentially expels species following their volatility (Dartois et al. 2023), meaning that CO2 is sputtered more efficiently than CH3OH and H2O. The consequence for TNO surfaces is that double-dip-type surfaces might accumulate lower irradiation doses than cliff- and bowl-type surfaces. Raut & Baragiola (2013) have shown the critical role of the temperature in increasing the sputtering efficiency for CO2 ices. Sputtering yields for other relevant materials at temperatures above 10 K are scarce, however. New laboratory measurements are necessary to refine the dose estimates of Quirico et al. (2023) with these new TNO spectral types in mind.
4.3 Stability of CO within different chemical environments and temperatures
CO that is formed by irradiation of a less volatile parent ice can remain trapped within an amorphous structure above its sublimation temperature. Moreover, Fig. 2 shows that at 45 K, CH3OH ice irradiation produces and retains more CO relatively to CO2 than CO2 irradiation. We found that CO is probably best retained in the polar matrix of irradiated CH3OH rather than in the apolar matrix of irradiated CO2. Interestingly, Simon et al. (2019) found that CO2 could trap CO more efficiently than H2O ice for temperatures below 70 K, probably due to particular CO2 restructuring dynamics around ∼30 K, at which temperature CO desorbed in their experimental set-up. Here, the irradiation temperature is already above the CO desorption temperature, which might hinder this process, as well as irradiation-induced structural changes and increased sputtering yields.
The temperature panels of Fig. 4 show that CO may be more abundant and thus more stable on the polar but on average warmer cliff surfaces than on the apolar but on average colder double-dip surfaces. Moreover, Maté et al. (2019) found that CO is more stable against thermal desorption when adsorbed at the surface of hydrogenated amorphous carbon (HAC) than H2O, with specifically strong interactions with aromatic-rich HAC. This might be an additional efficient retention mechanism for CO to increase its stability at the surfaces of the complexorganics-rich cliff type, particularly as aromatic compounds can be formed by irradiation of CH3OH (Zhang et al. 2024). Interactions with hydrocarbons might also help shift the band centre of CO to the longer wavelength range where it is observed, as seen in the spectra of irradiated ices containing cyclo-hexane (Pilling et al. 2012) or in CO:C4H10 mixtures (Palumbo & Strazzulla 1993).
Fig. 4 shows that no object with a perihelion equilibrium temperature above 50 K is rich in CO. This is consistent with the absence of CO on the surfaces of inactive Centaurs reaching higher perihelion temperatures than TNOs (Licandro et al. 2024). Huya is one of the four objects of the sample with the closest perihelion and low CO2 and CO abundance. This object alone is classified as a double-dip-type TNO with a perihelion below 32 au, which might explain its divergence from this CO2-rich group. As no double-dip-type inactive Centaurs are observed (Licandro et al. 2024), double-dip-type surfaces are expected to evolve very quickly by loosing their surface volatiles when they reach the giant planet region. Finally, in the active Centaur Chiron, with a surface dominated by CO2 (Pinilla-Alonso et al. 2024b), the detected CO ice on the surface might, like that of double-dip-type TNOs, be formed by irradiation of the dominating ice.
We also note that the strong overlap between the equilibrium temperature ranges of many objects prevents clear trends from emerging. Dedicated efforts to better represent temperature variations over the lifetime of TNOs, such as those of Gkotsinas et al. (2023) for comets, might prove necessary to provide a deeper understanding of the evolution of surface volatiles within the different spectral types.
4.4 Perspectives
Additional laboratory experiments designed to explore other initial ice mixtures will help us to further constrain the early composition of TNOs, specifically, cliff-type TNOs. For example, the irradiation of pure CH3OH does not match the ratio of CO/CO2 observed in the cliff objects, but the laboratory match is improved with the addition of equal amounts of water. The presence of CO2 in the initial CH3OH mixture might also improve the laboratory to observational results. Incorporation of a nitrogen-bearing species to the initial ice to reproduce the observed OCN− absorption in some cliff objects might help us to investigate whether nitrogen chemistry impacts N(CO)/N(CO2) (Satorre et al. 2000). Irradiation of complex organics such as that of Faure et al. (2021) needs to be performed at low temperatures to track the likely formation and evolution of CO and CO2 from primordial complex organics that might contribute to the composition of cliff objects. To summarise, further work is necessary to fully assess the possible initial CH3OH mixtures that are compatible with the observed cliff surfaces, as they are thought to have formed beyond a CH3OH retention line, and possibly other retention lines, which likely increases the complexity of cliff surfaces (Pinilla-Alonso et al. 2024a). This is also expected to clarify how much of the CO2 that is detected on cliff surfaces results from irradiation and how much might be primordial.
Because CO/CO2 is seen to reach steady state with increasing irradiation (Fig. 2), this parameter can only provide a lower limit of the accumulated doses. To provide better constraints, additional indicators should be used, typically by following the parent molecule or other irradiation products with different formation and destruction cross-sections. Specifically for double-dip-type TNOs, investigation of the possible presence of CO3 might provide upper limits on the irradiation dose as it is more efficiently destroyed than CO (Raut & Baragiola 2013).
5 Conclusions
CO ice has been detected on at least 33 TNOs, even though their sizes and equilibrium temperatures suggest that CO as a pure ice is not thermodynamically stable on their surfaces. CO ice is detected on two distinct types of TNO surfaces: one type that is dominated by pure CO2, and the other type that is richer in CH3OH and other organic compounds mixed with CO2. To investigate the potential origins of the observed CO, we conducted ion irradiation experiments on CO2 and CH3OH ices. Our results indicate that CO is a secondary molecule that is produced by energetic processing of surface ices. This is supported by findings we list below.

