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ABSTRACT

Context. (2060) Chiron is a large centaur that has been reported active on multiple occasions at relatively large heliocentric distances,
including during aphelion passage. Studies of Chiron’s coma during active periods have resulted in the detection of C≡N and CO
outgassing. Additionally, Chiron is surrounded by a disk of debris that varies with time. Significant work remains to be undertaken to
comprehend the activation mechanisms on Chiron and the parent molecules of the gas phases detected.
Aims. This work reports the study of the ices on Chiron’s surface and coma and seeks spectral indicators of volatiles associated with
the activity. Additionally, we discuss how these detections could be related to the activation mechanism for Chiron and, potentially,
other centaurs.
Methods. In July 2023, the James Webb Space Telescope (JWST) observed Chiron when it was active near its aphelion. We present
JWST/NIRSpec spectra from 0.97 to 5.27 µm with a resolving power of ∼1000, and compare them with laboratory data for identifi-
cation of the spectral bands.
Results We report the first detections on Chiron of absorption bands of several volatile ices, including CO2, CO, C2H6, C3H8, and
C2H2. We also confirm the presence of water ice in its amorphous state. A key discovery arising from these data is the detection of
fluorescence emissions of CH4, revealing the presence of a gas coma rich in this hyper-volatile molecule, which we also identify to
be in non-local thermal equilibrium (non-LTE). CO2 gas emission is also detected in the fundamental stretching band at 4.27 µm. We
argue that the presence of CH4 emission is the first proof of the desorption of CH4 due to a density phase transition of amorphous
water ice at low temperature in agreement with the estimated temperature of Chiron during the JWST observations (61 K). Detection
of photolytic and proton irradiation products of CH4 and CO2 on the surface, in the coma ice grains, or in the ring material is also
detected via a forest of absorption features from 3.5 to 5.3 µm.

Key words. techniques: spectroscopic – comets: general – Kuiper belt objects: individual: (2060) Chiron

1. Introduction

(2060) Chiron, Chiron hereafter, a large centaur with a diame-
ter of approximately 215.6 km and a V-band geometric albedo
of 0.16 Fornasier et al. (2013), displays sporadic brightness
increases attributed to episodes of enhanced dust production or
sublimation at distances ranging from 8.5 to 18.8 au (Tholen
1988; Marcialis & Buratti 1993; Lazzaro et al. 1997). A recent
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outburst in 2021, as Chiron approached aphelion, resulted in a
brightness increase of at least 0.6 mag, although its activity level
has since decreased by more than 50% in terms of brightness
(Dobson et al. 2021; Ortiz et al. 2023).

Commonly associated with the presence of volatile ices in
their interior or coma, activity in centaurs is a complex phe-
nomenon that remains to be fully comprehended. Spectroscopy
of Chiron’s surface at λ < 2.2 µm has not definitively revealed
its ice content, but broad absorption bands at 1.5 and 2.02 µm
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suggest water ice mixed with dust, forming a low-albedo,
volatile-ice-poor mantle (Luu et al. 2000). In contrast, the search
for gases in the coma during active periods revealed a more
exotic nature. Bus et al. (1991) reported C≡N outgassing on Chi-
ron at a heliocentric distance of 11.3 au, attributing that emis-
sion to a recent CO2 outburst. Womack & Stern (1999) detected
CO molecules in Chiron’s coma close to its perihelion passage
(r = 8.5 au), proposing sublimation of CO ice as the agent gen-
erating Chiron’s activity. In 2015, Ortiz et al. (2015) reported the
discovery of an unevenly distributed ring of debris encircling
Chiron. Recent observations suggest its material is highly vari-
able (Sickafoose et al. 2023; Ortiz et al. 2023), though its rela-
tionship to surface outbursts remains uncertain.

James Webb Space Telescope (JWST) observations of inac-
tive centaurs have revealed diverse surface compositions, detect-
ing molecules such as H2O, CO2, CH3OH, C≡N, and OCS
(Licandro et al. 2024). Notably, CO, prevalent in about 55% of
the trans-Neptunian objects (TNOs) observed by DiSCo-TNOs
(Pinilla-Alonso et al. 2024; De Prá et al. 2024)), is depleted on
inactive centaurs due to sublimation at the higher surface tem-
peratures in the giant planet region. Additionally, detections of
light hydrocarbons (CH4, C2H2, C2H4, C2H6, etc.) common in
protoplanetary disks have been reported for TNOs larger than
1000 km (Emery et al. 2024). Here, we report detections of ice
and gas species on Chiron using a JWST/NIRSpec spectrum
(0.97–5.27 µm) acquired in 2023, approximately two years after
its last activity outburst.

