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ABSTRACT

Aims. We report on the composition of comet C/2021 A1 (Leonard) as measured by CRIRES+, the upgraded high resolution infrared
echelle spectrometer of VLT/ESO. We compare our results with those obtained in the near-UV-visible using TRAPPIST-South.
Methods. C/2021 A1 (Leonard) was observed with CRIRES+ on December 29, 2021 and January 1–3, 2022, and monitored almost
daily using TRAPPIST-South from about mid-December 2021 to the end of January 2022. During the TRAPPIST observations the
comet showed (almost) periodic outbursts, with an estimated interval of about 4.4 days. One of these outbursts occurred close in
time with our CRIRES+ observations on January 1, allowing us to investigate fresh material released from the nucleus. Both data sets
were reduced using established algorithms tailored for each telescope and instrument. The obtained results in the two spectral ranges
were searched for correlations and similarities to compare the primary and secondary species in the coma.
Results. The abundance ratios (with respect to water) of CH3OH, C2H6, and CH4 in C/2021 A1, as measured in the infrared with
CRIRES+, are lower than the average values measured in other comets, suggesting a depletion in organics for this comet. On the
contrary, measurements in the near UV-Visible spectral region obtained close in time with TRAPPIST-South show a C2/CN ratio that
falls in the typical range. The different conclusions that can be reached observing the same comet in different spectral ranges (organic
depleted vs. organic typical) open a series of questions on the processes occurring in the coma. Their comprehensive interpretation
requires deeper investigations in future studies.
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1. Introduction

Comets formed about 4.6 billion years ago in our protoplanetary
disk. After their formation, giant planet orbital migrations con-
tributed to their scattering into their current reservoirs (i.e., the
Oort cloud and the scattered disk of the Kuiper Belt, Gomes et al.
2005; Brasser & Morbidelli 2013; Walsh & Morbidelli 2011).
There, the comet nuclei remained frozen until now, preserving
most of the chemical and mineralogical properties inherited from
their formation site. The comparison between the chemical com-
position of comets and that observed in star formation regions
can thus test the processes that affected the material during the
formation of the Solar System and its early evolution (Lippi et al.
2021; Eistrup et al. 2019).

Taxonomic studies based on infrared observations (2–5 µm)
of primary volatiles (i.e. molecules that sublimate directly from
the surface of an active nucleus) reveal a broad chemical diver-
sity, but with no clear chemical families distinguished among
these bodies (Mumma & Charnley 2011; Lippi et al. 2021; Dello
Russo et al. 2016; Bockelée-Morvan & Biver 2017). Conversely,
optical surveys of photo-dissociated (i.e., secondary) species in
the coma (e.g., OH, NH, CN, C2, C3, and NH2) show two dis-
tinct chemical classes, with about 30% of objects depleted in
the C2/CN ratio (A’Hearn et al. 1995; Cochran et al. 2015; Fink
2009; Opitom 2016; Moulane 2021). Even if it is not unusual

to observe these inconsistencies between infrared (IR) and near-
ultraviolet-visible (near-UV-visible) data, it is still not clear if
observing conditions and diverse reduction approaches influ-
ence the results obtained at different wavelengths. Moreover, the
formation of secondary species from primary ones and the evo-
lution of molecular species in the coma with respect to the helio-
centric distance are still poorly portrayed (Feldman et al. 2004)

Comet C/2021 A1 (Leonard), hereafter C/2021 A1, was
a long-period comet characterized by a retrograde orbit. It
approached the Sun between December 2021 and January 2022
(perihelion at about 0.615 au on January 3, 2022) with a min-
imum geocentric distance of 0.233 au on December 12, 2021.
Close to perihelion, the comet showed a peculiar behavior pre-
senting (almost) periodical outbursts about every 4 days. The
comet started to breakup in mid-December 2022, and disinte-
grated completely at the end of February 2022 (see Fig. 1 and
Jewitt et al. 2023).

Here, we report the molecular abundances of different
organic species retrieved observing C/2021 A1 in the near-
infrared with the CRyogenic high-resolution cross-dispersed
InfraRed Echelle Spectrograph – CRIRES+ (Dorn et al. 2014;
Kaeufl et al. 2004). We compare these results with those of
radicals observed in the optical spectral range during the same
period using the TRAnsiting Planets and PlanetesImals Small
Telescope–South – TRAPPIST-South (Jehin et al. 2011).
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Table 1. CRIRES+ observation log for C/2021 A1.