	Irradiation processes fully replicate the observed CO characteristics:

We found that CO is an irradiation product in the two TNO spectral types. The parent molecules differ, as shown by the relative abundances and chemical environments. CO likely forms by irradiation of CO2 ice at 45 K on CO2-rich surfaces. In objects that are rich in CH3OH and organics, CO is more likely formed by the irradiation of CH3OH ice.


	Consistency with radiation environment simulations:

The irradiation doses required to produce the observed CO relative abundances agree with numerical simulations of energy deposition from the outer Solar System radiation environment. In TNOs that are rich in CO2, these doses may be sufficient to establish an equilibrium between CO and CO2.


	Combined influence of chemical composition and temperature:

The temperature and the surrounding chemical matrix influence the CO abundance on the TNO surfaces. Above its sublimation temperature, the stability of CO is largely determined by the matrix in which it forms. CO is particularly well retained within CH3OH -rich TNO surfaces.
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Appendix A  Fitting examples of absorption bands on TNOs
We present in Fig. A.1 some examples of our fitting method on 2 objects. We show in the two top panels, the cliff object Lempo, particularly rich in OCN- . We overlay the Gaussian fit of the bands of interest as well as a polynomial or Gaussian fit of adjacent absorptions. We show in the two bottom panels, the double-dip object 2004 TY364. We overlay the Gaussian fit of the bands of interest as well as the local linear baselines. Both linear and non-linear corrections of adjacent absorptions were used on all objects, as well as varying wavelength cut-offs. Final band parameters are obtained by averaging the results of each fitting procedure. This allows to cancel-out variations induced by noise in the continuum and avoid biases in the choice of the baseline.
	[image: thumbnail]	Fig. A.1 Examples of fitting method to extract band parameters of CO and CO2. Left panels depict the Gaussian fit of the ν1 + ν3 combination mode of CO2 on a cliff-type TNO (top) and a double-dip-type TNO (bottom). Right panels depict the Gaussian fit of the fundamental stretching mode of CO on a cliff-type TNO (top) and a double-dip-type TNO (bottom).



We note that a second and weaker component to the CO absorption is seen in the laboratory for mixtures of CO in H2O ice at 4.65 µm (Palumbo & Strazzulla 1993). This feature, never observed in ISM ices, is due to different CO binding sites, specifically interactions with the dangling -OH bonds of porous H2O ice. This weak component is seen to disappear with irradiation (Seperuelo Duarte et al. 2021) or when mixed with additional compounds like NH3 (He et al. 2022). Thus we only consider the main 4.68 µm CO absorption in this analysis.
We also note that in the cases of a strong 2.7 µm CO2 band, the shape of the band becomes asymmetric and could be best reproduced by using 2 Gaussians. This asymmetry of the observed band here translates as a slight blueshift of the band centre, visible in Fig. 3, when compared to laboratory data where this CO2 band is typically weaker.

Appendix B  Discarded objects
Based on visual inspection, De Prá et al. (2024) claimed a clear CO detection on 29 objects, which are divided into the 22 doubledips and 7 cliffs. De Prá et al. (2024) noted 9 TNOs to present dubious CO detections, which all fall into the cliff spectral type. Based on our CO band fitting procedure, we here confirm CO detection on 4 of those objects (1999 OX3, Borasisi, Sila-Numan and Mors), whose CO band parameters are relatively well constrained (see Table C.1). We choose to discard from the present analysis the remaining 5 objects : 2005 EF298 (Kágára), 2003 GH55, 2001 QD298, 2005 PU21 and Somnus. Their spectra, focusing on the 2300 cm−1 to 2000 region cm−1 , are presented in Fig. B.1.
	[image: thumbnail]	Fig. B.1 Spectra of the 5 objects discarded of the current CO analysis. Reflectance spectra were normalised at 2.6 µm and then sifted vertically for clarity (except 2005 EF198). Spectra of Lempo and 2004 TY364 are shown as a comparison, highlighting differences in noise, position and width of the 4.68 µm absorption.



2001 QD298 , 2005 PU21 and Somnus are very noisy (Pinilla-Alonso et al. 2024a) and show a local maxima where the expected minimum of reflectance should be for the CO absorption. 2003 GH55 has a feature that is too broad and too blueshifted compared to the other objects to be attributed only to CO. Finally, 2005 EF298 has a feature of appropriate width and centre compared to the CO band of other objects. But the reflectance values are very low around this absorption thus the band area might be "saturated". On these 5 objects, further analysis and spectral modelling might be necessary to disentangle the CO absorption from the noise, adjacent absorption and possible non-linearity in region of very high absorption. Taking these 5 objects into account does not change our results but as we are unsure of the physical significance of their extracted CO parameters, they are discarded from this analysis. Among these 5 objects, 1 belong to the Scattering dynamical population, 1 to the 3:2 resonance and 3 to the Cold-Classical.