2. Observations and data reduction

The JWST observed Chiron using the integral field unit (IFU)
of the Near-Infrared Spectrograph (NIRSpec, Jakobsen et al.
2022; Böker et al. 2023). After standard processing via the cal-
ibration pipeline, the IFU spectral cubes consist of 3′′-square
images at different wavelengths, enabling both compositional
and morphological studies. The data were taken as part of the
Cycle 1 Guaranteed Time Observations (GTO) Program 1273
(PI: J. Lunine). Observations were carried out on UT July 12,
2023 when Chiron was at 18.771 au from the Sun, using three
grating-filter combinations: G140M/F100LP (0.97–1.89 µm),
G235M/F140LP (1.66–3.17 µm), and G395M/F290LP (2.87—
5.27 µm), which provide a spectral resolving power of R∼ 1000.
The observations spanned the period from UT 9:25:58 to
10:21:54. A pair of exposures were taken with each grating,
dithered by 0.4 arcsec, up to a total exposure time of 2071.622 s
(see details in Table A.1). To optimize the detector noise perfor-
mance, the NRSIRS2RAPID readout method was used.

The data processing and spectral extraction methodology
(described in A) were identical to that used in other recent stud-
ies of TNOs observed through GTO Programs (see Emery et al.
(2024) and Grundy et al. (2024) for a detailed description). We
show in Figure 1 Chiron’s reflectance spectrum. In Figure 2, we
include the stack of several wavelength slices of the NIRSpec
datacube in the 3.3 µm region (panel a) and one single slice at
3.29691 µm (panel b) for comparison.

3. Results

3.1. Spectral features

The combined spectrum within the range of 0.9–5.2 µm is
shown in Figure 1. The continuum below 2.6 µm shows a
blue slope that is rare in the population of TNOs and cen-
taurs studied with Webb (Pinilla-Alonso et al. 2024; Emery et al.

Fig. 1. Chiron’s spectrum across the full NIRSpec spectral range with
overplotted smoothed version in red. The smoothed version was calcu-
lated with a ten-point boxcar average.

Fig. 2. (a) Stack of six NIRSpec slices at the emission peaks from
3.28975 to 3.31302 µm revealing extended emission around Chiron’s
nucleus, indicating a CH4 coma. (b) Individual data cube slice at
3.29691 µm, in between emission peaks of CH4 gas, shows no exten-
sion beyond a PSF (see Section 3.2 for details). Both (a) and (b) have
the same sky plane dimensions and the projected directions of the Sun
and velocity direction are shown.

2024; Grundy et al. 2024; Licandro et al. 2024). To compare
it with the slope of 59 TNOs and centaurs observed with
JWST/NIRSpec, we calculated the slope of the continuum from
0.9 to 1.2 µm (SIR′1) and from 1.15 to 2.6 µm (SIR′2), normal-
ized at 1.175 µm (where both intervals overlap) following the
definition by Pinilla-Alonso et al. (2024). This results in values
of SIR′1 = –1.270± 0.010 and SIR′2 = –1.025± 0.010%/0.1 µm.

We detect two bands at 1.5 and 2.02 µm above 1.5- and 3.0-
σ, respectively (Figures 1 and 3a). Although they have been
attributed in the literature to water ice overtone and combina-
tion bands, we cannot rule out contributions from –OH, –NH,
and –CH bands in complex organics, as is shown for water-ice-
poor TNOs (Pinilla-Alonso et al. 2024). The broad absorption
between 2.6 and 3.2 µm (Figure 3b) is consistent with the funda-
mental O–H stretching mode in water ice or refractory material,
although N–H could also contribute in this region. The absence
of the 3.1 µm Fresnel reflection peak, typically observed in
TNOs and centaurs with evident water ice (Pinilla-Alonso et al.
2024), implies that any water ice present is predominantly in the
amorphous state. Moreover, the unconfirmed 1.65 µm band (see
Figure C.2a), traditionally used to detect crystalline water ice in
icy bodies, further supports this conclusion.