UT time Rh ∆ ∆̇ Execution time Exposure time Time on source Airmass
dd.mm.yy [au] [au] [km s−1] hh:mm hh:mm min

29.12.2021 0.630 0.681 66.408 00:09–00:53 00:27–00:51 12 2.362
01.01.2022 0.620 0.794 65.923 00:09–01:02 00:29–01:02 15 2.504
03.01.2022 0.615 0.907 64.409 00:18–00:57 00:42–00:57 7 2.659

Notes. Rh is the heliocentric distance; ∆ and ∆̇ are the geocentric distance and geocentric velocity, respectively. Total execution and integration
times are given as a start-stop range. The real integration time on source is also given, as well as the averaged airmass during the comet observations.

Fig. 1. TRAPPIST-South images of C/2021 A1 taken between January
and April 2022 showing the disruption of its nucleus. (Vander Donckt
et al. 2022). Contours at different sigma levels (red) show dissipation
of the dust after the disruption. While there is a well defined optocenter
on January 22 with a > 500 sigma detection at the position computed
by the NASA JPL Horizon API1 (indicated by a yellow cross), only a
diffuse dust leftover without optocenter is observed on April 7, South-
East of the NASA JPL Horizon-predicted position. March 8 shows an
intermediate stage of the disruption. North is up and east is right, and
a 30′′ diameter yellow circle on the bottom left of the images indicates
the scale.

2. Observations and data reduction

2.1. CRIRES+ first reported observation of a comet

CRIRES+ is the European Southern Observatory (ESO) infrared
(0.95–5.3 µm) long-slit cross-dispersed high resolution spectro-
graph situated at the Very Large Telescope (VLT) in Paranal,
and it is an upgraded version of the previous instrument CRIRES
(Kaeufl et al. 2004). As it is now a cross-dispersed echelle spec-
trometer, it allows for a wavelength coverage that is greater by
a factor of ten compared to the previous version; at the same
time, the instrument is still characterized by high spectral resolv-
ing power of 40 000 (80 000) for a slit width of 0.4′′ (0.2′′). A
set of three new detectors provides a large field coverage area

1 https://ssd.jpl.nasa.gov/horizons/app.html

with lower noise, higher quantum efficiency, and lower dark cur-
rent. CRIRES+ is equipped with a multi-application curvature
adaptive optic system (MACAO), which can further increase the
performances of the instrument (Paufique et al. 2004).

We observed comet C/2021 A1 with CRIRES+ over three
nights, as reported in Table 1. During this time, the visual bright-
ness (mv) of the comet oscillated between about 5 and 3, peaking
on December 31st, 2021, when the comet possibly had one of the
many outbursts observed between December 2021 and January
2022 (see Sect. 3.1). For our observations, we used a single set-
ting (L3302) and a slit width of 0.4 arcsec, oriented along the
extended Sun-comet radius vector direction.

The observations were challenging in many regards. First, the
target was not in optimal observing conditions being visible for
only about 30 minutes per night at high airmass and low altitude,
pushing the UT3-VLT telescope to its elevation limit. Second, we
decided to use a nod-off-comet strategy. In fact, standard obser-
vations use a four step nodding sequence along the slit, pointing
on the comet (ABBA sequence) in order to cancel thermal back-
ground and line emissions from Earth’s atmosphere through the
(A1-B1-B2+A2) operation. In our case, considering the extent of
the coma of C/2021 A1 and the current slit length of CRIRES+
(10′′), we instead used an ABBA sequence where A is the comet
and B is the sky, with a separation of 12′′. With this strategy,
we were able to avoid significant subtraction of the comet signal
along the slit, even if (in the case of a highly variable atmo-
sphere) it may result in an improper subtraction of the sky and
higher residual values during the reduction process. Moreover, it
reduces the total time on source resulting in corresponding lower
signal-to-noise. Finally, due to the very high airmass, there was
no particular gain in using the adaptive optics module.

Nevertheless, we were able to acquire high-quality spectra, as
shown in Figs. 2 and 3. Even with a single setting, the increased
wavelength coverage of CRIRES+ allowed us to observe multiple
species (as listed in Table 2) simultaneously with water, which
we used as reference to compute the relative abundances.

We processed all data sets in a systematic way using NASA-
Goddard custom and semi-automated tools that include the
latest procedures for flat-fielding and removal of high dark cur-
rent pixels and cosmic ray hits, along with spatial and spectral
straightening with millipixel precision (cf., Bonev 2005; DiSanti
et al. 2006; Villanueva et al. 2013). Spectral calibration and com-
pensation for telluric absorption was achieved by comparing the
data with highly precise atmospheric radiance and transmittance
models obtained with the Planetary Spectrum Generator (PSG,
Villanueva et al. 2018). Flux calibration was obtained using a
suitable standard star observed closely in time with the comet
and processed with the same algorithms.