Appendix C  Band and object parameters
Table C.1 presents the extracted CO and CO2 band parameters for double-dip and cliff objects. Average CO/CO2 band area ratio and N(CO)/N(CO2) values are obtained from averaging the values of individual objects and not a fit on the average spectra of each spectral type. Huya is taken into account into the mean of cliffs and 2004 PG115 is taken into account into the mean of the double-dip.
Table C.2 presents physical and dynamical properties of the objects studied here. Equilibrium temperatures were calculated using Eq. C.1 derived from equilibrating the flux received from the Sun (⊙) to the flux re-emitted by each TNO:
[image: equation](C.1)
Equilibrium temperatures are computed at 3 distances (D): perihelion (q), JWST observation and aphelion (Q). These estimate make use of the Bond albedo (a) which is obtained by multiplying the geometric albedo (pV) to the phase integral (q). pV are obtained from radiometric studies presented in Müller et al. (2020). q are calculated from Brucker et al. (2009) with q = 0.336 pV + 0.479. For the sample of TNOs studied here, Bond albedo values are between 0.02 and 0.19.
Table C.1 
Band parameters double-dip and cliff objects with well characterised CO band.

Table C.2 
Physical and dynamical properties of the double-dip and cliff objects with well characterised CO band.


Appendix D  Irradiation experiments
We here present different details regarding the ion irradiation experiments conducted at IAS/IJCLab (Orsay, France). Ion current is monitored throughout the irradiation and is typically kept below 1 µA as to avoid macroscopic heating of the ice. We conducted both thin and thick ice irradiation experiments. Thin ices are ice deposits thinner than the penetration range of the impinging ions, here typically ~600 nm for CH3OH ices. This depth is determined using the SRIM code (Ziegler et al. 2010) using an assumption on the ice density (see below). In thin ice experiments, ions pass through the ice and deposit energy within it, following linear energy transfer. Thick ices are ice deposits thicker than the typical ion penetration range. The ions will thus implant into the ice and loose all their energy. To ensure that the thick ices are homogeneously irradiated in depth, we perform simultaneous ice deposition and irradiation. This technique is commonly used to produce irradiated ices thick enough for high signal-to-noise spectroscopy (e.g. Baratta et al. 1994) or for producing a substantial organic residue after warm-up of the ices (e.g. Vinogradoff et al. 2013). Thin film experiments receive an increasing accumulated dose while thick film experiments receive a single irradiation dose, as presented in Table D.1. Both experimental methods lead to similar results as observed in Fig. 2.
Table D.1 
Experiments performed for this work, all with H+ 30 keV.

A CO2 gas bottle (purity > 99.99%) was purchased from Air Liquide. CH3OH and H2O were HPLC grade purchased from Aldrich. The water-methanol mixtures were prepared in the liquid phase which set the proportions of the gas phase. Dissolved gases were removed from the liquids by cycles of pumping.
The deposition rate ranged from 10 nm min−1 to 35 nm min−1, depending on the experiment, and was controlled by a Swagelok stainless-steel low-flow inlet valve far enough from the substrate to perform background deposition which favours the formation of porous and isotropic ices. Deposition rates are estimated using the interference pattern present in transmission spectra, arising from the interaction of the infrared light source crossing parallel layers. The thickness of the ice film is determined by measuring interference fringes while making an assumption on the refractive index of the ice (see below).
To compare experiments using different ions, ices and thicknesses, we use the irradiation dose expressed in eV/16u to quantify the energy deposited per template molecule of 16 atomic mass unit. To calculate the dose, one needs the fluence, the total amount of impinging ions per surface area, the total stopping power, calculated using the SRIM code (Ziegler et al. 2010), and an estimation of the density of the ice.
For the 45K CO2 ices, we used values of 1.30 for the refractive index (n) and 1.25 g cm−3 for density (ρ) from Domingo et al. (2021). For the pure CH3OH ices, we used the n = 1.27 and ρ = 0.66 g cm−3 from Luna et al. (2018). For the CH3OH mixtures with water ice, we assumed ρ = 0.8 g cm−3 and n was averaged between that of CH3OH from Luna et al. (2018) and H2O from Kofman et al. (2019).
Figure D.1 presents selected spectra of thin film irradiation experiments for pure CO2 and pure CH3OH at 45K. Dashed vertical lines mark the identification of irradiation products in both cases. All products, and their general behaviour with respect to irradiation dose, were expected from similar works for CO2 (Brucato et al. 1997; Raut & Baragiola 2013; Bennett et al. 2014) and for CH3OH (Baratta et al. 1994; Moore et al. 1996; Quirico et al. 2023). Our experiments are in very good qualitative and quantitative agreement with the literature which allow us to establish clear trends for the evolution of CO and CO2 in Fig. 2.
	[image: thumbnail]	Fig. D.1 Spectra of ion irradiation experiments on initially pure ices of CO2 (left panel) and CH3OH (right panel). Both CO2 and CH3OH ices were irradiated at 45 K with 30 keV H+ during "thin film" experiments. The spectra of the initial ices are represented in black while the different irradiation steps are represented in shades of blue and green. The multiple bands present in the black initial spectra are all assigned to the unirradiated ice. Dashed grey lines assign molecules or bonds produced by irradiation to new absorptions. In the methanol experiments, the asterisk marks a band to which ethanol, acetone and ethylene glycol can contribute (Öberg et al. 2009b). Spectra from the CH3OH experiments are presented with a Gaussian smoothing (σ = 10) to improve readability when spectra overlap, but calculations for band area and centre were performed on the raw spectra. For readability purposes, not all irradiation steps are shown.