The analysis of the full profile of the broad 3-µm absorp-
tion reveals additional unique characteristics for Chiron when
compared to other centaurs (Licandro et al. 2024). As is shown
in Figures 3b and 4b, we attribute the bands between 3.35
and 3.55 µm to the –CH and –CH3 stretching and combina-
tion modes of aliphatic hydrocarbons. We consider ethane (3.47,
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Fig. 3. Chiron’s spectrum obtained with the G140M/F100LP (top),
G235M/F140LP (middle), and G395M/F290LP (bottom) grisms of
NIRSpec. Clear attributions for the absorption bands are signaled in
solid blue lines and tentative ones in dotted pink lines. The red dots at
1.5 and 2.0 µm in the top panel represent the 1.5 and 3.0σ error bars,
respectively, calculated with the standard deviation around the center of
each band.

3.4, 3.36 µm) and propane (3.38, 3.48 µm) to be the best can-
didates. Relatively light hydrocarbons can form after irradia-
tion of CH4 mixed with H2O (Hudson et al. 2014; Mifsud et al.
2023). Acetylene (C2H2) might be responsible for the dip at
3.1 µm corresponding to its ν1 and ν3 C-H stretching modes
(Zhang et al. 2023), which are its most active modes in this
wavelength range. Notably, we do not detect the 3.24-µm fea-
ture of ethylene (C2H4). None of these light hydrocarbons have
been detected on centaurs before.

At λ > 3.7 µm, absorptions of –CO– molecules dominate
the spectrum (see Figure 3c). The absorption at 4.09 µm and the
two peaks at 4.2 and 4.3 µm are part of the fundamental anti-
symmetric stretching mode of CO2, observed in TNOs but not
in centaurs, and can be explained by the complex optical prop-
erties of this molecule. The 4.09-µm absorption is attributed by
De Prá et al. (2024) to the Christiansen effect, which minimizes
light scattering in spectral regions in which the real index of

refraction of the ice matches that of the surroundings. Specif-
ically, De Prá et al. (2024) show that the double-peaked shape
of the 4.27-µm band is more evident when CO2 is abundant
and segregated, particularly in high-porosity regimes in which
the CO2 particles are surrounded by a vacuum with a refractive
index of 1. The bands at 2.70 and 2.77 µm correspond, respec-
tively, to the ν1 + ν3 and 2ν2 + ν3 combinations of CO2. These
bands are much deeper than so-far observed in any TNO (see
Figure C.1 and De Prá et al. 2024; Pinilla-Alonso et al. 2024),
suggesting a significant surface abundance of CO2, which is con-
firmed by the detection of the 2ν1 + ν3, ν1 + 2ν2 + ν3, and 4ν2 + ν3
combination bands of this ice at 1.966, 2.012, and 2.070 µm,
respectively (Bernstein et al. 2005). The deep and sharp absorp-
tion at 4.39 µm corresponds to the 13CO2 isotopologue, also
present on CO2–rich TNOs but not previously detected on cen-
taurs (Licandro et al. 2024). Its right shoulder has a different
shape from that seen in CO2-rich TNOs, suggesting the presence
of additional molecules absorbing between 4.4 and 4.5 µm (see
Figures C.1 and C.2b and Appendix B for a tentative attribution).

At 4.68 µm, we identify the fundamental absorption of CO
ice. Chiron’s CO absorption has a symmetrical profile with no
indication of the absorption at ∼4.6 µm associated with cyanates
or isocyanates detected on TNOs (Pinilla-Alonso et al. 2024)
and Enceladus (Villanueva et al. 2023). The small absorption at
4.78 µm coincides with the 13CO vibrational stretching mode of
CO, identified in icy grain mantles of protostars (Boogert et al.
2002) but not previously detected on centaurs or TNOs. How-
ever, HCN is another possibility for this band (Figures 3c or
C.2c). HCN could be connected to the presence of C≡N out-
gassing in previous observations of Chiron’s coma (Bus et al.
1991).