For each observing date, the rotational temperature was
retrieved from the analysis of water lines and assumed to be
the same for all the species. Nucleus-centered production rates
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Fig. 2. Example of spectra of comet C/2021 A1 obtained with CRIRES+. From top to bottom: spectra on the left side cover the water region (L3302 –
Order 19), while spectra on the right cover the methane region (L3302 – Order 17). For each plot, the top-most spectrum is the observed and total
model (in red), the gray line below is the modeled transmittance. Each molecular model used to retrieve the presented production rates is shown
in different colors and labeled accordingly. The bottom black line represents the fit residual, while the yellow lines are the ±1σ error. The gaps
between the spectra are due to the gaps between the three detectors of CRIRES+.

were obtained using well established quantum mechanical fluo-
rescence models (see e.g., DiSanti et al. 2006; Villanueva et al.
2012a,b; Lippi et al. 2013; Radeva et al. 2011), using both a
chi-square minimization process based on Levenberg–Marquardt
non-linear fitting algorithm (Villanueva et al. 2011) and a com-
plementary correlation analysis (Bonev 2005). Nucleus-centered
production rates were multiplied by a common growth factor
(accounting for slit losses and aperture effects) retrieved from
the spatial analysis of water lines (for details on the growth fac-
tor formalism, see, e.g., Villanueva et al. 2011 or Appendix B2
in Dello Russo et al. 1998). In our calculations, we assumed a
spherically symmetric uniform outflow vexp = 0.8 R−0.5

h km s−1,
where Rh is the heliocentric distance in au. The final total
production rates and corresponding relative abundances (i.e.,
mixing ratios) with respect to water are reported in Table 2 and
discussed in Sect. 3.2.

2.2. TRAPPIST-South monitoring
Using narrowband and broadband filters, we imaged comet
C/2021 A1 extensively throughout its passage in 2021/2022 with
TRAPPIST-South (Jehin et al. 2011). Regular monitoring with
narrow-band HB comet filters (Farnham et al. 2000) was con-
ducted from late December 2021 through late January 2022,
where we observed the comet on an almost nightly basis (see
Fig. 4). Exposure times varied with the comet’s brightness, but
were typically 1–15 s for broad-band images and 120–600 s
for narrow-band images. Most filters were acquired in sets of
between three and five images, which were used later to look
for short-term changes in the dust and gas activity in the coma
and/or to detect outbursts instantly. When conditions were photo-
metric, we collected observations of HB standard stars (Farnham
et al. 2000) to derive the zero-points in order to calibrate the
absolute flux of the comet.
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Fig. 3. Detection of NH2 and OH* (prompt emission) in CRIRES+ spectra for the three observing dates; one unidentified feature is also visible
(highlighted with a question mark). As in Fig. 2, the topmost is the observed spectrum and total model (in red), the gray line below is the modeled
transmittance. Each molecular model used to retrieve the presented production rates is shown in different colors and labeled accordingly. The
bottom black line represents the fit residual, while the yellow lines are the ±1σ error.

Table 2. CRIRES+ total production rates (Q) and mixing ratios with
respect to water (Qx/QH2O) in C/2021 A1.

Date Molecule Q Qx/QH2O

(dd.mm.yy) [1026 molecules s−1] [%]

29.12.2021 H2O 1213 ± 107 100
CH3OH 6.52 ± 1.46 0.54 ± 0.12

NH3 <7.3 <0.6
H2CO 3.46 ± 0.75 0.29 ± 0.06
C2H6 1.98 ± 0.79 0.16 ± 0.07
CH4 3.24 ± 0.34 0.27 ± 0.03
NH†2 6.75 ± 0.77 0.56 ± 0.06

01.01.2022 H2O 12 590 ± 409 100
CH3OH 47.2 ± 4.2 0.38 ± 0.03

NH3 <93.1 <0.74
H2CO 30 ± 3 0.24 ± 0.02
C2H6 23.6 ± 1.5 0.19 ± 0.01
CH4 28 ± 9 0.222 ± 0.007
HCl 3.93 ± 0.37 0.031 ± 0.003
NH†2 47.0 ± 0.6 0.37 ± 0.01

03.01.22 H2O 7204 ± 341 100
CH3OH 30 ± 5 0.42 ± 0.07

NH3 <42 <0.6
H2CO 17.8 ± 2.2 0.25 ± 0.03
C2H6 15 ± 3 0.21 ± 0.03
CH4 19 ± 1 0.26 ± 0.01
HCl 1.75 ± 0.57 0.024 ± 0.008

NH(†)
2 44.6 ± 0.9 0.62 ± 0.01

Notes. Production rates are calculated for a rotational temperature of
(87 ± 11) K, (102 ± 2) K, and (109 ± 2) K, and a growth factor of
(1.83 ± 0.15), (1.87 ± 0.05), and (2.43 ± 0.10), for the first, second, and
third observing nights, respectively. Upper limits are given at 3σ level
(i.e., 99% confidence level). (†) A secondary species; production rates
for NH2 were verified with the Planetary Spectrum Generator (PSG,
Villanueva et al. 2018), which incorporate a daughter photo-dissociation
model together with the NH2 g-factors (assuming NH3 as the
parent species).