Appendix E  Band strengths
Table E.1 gathers the band strengths available in the literature for the fundamental stretching of CO at 4.68 µm and for the v1 + v3 CO2 band at 2.70 µm. Band strengths can vary with ice phase, temperature and mixing state. Ideally, we would use band strengths of appropriate temperature (~45K) and appropriate chemical environment (mostly apolar for double-dip, polar for cliff). But no clear behaviour emerges from comparing the different values found in the literature, probably due to differences in experimental setup. Thus, we use the same band strengths for the H2O and CH3OH dominated ices and for the CO2 dominated ices.
We use A = 1.1 × 10−17 cm molecule−1 for the band strength of CO from Jiang et al. (1975). This value is widely accepted to quantify the column density of CO in molecular clouds (e.g. McClure et al. 2023). The v1 + v3 CO2 band is less used for CO2 quantification and the literature values show more spread than for CO. We use A = 1.8 × 10−18 cm molecule−1 from Bouilloud et al. (2015), which is close to the average of the values presented in Table E.1 for pure CO2 ice.
The irradiated pure CH3OH ice at 45K was too thin to allow quantification through the v1 + v3 CO2 band, thus for including this experiment in Fig. 2, we use the fundamental CO2 band using a band strength of 1.1 × 10−16 cm molecule−1 from Gerakines et al. (1995), as done by McClure et al. (2023), although other estimates exist (e.g. Sandford & Allamandola 1990).
Table E.1 
Band strengths of the bands of interest for the quantification of CO and CO2 on TNO surfaces and for the experiments performed for this work.
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	[image: thumbnail]	Fig. 1 Spectra of the sample of objects studied here. Spectra are normalised to unity at 2.6 µm. Objects are coloured and overlap according to their spectral types. Double-dip objects are shown at the top in orange and cliff objects are at the bottom in red. The thick lines represent the average of each group. Huya and 2004 PG115 are presented in the middle in grey to highlight their mixed spectral characteristics. Except for the cliff group, the spectra are offset vertically for clarity. The most characteristic bands of CO2, CO, and CH3OH are marked with vertical lines. The variability of CH3OH bands within the cliff group was studied by Brunetto et al. (2025).
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	[image: thumbnail]	Fig. 2 Evolution of N(CO)/N(CO2) as a function of irradiation dose for CO2 ices (left panel) and CH3OH ices (right panel). Experimental points are colour-coded so that blue points represent the colder irradiated ices, and red points represent the warmer ices. The data that are connected by a dashed line correspond to thin experiments that received increasing doses, and the others are thick experiments that received a single dose. The errors from experimental data are within the symbol size. The average N(CO)/N(CO2) value for the double-dip objects is presented for comparison alongside the CO2 experiments, and the average value for cliff objects is presented alongside the CH3OH experiments. The shaded rectangles correspond to the standard deviation around this average. We cannot present the CO/CO2 band area ratio because most previous studies focused on the ν3 fundamental CO2 band area and not on the area of its ν1 + ν3 combination mode band.
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	[image: thumbnail]	Fig. 3 N(CO)/N(CO2) as a function of the position of the centre of the 2.70 µm CO2 band for individual double-dip objects (orange crosses) and cliff objects (red squares). The shadowed regions in the graph represent the range of points we obtained during CO2 irradiation experiments at 45 K (orange) and CH3OH irradiation experiments, pure and mixed with H2O, at 45–60 K (light red). The horizontal dashed red line represents a lower limit for cliff object 1999 OX3 , which lacks the 2.7 µm CO2 band. Huya (grey cross) is clustered as a double-dip, but behaves like a cliff in terms of CO and CO2. Conversely, 2004 PG115 (grey square) is clustered as a cliff, but behaves like a double-dip in terms of CO and CO2.
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	[image: thumbnail]	Fig. 4 Evolution of the band area of CO (top panels) and of N(CO)/N(CO2) (bottom panels) as a function of diameter, equilibrium temperature, and aphelion. Objects are colour-coded according to their spectral types. double-dip-type TNOs are plotted as orange crosses, cliff-type TNOs as red squares, and the two hybrid objects, Huya and 2004 PG115, in grey. The uncertainties for the CO band area and N(CO)/N(CO2) come from fitting the NIRSpec data as described in Appendix A. The diameter uncertainties come from radiometric studies. The temperature points represent the equilibrium temperature at the heliocentric distance at the time of the JWST observation. The horizontal lines represent the equilibrium temperature that is reached at aphelion and perihelion. The aphelion uncertainties are well below the symbol size. All physical and dynamical parameters are given in Table C.2
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	[image: thumbnail]	Fig. A.1 Examples of fitting method to extract band parameters of CO and CO2. Left panels depict the Gaussian fit of the ν1 + ν3 combination mode of CO2 on a cliff-type TNO (top) and a double-dip-type TNO (bottom). Right panels depict the Gaussian fit of the fundamental stretching mode of CO on a cliff-type TNO (top) and a double-dip-type TNO (bottom).