The last strong absorption is a sharp band at 4.89 µm, with
three possible attributions. Carbon trioxide (CO3) is a common
irradiation product of CO2-dominated ices and has its sharp ν1
mode (C=O stretch) at 4.895 µm, coinciding with the band in
our spectrum. OCS has a strong band at 4.88–4.90 µm, depend-
ing on the ice mixture, somewhat broader than CO3. OCS is one
ingredient of protoplanetary ices (McClure et al. 2023) and it
can also be formed by proton-irradiation of water-free or water-
dominated ices containing CO or CO2 as the carbon source
and H2S or SO2 as the sulfur source (Ferrante et al. 2008). The
OCS band is frequently blended with that of CO3 in the pres-
ence of sulfur ices mixed with CO2. In the spectrum of Chiron,
the shape and the position of the band are compatible with the
presence of both OCS and CO3 (Figure C.2c). A third possi-
ble attribution to this band is the 4.84 µm of CO2. However, this
band is much weaker than the bands of OCS or CO3. In fact,
based on the band strength of these materials (Yarnall & Hudson
2022; Martín-Doménech et al. 2015), a 0.01 ratio OCS/CO2 or
of CO3/CO2 would be largely enough to explain the strong
4.9 µm band on Chiron. Additionally, the band area ratio of the
2.7–4.9 µm bands in Chiron’s spectrum (∼4.5) is not compatible
with the band area ratio in laboratory reflectances of pure CO2
(∼70–150), whereas it is in the order of the ratio for reflectances
of irradiated CO2 (∼4.3–4.7), in which the band is attributed to
CO3 (for tentative detection of other ices based on minor absorp-
tion bands at 2.62, 3.82, 3.9, 4.45, and 5.27 µm, see Appendix B).

3.2. Gas species detection

We report the detection of emission features associated with two
gas species in Chiron’s atmosphere. From 3.25 to 3.4 µm, we
observe at least eight emission peaks (see Figure 4b), align-
ing with the P and Q branches of the fluorescence emission of
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Fig. 4. (a) Chiron’s CO2 fundamental band, showing characteristics compatible with both the CO2 absorption band in carbon-ice rich TNOs and
with the CO2 emission band in an active centaur, 39P/Oterma. (b) Chiron’s spectrum compared with reflectances of some light hydrocarbons,
including the comparison with the CH4 fluorescent spectrum.

methane. Also, at the center of the fundamental band of CO2
we report the presence of an emission peak, corresponding to
CO2 gas in the coma (Figure 4a). Our spectrum does not show a
clear detection, above the noise, of CO emission around 4.67 µm;
hence, CH4 and to a lesser extent CO2 dominate the gas phases
in the coma.

Although the observing mode was not optimized for the
detection of extended emission, we clearly show a coma
around Chiron’s nucleus (Figure 2a). This panel shows the
stack of six image slices in CH4 emission peaks at 3.28975,
3.29154, 3.30049, 3.30228, 3.31123, and 3.31302 µm shows
clear extended surface brightness around the nucleus’ point
source detection (Figure 2a). An image slice at 3.29691 µm
(between CH4 emission peaks) is consistent with that of a point
source (Figure 2b). The coma presents a fan shape extending
over ∼180◦, roughly centered near the position angle of the
projected Sun direction, compatible with gas production on or
close to the subsolar point. Two brightness levels can be seen
in the coma, one brightest around the non-resolved nucleus and
a fainter one extending tens of thousands of kilometers toward
the limits of the image. The observed structure is independent of
which CH4 emission peak slices are used to generate the stacked
image. No coma is evident around the CO2 emission region. A
detailed analysis of the structure of the coma is out of the scope
of this Letter and part of a second manuscript.

4. Discussion

Chiron’s distinct attributes, including activity at aphelion and
a ring of material evolving on relatively short timescales
(Sickafoose et al. 2023; Ortiz et al. 2023), pose a challenge to
associating the spectral absorptions and emissions presented in
this work with specific parts of Chiron; that is, the surface
ice, ring material, or icy particles in the coma. However, this
complexity could explain the unique characteristics of Chiron’s
spectrum, deviating from the spectral groups defined based on
Webb observations of TNOs and other centaurs (Licandro et al.
2024). The deep CO2/CO absorptions and the presence of –
CH stretching bands at ∼3.3 µm resemble the main characteris-
tics of double-dip type TNOs, making Chiron the first centaur
with a double-dip type spectrum above 1.2 µm. A significant
unresolved issue, discussed by Licandro et al. (2024), is the

absence of double-dip type centaurs, the most prevalent type in
the JWST-TNOs sample. The authors propose that double-dip
TNOs, rich in CO2 and CO ices, may undergo evolution into
the shallow-type centaurs, characterized by dominance in dust or
refractory material, after entering the giant planet region. There-
fore, if Chiron’s nucleus were a double dip recently injected into
the planetary region, it holds the potential to serve as a represen-
tative specimen for the early surface thermal evolution within
this class of Solar System bodies, rich in carbon volatiles. The
investigation into the secular evolution of Chiron’s nucleus spec-
trum emerges as a crucial avenue of future exploration.

The distinctive blue continuum below 1.2 µm sets Chiron
apart from both TNOs and active centaurs, the latter reported
to be bluer than inactive centaurs but still exhibiting a reddish
hue (Jewitt 2009). This blue color suggests a surface composi-
tion lacking in red complex organics. If Chiron’s surface once
harbored such organics, as is indicated by the reddish slope
observed in the visible spectrum of double-dip type TNOs, their
influence on the spectral reddening appears to have been mit-
igated, possibly by a layer of dust and ices or by the pres-
ence of a bluer coma. Indeed, a blue coma has been docu-
mented for another active centaur, 174P/Echeclus, despite its
red nucleus (Seccull et al. 2019). The authors attribute this col-
oration to the unique composition of 174P’s coma, hinting at
a prevalence of blue dust particles. Similarly, a blue coma in
comet 9P/Tempel 1 has been attributed to water-ice-rich grains
(Beer et al. 2009; Fernández et al. 2007). Beyond compositional
factors, scattering effects (Jewitt 2009), grain size, and viewing
geometry can further obscure the red color in the visible. Taking
all these variables into account, Filacchione et al. 2020 propose
that color variations observed in comet 67P/Churyumov Gerasi-
menko along its orbit are indicative of an orbital water-ice cycle
driven by solar heating. It is conceivable that Chiron’s blue col-
oration similarly reflects a complex cycle in which changes in
surface, ring, and coma compositions over time contribute to the
observed color of the continuum.

Longward of 2.5 µm, the spectrum displays a rich collec-
tion of spectral features. Specifically, we detect fluorescence
emission of CH4 but not absorption bands associated with this
ice. For CO2, less volatile than methane, we observe a com-
bination of gas and ice features. The existence of a reservoir
of volatile ices on or near Chiron’s surface, revealed for the
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first time by this JWST spectrum, is compatible with what
is known about the body’s physical state. First, dynamical
models suggest that Chiron is a recent addition to the plane-
tary region (Levison & Duncan 1994; Dones et al. 1996), which
would imply a low dust-to-ice ratio for its surface composi-
tion (Melita & Licandro 2012). Second, Chiron is a large cen-
taur orbiting the Sun at heliocentric distances exceeding 8.5 au.
Thus, throughout its orbit its equilibrium temperature remains
below 140 K (Prialnik & Jewitt 2022), the temperature at which
water ice transforms into the cubic form leading to a pulse in the
release of trapped volatiles. In particular, the survival of methane
ice accessible for sublimation on Chiron requires that it be mixed
or trapped in water ice, probably below the surface, which would
be consistent with the lack of ice CH4 bands in the spectrum.
Crystallization of water ice has traditionally been claimed to be
a triggering mechanism of activity. However, this process is not
very efficient at large heliocentric distances (Guilbert-Lepoutre
2012; Davidsson 2021). Consequently, a mechanism more suit-
able for the recurrent activity of Chiron close to aphelion has to
be invoked.

Recent laboratory investigations into the desorption of CH4
in amorphous water ice (AWI), with or without the presence
of a refractory mantle (Tamai et al. 2023), reveal a tempera-
ture desorption profile with three peaks at 60, 140, and 160–
180 K, corresponding to three different processes. The first peak,
the low-temperature one, can be attributed to the desorption of
methane during a change in the AWI from a high-density phase
to a low-density one aligning with the estimated temperature of
Chiron during JWST observations (61 K). If the temperature of
the ice is steadily increased, continuous desorption at a lower
rate occurs due to the reorganization of AWI, which causes a
change in the size and shape of the porous structure upon heat-
ing (Cazaux et al. 2015). In the final stages, corresponding to
temperatures found around 10 au, the crystallization of AWI is
expected to become more efficient and increasingly affect the
release of volatile species. However, because of Chiron’s large
perihelion compared to other active centaurs (the median perihe-
lion distance of active centaurs is 5.9 au; Jewitt 2009), we could
expect some CH4 to be preserved, trapped in the AWI in the inner
layers, to be released in successive cycles around the Sun.