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	[image: thumbnail]	Fig. B.1 Spectra of the 5 objects discarded of the current CO analysis. Reflectance spectra were normalised at 2.6 µm and then sifted vertically for clarity (except 2005 EF198). Spectra of Lempo and 2004 TY364 are shown as a comparison, highlighting differences in noise, position and width of the 4.68 µm absorption.
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	[image: thumbnail]	Fig. D.1 Spectra of ion irradiation experiments on initially pure ices of CO2 (left panel) and CH3OH (right panel). Both CO2 and CH3OH ices were irradiated at 45 K with 30 keV H+ during "thin film" experiments. The spectra of the initial ices are represented in black while the different irradiation steps are represented in shades of blue and green. The multiple bands present in the black initial spectra are all assigned to the unirradiated ice. Dashed grey lines assign molecules or bonds produced by irradiation to new absorptions. In the methanol experiments, the asterisk marks a band to which ethanol, acetone and ethylene glycol can contribute (Öberg et al. 2009b). Spectra from the CH3OH experiments are presented with a Gaussian smoothing (σ = 10) to improve readability when spectra overlap, but calculations for band area and centre were performed on the raw spectra. For readability purposes, not all irradiation steps are shown.
In the text
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        Spectra of the sample of objects studied here. Spectra are normalised to unity at 2.6 µm. Objects are coloured and overlap according to their spectral types. Double-dip objects are shown at the top in orange and cliff objects are at the bottom in red. The thick lines represent the average of each group. Huya and 2004 PG115 are presented in the middle in grey to highlight their mixed spectral characteristics. Except for the cliff group, the spectra are offset vertically for clarity. The most characteristic bands of CO2, CO, and CH3OH are marked with vertical lines. The variability of CH3OH bands within the cliff group was studied by Brunetto et al. (2025).
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        Evolution of N(CO)/N(CO2) as a function of irradiation dose for CO2 ices (left panel) and CH3OH ices (right panel). Experimental points are colour-coded so that blue points represent the colder irradiated ices, and red points represent the warmer ices. The data that are connected by a dashed line correspond to thin experiments that received increasing doses, and the others are thick experiments that received a single dose. The errors from experimental data are within the symbol size. The average N(CO)/N(CO2) value for the double-dip objects is presented for comparison alongside the CO2 experiments, and the average value for cliff objects is presented alongside the CH3OH experiments. The shaded rectangles correspond to the standard deviation around this average. We cannot present the CO/CO2 band area ratio because most previous studies focused on the ν3 fundamental CO2 band area and not on the area of its ν1 + ν3 combination mode band.
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        N(CO)/N(CO2) as a function of the position of the centre of the 2.70 µm CO2 band for individual double-dip objects (orange crosses) and cliff objects (red squares). The shadowed regions in the graph represent the range of points we obtained during CO2 irradiation experiments at 45 K (orange) and CH3OH irradiation experiments, pure and mixed with H2O, at 45–60 K (light red). The horizontal dashed red line represents a lower limit for cliff object 1999 OX3 , which lacks the 2.7 µm CO2 band. Huya (grey cross) is clustered as a double-dip, but behaves like a cliff in terms of CO and CO2. Conversely, 2004 PG115 (grey square) is clustered as a cliff, but behaves like a double-dip in terms of CO and CO2.
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        Evolution of the band area of CO (top panels) and of N(CO)/N(CO2) (bottom panels) as a function of diameter, equilibrium temperature, and aphelion. Objects are colour-coded according to their spectral types. double-dip-type TNOs are plotted as orange crosses, cliff-type TNOs as red squares, and the two hybrid objects, Huya and 2004 PG115, in grey. The uncertainties for the CO band area and N(CO)/N(CO2) come from fitting the NIRSpec data as described in Appendix A. The diameter uncertainties come from radiometric studies. The temperature points represent the equilibrium temperature at the heliocentric distance at the time of the JWST observation. The horizontal lines represent the equilibrium temperature that is reached at aphelion and perihelion. The aphelion uncertainties are well below the symbol size. All physical and dynamical parameters are given in Table C.2
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        Examples of fitting method to extract band parameters of CO and CO2. Left panels depict the Gaussian fit of the ν1 + ν3 combination mode of CO2 on a cliff-type TNO (top) and a double-dip-type TNO (bottom). Right panels depict the Gaussian fit of the fundamental stretching mode of CO on a cliff-type TNO (top) and a double-dip-type TNO (bottom).

      

    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Spectra of the 5 objects discarded of the current CO analysis. Reflectance spectra were normalised at 2.6 µm and then sifted vertically for clarity (except 2005 EF198). Spectra of Lempo and 2004 TY364 are shown as a comparison, highlighting differences in noise, position and width of the 4.68 µm absorption.

      

    

  
    
      Table C.1 

      Band parameters double-dip and cliff objects with well characterised CO band.

      
        


	
	CO band
	CO2 ν1 + ν3 band
	Band area ratio
	Relative abundance



	Double-dip Prob. Desig.
	Area (cm−1 )
	Centre (µm)
	Area (cm−1)
	Centre (µm)
	CO/CO2
	N(CO)/N(CO2)





	1999 DE9
	3.7 ± 0.4
	4.680 ± 0.001
	6.6 ± 2.0
	2.693 ± 0.001
	0.556 ± 0.182
	0.09 ± 0.03



	2000 OK67
	3.3 ± 1.1
	4.685 ± 0.002
	4.4 ± 0.4
	2.694 ± 0.001
	0.742 ± 0.262
	0.12 ± 0.04



	2001 FZ173
	3.5 ± 0.9
	4.674 ± 0.001
	10.4 ± 0.9
	2.688 ± 0.001
	0.336 ± 0.090
	0.05 ± 0.01



	2002 UX25
	3.2 ± 0.3
	4.683 ± 0.001
	4.8 ± 1.9
	2.693 ± 0.001
	0.666 ± 0.264
	0.11 ± 0.04



	2003 FY128
	4.0 ± 0.6
	4.680 ± 0.001
	4.7 ± 2.0
	2.694 ± 0.001
	0.852 ± 0.390
	0.14 ± 0.06



	2003 MW12
	3.1 ± 0.1
	4.680 ± 0.001
	9.8 ± 2.5
	2.691 ± 0.001
	0.320 ± 0.084
	0.05 ± 0.01



	2003 UY413
	3.1 ± 0.7
	4.679 ± 0.001
	8.5 ± 1.8
	2.690 ± 0.001
	0.366 ± 0.110
	0.06 ± 0.02



	2004 TY364
	2.7 ± 0.1
	4.679 ± 0.001
	7.6 ± 2.1
	2.691 ± 0.001
	0.351 ± 0.097
	0.06 ± 0.02



	2004 UX10
	4.1 ± 0.2
	4.681 ± 0.001
	6.8 ± 1.7
	2.689 ± 0.001
	0.610 ± 0.158
	0.10 ± 0.03



	2004 XA192
	3.3 ± 0.2
	4.681 ± 0.001
	8.2 ± 1.5
	2.690 ± 0.001
	0.406 ± 0.078
	0.07 ± 0.01



	2005 QU182
	5.9 ± 0.9
	4.678 ± 0.001
	8.5 ± 1.6
	2.691 ± 0.001
	0.702 ± 0.169
	0.11 ± 0.03



	2005 RN43
	4.0 ± 0.3
	4.681 ± 0.001
	6.9 ± 1.9
	2.692 ± 0.001
	0.575 ± 0.168
	0.09 ± 0.03



	2005 TB190
	4.9 ± 0.8
	4.680 ± 0.001
	9.2 ± 2.4
	2.691 ± 0.001
	0.533 ± 0.162
	0.09 ± 0.03



	2007 UK126
	4.4± 1.1
	4.678 ± 0.001
	8.4 ± 1.7
	2.692 ± 0.001
	0.520 ± 0.165
	0.09 ± 0.03



	2008 NW4
	4.2 ± 0.4
	4.684 ± 0.001
	5.9 ± 1.2
	2.692 ± 0.002
	0.716 ± 0.157
	0.12 ± 0.03



	2010 EK139
	3.4 ± 0.2
	4.682 ± 0.001
	7.8 ± 1.5
	2.693 ± 0.001
	0.440 ± 0.090
	0.07 ± 0.01



	2010 ER65
	5.4 ± 0.8
	4.680 ± 0.001
	9.6± 1.4
	2.692 ± 0.001
	0.562 ± 0.116
	0.09 ± 0.02



	2010 ET65
	4.4 ± 0.7
	4.676 ± 0.003
	9.1 ± 0.6
	2.689 ± 0.001
	0.479 ± 0.080
	0.08 ± 0.01



	2010 VW11
	4.6 ± 0.9
	4.679 ± 0.002
	6.6 ± 2.2
	2.692 ± 0.001
	0.693 ± 0.268
	0.11 ± 0.04



	2014 LV28
	3.6 ± 0.9
	4.681 ± 0.001
	6.5 ± 1.9
	2.692 ± 0.001
	0.548 ± 0.213
	0.09 ± 0.03



	2014 YF50
	4.0 ± 0.9
	4.681 ± 0.001
	7.9 ± 2.1
	2.693 ± 0.001
	0.507 ± 0.175
	0.08 ± 0.03



	




	2004 PG115 *
	3.6 ± 0.9
	4.680 ± 0.001
	9.3 ± 2.1
	2.693 ± 0.001
	0.393 ± 0.129
	0.06 ± 0.02



	




	Mean
	3.9 ± 0.8
	4.680 ± 0.002
	7.6 ± 1.7
	2.692 ± 0.002
	0.540 ± 0.147
	0.09 ± 0.02



	Cliff Prob. Desig.
	Area (cm−1 )
	Centre (µm)
	Area (cm−1)
	Centre (µm)
	CO/CO2
	N(CO)/N(CO2)



	




	1995 TL8
	7.3 ± 1.1
	4.687 ± 0.001
	4.3 ± 2.2
	2.702 ± 0.003
	1.72 ± 0.94
	0.28 ± 0.15



	1997 CS29
	2.9 ± 0.5
	4.689 ± 0.001
	1.0 ± 0.1
	2.709 ± 0.002
	2.80 ± 0.52
	0.46 ± 0.08



	1999 OX3 †
	2.2± 1.4
	4.692 ± 0.002
	…
	…
	≥ 11
	≥ 1.8



	1999 RZ253
	3.1 ± 0.9
	4.685 ± 0.001
	1.8 ± 0.8
	2.702 ± 0.001
	1.74 ± 0.87
	0.28 ± 0.14



	1999 TC36
	2.2 ± 0.4
	4.685 ± 0.001
	0.5 ± 0.2
	2.713 ± 0.003
	4.05 ± 1.46
	0.66 ± 0.24



	2002 TC302
	6.5 ± 0.1
	4.683 ± 0.001
	2.9 ± 1.3
	2.699 ± 0.001
	2.22 ± 1.02
	0.36 ± 0.17



	2004 PF115
	6.9 ± 0.5
	4.684 ± 0.001
	1.8 ± 0.7
	2.705 ± 0.001
	3.83 ± 1.43
	0.63 ± 0.23



	2007 JF43
	4.9 ± 0.7
	4.680 ± 0.001
	2.5 ± 0.5
	2.702 ± 0.001
	1.96 ± 0.48
	0.32 ± 0.08



	2007 TY430-A
	1.9 ± 1.3
	4.691 ± 0.001
	1.0 ± 0.1
	2.711 ± 0.001
	1.91 ± 1.36
	0.31 ± 0.22



	2010 VZ98
	4.8 ± 0.3
	4.683 ± 0.001
	3.9 ± 0.8
	2.704 ± 0.001
	1.25 ± 0.28
	0.20 ± 0.05



	