The discovery of additional molecules opens a new avenue
to the understanding of the surface of centaurs, in particular the
detection of less volatile species present in laboratory experi-
ments as byproducts of the irradiation of methane, pure or mixed
with water; namely, C2H6, C2H2, and C3H8. While ethane and
ethylene are common in comets (Lippi et al. 2021) and abundant
on Sedna (Emery et al. 2024), the presence of these light hydro-
carbons on centaurs is unprecedented. The case for propane is
even more remarkable as it has never been detected in the ice
phase on small bodies, although its detection in the coma of
67 P (Schuhmann et al. 2019) might imply its presence in the
nucleus. The lack of detection of other irradiation products such
as CH3OH, detected in TNOs, or C2H4, detected in Sedna, pro-
vides valuable insights into the relative abundances of irradia-
tion products. The coexistence on the surface of -CH- molecules
with very different vapor pressures opens the floor for numerical
models of the escape rate of these volatiles at the specific tem-
perature along Chiron’s orbit. Ethane and acetylene can either
be inherited from cold interstellar and outer protoplanetary disk
regions where TNOs formed (Hudson et al. 2014), or formed
much later as radiation products of methane (Bennett et al. 2006)
under conditions similar to Chiron’s environment. The simulta-
neous detection of irradiation byproducts of CO2 and CO, such
as CO3 and other oxides, would support the second scenario. The

interplay of -CH- and -CO- irradiation products results in the for-
mation of carbon complex molecules such as H2CO, CH3CHO,
or CH3COOH. The fact that we do not detect them on Chiron’s
surface could be an indication of some physical or temporal sep-
aration between the reservoirs of CH4 and CO2.

Finally, the emission of CO2, vastly less volatile than CO, in
the absence of CO emission, poses a challenge to an explanation
solely based on sublimation on the surface of Chiron’s nucleus.
Previously, observational studies reported the detection of CO
gas on Chiron at 8.5 au (Womack & Stern 1999). CO ice is now
detected in Chiron’s spectrum at a much larger distance of 18 au.
At the lower temperatures Chiron experiences in its orbit, the rel-
ative volatility of the various ices identified can vary significantly
(even methane and acetylene). Therefore, fully understanding
the loss and transport of these species presents a complex chal-
lenge. To understand why Chiron’s spectrum shows CO2 and
CH4 gas while CO is in the ice form, it may be necessary to
explore intricate scenarios in which the absorption and emissions
of different materials originate in distinct reservoirs on Chiron,
each possessing unique physical or chemical properties. One
conceivable scenario involves ice absorptions originating from
the nucleus at an equilibrium temperature of ∼60 K. Addition-
ally, emission of specific ices on the nucleus may occur around
the subsolar point, at which the temperature reaches ∼90 K. Sub-
limation being restricted to a localized region is supported by the
fan-shaped images of the coma. A second source of sublimation
could be the dust in the coma, which could elevate the temper-
ature of ice particles. In both scenarios, it is plausible that the
amount of CO ice available in that source area was limited and
may now be exhausted. Consequently, CH4 and CO2, being less
volatile than CO, would persist as the dominant ices undergo-
ing sublimation. As a result, the ejection of CO particles from
Chiron’s subsurface would have ceased or become minimal.

5. Conclusions

Our study marks the first detection of CH4 and CO2 active out-
gassing and coma emission on any active object in the Solar Sys-
tem at heliocentric distances of ∼18 au. It also shows unprece-
dented detections of several ices of different volatilities in the
centaur population that contribute valuable insights into the pri-
mordial state of the outer Solar System. The coexistence of these
gases with the ice phase of CO challenges the current paradigm
of activation mechanisms for comets and centaurs, and raises
new questions that could be addressed by future comprehensive
investigations into the gas and ice components. The reflectance
spectrum of Chiron reveals a complex nature that could be a
manifestation of the coexistence of a nucleus, debris ring, and
coma. The presence of irradiation byproducts of CH4, CO2, and
CO in both reducing (e.g., C2H6) and oxidizing (e.g., CO3) con-
ditions adds an extra level of complication. Exploration of sec-
ular variations in Chiron’s spectrum, and careful simulation of
volatile stability and escape rates from Chiron’s surface, could
help determine the triggering mechanism on this peculiar cen-
taur and the alteration degree of its surface under irradiation.
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Table A.1. Observation Details 1

Grating/Filter Date Start Time tint
2

UT UT s

G140M/F100LP 12 Jul 2023 09:25:58 291.8
G235M/F170LP 12 Jul 2023 09:39:50 729.4
G395M/F290LP 12 Jul 2023 10:00:44 1050.4

1 t init: integration time per dither
2 r (heliocentric distance): 18.771 au; ∆ (distance to observer): 18.747
au; phase angle, Sun-target-JWST: 3.140