	2000 EB173 *
	2.1 ± 0.2
	4.687 ± 0.001
	0.3 ± 0.2
	2.699 ± 0.001
	6.08 ± 4.36
	0.99 ± 0.71



	




	Mean
	4.1 ± 2.1
	4.686 ± 0.004
	1.8 ± 1.4
	2.705 ± 0.005
	2.76 ± 1.49
	0.45 ± 0.24





      

      
(*) 2004 PG115 and Huya (2000 EB173) are classified in the other spectral group contrary to their CO2 behaviour as explained in Sect. 2.1.(†) For cliff object 1999 OX3, a lower limit for the band area ratio and relative abundance of CO and CO2 is given as no 2.70 µm band is observed above noise level.




    

  
    
      Table C.2 

      Physical and dynamical properties of the double-dip and cliff objects with well characterised CO band.

      
        


	Prov. Des.
	Name
	Diameter
	pV
	Tq
	TJWS T
	TQ
	Q
	Dynamical



	
	
	(km)
	
	(K)
	(K)
	(K)
	(au)
	class





	Double-dip



	




	1999 DE9
	
	[image: equation]
	0.16
	48.1
	42.7
	30.9
	78
	5:2 Res



	2000 OK67
	
	[image: equation]
	0.17
	43.1
	43.1
	37.1
	54
	HC



	2001 FZ173
	
	212
	0.12
	48.2
	47.1
	23.5
	136
	Scat



	2002 UX25
	
	[image: equation]
	0.11
	45.4
	43.5
	39.3
	49
	HC



	2003 FY128
	
	[image: equation]
	0.08
	45.4
	43.2
	35.3
	61
	Detached



	2003 MW12
	Varda
	[image: equation]
	0.10
	44.0
	40.6
	38.0
	52
	15:8 Res



	2003 UY413
	
	293
	0.14
	44.7
	42.0
	36.0
	58
	HC



	2004 TY364
	
	[image: equation]
	0.11
	45.5
	44.2
	42.7
	42
	HC



	2004 UX10
	
	[image: equation]
	0.14
	44.6
	43.6
	42.8
	41
	HC



	2004 XA192
	
	[image: equation]
	0.26
	45.0
	45.0
	35.0
	59
	Detached



	2005 QU182
	
	[image: equation]
	0.33
	43.4
	35.6
	19.1
	192
	Scat



	2005 RN43
	
	[image: equation]
	0.11
	43.2
	43.2
	41.9
	43
	HC



	2005 TB190
	
	[image: equation]
	0.15
	40.2
	40.2
	26.4
	108
	Detached



	2007 UK126
	G!kún||’hòmdímà
	[image: equation]
	0.17
	44.4
	42.6
	26.0
	111
	Detached



	2008 NW4
	
	297
	0.10
	45.6
	45.5
	37.3
	54
	HC



	2010 EK139
	Dziewanna
	[image: equation]
	0.30
	46.7
	45.1
	25.9
	105
	7:2 Res



	2010 ER65
	
	341
	0.12
	43.4
	42.4
	22.2
	153
	Detached



	2010 ET65
	
	338
	0.12
	43.6
	43.4
	30.0
	84
	Detached



	2010 VW11
	
	304
	0.13
	45.4
	45.2
	33.9
	66
	Detached



	2014 LV28
	
	268
	0.13
	46.9
	46.0
	26.7
	105
	Scat



	2014 YF50
	
	315
	0.12
	46.0
	45.9
	24.9
	123
	13:2 Res



	




	2004 PG115*
	
	334
	0.10
	45.6
	43.8
	22.7
	147
	Scat



	Cliff



	




	1995 TL8
	
	[image: equation]
	0.23
	42.6
	39.6
	33.2
	66
	HC



	1997 CS29
	Sila-Numan
	343
	0.09
	41.9
	41.9
	41.6
	44
	CC



	1999 OX3
	
	[image: equation]
	0.08
	65.8
	65.8
	40.0
	48
	Scat



	1999 RZ253
	Borasisi
	[image: equation]
	0.24
	42.5
	41.3
	38.9
	48
	CC



	1999 TC36
	Lempo
	[image: equation]
	0.08
	50.0
	49.7
	39.5
	49
	3:2 Res



	2002 TC302
	
	[image: equation]
	0.12
	43.9
	41.7
	32.4
	72
	5:2 Res



	2004 PF115
	
	[image: equation]
	0.12
	45.2
	42.6
	42.6
	42
	HC



	2007 JF43
	
	388
	0.08
	48.8
	45.7
	40.4
	47
	3:2 Res



	2007 TY430 -A
	Mors
	<116
	>0.12
	<51.2
	<51.0
	<38.8
	50
	3:2 Res



	2010 VZ98
	
	367
	0.12
	46.8
	46.7
	16.3
	285
	Scat



	




	2000 EB173*
	Huya
	458
	0.08
	51.7
	51.3
	39
	50
	3:2 Res





      

      
Notes. Diameters with uncertainties are taken from the "TNOs Are Cool" survey (Müller et al. 2020). Objects with diameters without uncertainties do not have measured albedos, average albedo from their dynamical class was used with published H-magnitudes to estimate a diameter. Equilibrium temperature at perihelion (q), JWST observation heliocentric distance (JWST) and aphelion (Q) are calculated with Eq. C.1. The 3 distances were taken from JPL Horizons and Q is here given rounded to unity. Dynamical classes are according to Volk & Van Laerhoven (2024).


(*) 2004 PG115 and Huya (2000 EB173) are classified in the other spectral group contrary to their CO2 behaviour as explained in Sect. 2.1.




    

  
    
      Table D.1 

      Experiments performed for this work, all with H+ 30 keV.

      
        


	Initial ice
	Temperature
	Thickness
	Dose



	
	(K)
	(µm)
	(eV/16u)





	CO2
	45
	11.4 ± 1.5
	9±1



	CO2
	45
	9.4± 1.5
	17 ± 3



	CO2
	45
	~0.3*
	6 to 94



	CH3OH:H2O



	(1:0)
	60
	2.6 ± 0.7
	107 ± 29



	(1:0)
	45
	~0.5*
	22 to 192



	(4:1)
	60
	4.9 ± 0.5
	114 ± 26



	(1:1)
	60
	8.6 ± 0.6
	59 ± 4



	(1:1)
	60
	1.9 ± 0.1
	79 ± 4



	(1:1)
	35
	5.4 ± 0.5
	85 ± 8



	(1:1)
	60
	4.5 ± 0.5
	112 ± 12



	(1:1)
	60
	2.8 ± 0.5
	215 ± 38





      

      
(*) Thin film experiments where the impinging ions pass through the ice. All other experiments are thick film experiments where the impinging ions implant into the ice while it is continuously deposited until reaching the thickness reported here.




    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Spectra of ion irradiation experiments on initially pure ices of CO2 (left panel) and CH3OH (right panel). Both CO2 and CH3OH ices were irradiated at 45 K with 30 keV H+ during "thin film" experiments. The spectra of the initial ices are represented in black while the different irradiation steps are represented in shades of blue and green. The multiple bands present in the black initial spectra are all assigned to the unirradiated ice. Dashed grey lines assign molecules or bonds produced by irradiation to new absorptions. In the methanol experiments, the asterisk marks a band to which ethanol, acetone and ethylene glycol can contribute (Öberg et al. 2009b). Spectra from the CH3OH experiments are presented with a Gaussian smoothing (σ = 10) to improve readability when spectra overlap, but calculations for band area and centre were performed on the raw spectra. For readability purposes, not all irradiation steps are shown.

      

    

  
    
      Table E.1 

      Band strengths of the bands of interest for the quantification of CO and CO2 on TNO surfaces and for the experiments performed for this work.

      
        


	For the fundamental stretching of CO at 4.68 µm



	Mixing state
	Temperature
	Band strength
	Reference



	
	(K)
	(×10−17 cm molecule−1)
	





	Pure
	30
	1.10
	(1)



	Pure
	10
	1.10
	(2)



	Pure
	25
	1.12
	(3)



	Pure
	20
	0.87
	(4)



	CO2 :CO (17:1)
	14
	1.10
	(5)



	CO2 :CO (0.8:1)
	14
	1.20
	(5)



	CO in H2O ice
	10
	> 1.50
	(2)



	H2O:CO (20:1)
	10
	1.70
	(6)



	H2O:CO (26:1) and (2.1:1)
	14
	1.10
	(5)



	H2O:CH3OH:CO:NH3 (100:10:1:1)
	10
	0.56
	(7)



	H2O:CH3OH:CO:NH3 (100:50:1:1)
	10
	0.97
	(7)



	




	Value used for this work :
	
	1.10
	



	




	For the ν1 + ν3 combination band of CO2 at 2.70 µm



	Mixing state
	Temperature
	Band strength
	Reference



	
	(K)
	(×10−18 cm molecule−1)
	



	




	Pure
	10
	1.20
	(8)



	Pure
	10
	2.60
	(7)



	Pure
	14-60
	1.40-1.50
	(5)



	Pure
	25
	1.80
	(3)



	Pure
	10
	4.05
	(9)



	CO:CO2 (20:1)
	10
	1.50
	(8)



	CO:CO2 (29:1)
	14
	3.00
	(5)



	CO:CO2 (1.3:1)
	14
	1.50
	(5)



	H2O:CO2 (10:1)
	10
	2.30
	(8)



	H2O:CO2 (1.6:1)
	14
	1.20
	(5)



	




	Value used for this work :
	
	1.80
	





      

      
References. (1) Jiang et al. (1975); (2) Palumbo & Strazzulla (1993); (3) Bouilloud et al. (2015); (4) González Díaz et al. (2022); (5) Gerakines et al. (1995); (6) Sandford et al. (1988); (7) Hudgins et al. (1993); (8) Sandford & Allamandola (1990); (9) Gerakines & Hudson (2015).
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