Appendix A: Reduction of the data

The fully calibrated spectral data cubes, containing stacks of
2D sky-projected wavelength slices, were constructed by run-
ning the raw uncalibrated data files through the first two stages
of Version 1.13.4 of the official JWST calibration pipeline
(Bushouse et al. 2024), with all relevant calibration reference
files drawn from context jwst_1188.pmap of the JWST Calibra-
tion Reference Data System. This version of the JWST calibra-
tion pipeline includes a readnoise correction step based off the
NSClean routine described in (Rauscher 2024). This step of the
pipeline, which is not run by default, was turned on when pro-
cessing the data locally. To extract the spectrum, we utilized the
empirical point spread function (PSF) fitting methodology that
has been applied to other JWST observations of small bodies
(Grundy et al. 2024; Emery et al. 2024). At each wavelength in
the spectral data cube, the local template PSF was constructed
by median-averaging the 10 adjacent slices in both directions,
subtracting the background level, and normalizing the template
to a unit sum. Then, this template PSF was fit to the central
wavelength slice with a scaling factor and a constant background
level. The spectrum presented in this paper was extracted from
a 5x5 pixel square aperture centered on Chiron’s centroid, with
the background region defined as all pixels external to the 11x11
pixel box around Chiron. This PSF fitting process was applied
to each dithered exposure individually, with the final combined
spectrum derived by cleaning 5σ outliers in the individual spec-
tra using a 20-pixel-wide moving median filter and averaging
each dither pair together.

Appendix B: Other bands

There are several small bands identified in the spectrum that
could be explained by irradiation products of CO2 or CO, pure
or mixed with water ice. Carbon suboxide (C3O2, at 2.671 and
4.46 µm Ferrante et al. (2008) see Figures 3b-c and C.2b) has
been proposed by (Huntress et al. 1991) as a source of CO and C
emission in cometary comae. This material has a NIR spectrum
that is sensitive to the effects of dilution in a molecular matrix.
The extreme values of the peak position for the ν3 C3O2 features
cover the 4.43 to 4.59 µm and the width varies greatly, from only
0.02 to 0.2 µm. We find this is a good candidate for the second
absorption on the right of the 13CO2 band (see Figure C.2b).

H2CO3 (carbonic acid) is considered a tentative candidate
for the small band at 3.82 µm, attributed to the O–H stretching,
the strongest in the wavelength range covered by this spectrum.
This acid is a notable byproduct of low-temperature photo- and
ion-radiation of H2O:CO2 ice (Peeters et al. 2010). Notably, car-
bonic acid exhibits a lower vapor pressure than both H2O and
CO2, suggesting potential stability on a planetary surface, given
that the molecule is protected from elevated temperatures and

reactions with NH3 or other bases. While claims of carbonic
acid detection have been made for celestial bodies such as Cal-
listo Johnson et al. 2004, no such detection has been reported in
comets Ahrens et al. 2022.

Finally, other oxides such as C3O, also a candidate for the
4.46 µm band as discussed above, and C2O could be causing
bands in the 4 - 5.3 µm range. Many high-order carbon oxides
have been observed as products of proton irradiation of CO2
(Ferrari et al. 2021) or CO–rich ices (Gerakines & Moore 2001)
in the laboratory although no detection has been claimed for
small icy objects. In particular, Bieler et al. 2015 proposes car-
bon oxides as the origin of the O2 detected in the coma of
67P/Churyumov–Gerasimenko. At low irradiation doses, these
ices could remain stable which would be compatible with a
young-icy surface like the one that we observe for Chiron.

The weak 3.91 µm band could be associated to the S–H
stretching modes in H2S or as a thiol function (–SH) in more
complex molecules (Hudson & Gerakines 2018). H2S has been
detected in, at least, 10 comets (Cochran et al. 2015)and CH3SH
in one, 67/P (Calmonte et al. 2016). Hydrogen sulfide (H2S) has
also tentatively associated with a similar band in some TNOs,
principally those with red colored spectrum below 1.2 µm and a
chemically evolved surface (Pinilla-Alonso et al. 2024).

For the data cube slices where extended emission due to the
presence of a CH4 coma is observed, the PSF-fitting spectral
extraction technique provides an underestimate of the true flux,
as the inherent morphology of those data cube slices is not rep-
resented solely by the PSF (see Figure 2 a and b). For the initial
assessment of the Chiron spectrum we are presenting here we are
only concerned with the presence of the extended emission fea-
tures and not on the precise CH4 production rate measurements,
so the PSF-fitting approach minimally impacts our results.

To obtain the reflectance spectrum, the irradiance spectrum
of Chiron was divided by the analogously extracted spectrum
of the solar analog star P330E (obtained as part of JWST Cali-
bration Program 1538). The aperture size in the stellar spectrum
extraction was chosen to match the corresponding size used for
the Chiron observation. Chiron’s reflectance spectrum is shown
in figure 1 normalized at 2.6 µm for a better comparison with
spectra of other TNOs and centaurs obtained with Webb.

Appendix C: Implication of a fan-shaped coma

The fan-shaped CH4 gas coma morphology directed to the north-
east, on the sunward side of the nucleus, suggests a localized
source on or near Chiron’s surface that is responding directly
to the insolation. The lack of a circularly symmetric extended
emission centered on the nucleus’ location due to the CH4 flu-
orescence suggests that the source of the CH4 gas coma is not
from an extended icy-grain halo surrounding Chiron.

Further evidence against an icy-grain coma source for the
CH4 emission is the lack of extended emission present in data
cube slices at wavelengths just short of and longward of the
CH4 emission band (see Figure 2b), indicating the lack of a
corresponding icy-grain coma. If the source of the CH4 gas
molecules was due to sublimation from icy grains in an extended
coma source one would expect to detect a corresponding surface
brightness outside of the CH4 emission band due to the presence
of this icy-grain coma material.
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Table B.1. Band detections and corresponding attribution on Chiron’s Spectrum. See 3.1 and B for details.

λ (µm) ν (cm−1) Detection Species Attribution

1.4–1.7 7143–5882 F H2O, –OH (tholins) M
1.97, 2.01, 2.07 5076, 4975, 4831 F CO2 F
1.93–2.13 5181–4695 F H2O, –OH (tholins) M
2.62 3817 F C3O T
2.69, 2.775 3717.5, 3604 F CO2 F
3.095 3231 F H2O F
3.193 3132 T HCN F
3.279, 3.290, 3.300, 3.313 3048,3039.5,3030,3018 F CH4 F1

3.375,3.40,3.483 2963,2971,2871 F C2H6,C3H8 M2

3.825 2614 T3 H2CO3 T
3.9 2564 T3 H2S T
4.1–4.3 2439–2326 F CO2 F
4.15 2409 F C3O2 T
4.23–4.29 2364–2331 F CO2 F4

4.378 2284 F 13CO2 F
4.396–4.488 2275–2228 F C3O2/C3O T/M
4.673 2140 F CO F
4.78 2092 F 13CO/HCN M
4.89 2045 F CO3/OCS M
5.016–5.25 1994–1905 T Carbon Oxides T

Detections or Attributions F = Firm; T = tentative; M = multiple possible contributions
(1) Fluorescent Emission
(2) –CH Aliphatic stretching, light hydrocarbons
(3) Confirmed by GO–2 Webb DDT observations in different epoch (personal communication)
(4) Ice absorption & emission from CO2 gas in the coma

Fig. C.1. Spectrum of Chiron over the full spectra range covered by NIRSpec and the medium resolution grisms compared with the Bowl and
double-dip type TNOs.
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Fig. C.2. Ice detections in Chiron’s spectrum. (a) Chiron’s spectrum compared to the median of the Bowl- and double-dip type TNOs
(Pinilla-Alonso et al. 2024). We also include the reflectance spectrum of amorphous and crystalline water ice (Mastrapa 2010), CO2 (Henault per-
sonal communication), and tholins formed from irradiation -NH and -CH ices (Henault personal communication). The three colored reflectances
have been divided by their continuum between 1.1 and 2.5 µm for a better visual comparison of the 1.5 and 2.0 µm absorption bands. Chiron’s
smooth spectrum appears in red in the G140M/F100LP (0.97–1.89 µm) wavelength range to better compare with the profile of the amorphous and
crystalline water ice band at 1.52 µm. (b) Chiron’s spectrum compared to the spectrum of the irradiation products of pure CO at 16 and 40 K from
(Palumbo et al. 2008). (c) Chiron’s spectrum compared with reflectance of HCN pure (Moore et al. 2010) and mixed with H2O (Gerakines et al.
2022), CO3 (Ferrante et al. 2008) and OCS (Ferrante et al. 2008). All the reflectances have been rescaled and shifted vertically for clarity.
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