For the data reduction, we followed standard procedures
using frequently updated master bias, flat, and dark frames. The
sky contribution was sampled in a part of the image devoid of
cometary flux and subtracted from the image, and a flux cal-
ibration was performed using standard stars. For the absolute
flux calibration, we used an uncertainty of 5% on the extinction
coefficients in all filters as seen in our long-term observa-
tions of the standard stars. This is almost negligible compared
to the sky level uncertainty at lower airmass, but it becomes
significant at high airmass. We estimated the 3σ level uncer-
tainty on the sky background value and used it to compute
the error on production rates due to the sky subtraction. As
a result, errors given in the following sections are a quadratic
combination of sky background and extinction coefficient
uncertainties.

In order to derive the production rates, we converted the
flux of different gas species (OH, NH, CN, C3, and C2) to
column densities using heliocentric distance and heliocentric
velocity dependent fluorescence efficiencies (Schleicher 2010,
and references therein). The contribution of the dust in each
filter was removed using the procedure described in Farnham
et al. (2000), with dust decontamination coefficients estimated
from the BC dust filter and the dust color computed between the
BC and decontaminated GC dust filters. Similarly, CN images
were decontaminated from C3 contribution. The applied decon-
tamination coefficient were averaged over all the nights, as no
clear trend was observed in the coefficients between the differ-
ent nights. To convert column densities into production rates,
we used a Haser model (Haser 1957) to fit the coma profile
between nucleus distances of ρ = 103.5 to ρ = 104.3 km. We
used for the Haser model the same parameters as A’Hearn et al.
(1995), that is, a constant velocity for daughter and parent species
of 1 km s−1, and the parent and daughter scale lengths pre-
sented in Table 3 that we scaled as the square of the heliocentric
distance.

We derived the A fρ parameter, proxy of dust production
(A’Hearn et al. 1984), from the dust profiles at a nucleus distance
ρ = 10 000 km using the HB comet dust continuum BC, GC and
RC filters and the broad-band B, V, R and I filters. We corrected
the A(θ) fρ from the phase angle effect to obtain A(0) fρ using
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Fig. 4. Production rates of secondary
species (upper four panels) and A(0) fρ
dust activity proxy for R and RC fil-
ters (lowest panel) as measured during the
TRAPPIST-South monitoring. It is possi-
ble to notice different outbursts indicated by
vertical green arrows. Each observed radical
is shown in a different color. Dates cor-
responding to CRIRES+ observations are
indicated with hashed regions, and perihe-
lion with a vertical dashed line.

Table 3. Scale lengths of parents (LP) and daughters (LD) species used
in this work, given at Rh = 1 au (A’Hearn et al. 1995).

Specie LP [km] LD [km]

OH 2.40E+04 1.60E+05
CN 1.30E+04 2.10E+05
C2 2.20E+04 6.60E+04
C3 2.80E+03 2.70E+04
NH 5.00E+04 1.50E+05

the composite phase function by David Schleicher2 normalized
at 0° angle. It is a composite of the two different phase functions
obtained by Schleicher et al. (1998) and Marcus (2007). A(0) fρ
values for the for R and RC filters for December 2021 and Jan-
uary 2022 are shown in the bottom panel of Fig. 4. The overall
production rates and A fρ values measured with TRAPPIST-
South are reported in Tables A.1 and A.2, where the observations
concurring to the CRIRES+’s ones are highlighted in bold.

3. Results and discussion: investigating the nature
of comet C/2021 A1

3.1. The outbursting activity of C/2021 A1

The outbursting activity of C/2021 A1 was important close
to perihelion. We identified at least six outbursts with strong
increase of activity in all gases and dust filters between

2 https://asteroid.lowell.edu/comet/dustphase.html

December 20 and January 11 in the TRAPPIST-South quasi-
daily monitoring (see Fig. 4). By averaging the delay between
those six outbursts, we found the outburst periodicity to be
4.4 ± 1.1 days, with the uncertainty corresponding to the stan-
dard deviation. Ferrin et al. (2022) reported a rotational period
of 6.56 ± 0.10 days obtained from the analysis of C/2021 A1
light curves; from the same analysis, they also suggested that
the comet could be a contact binary with equal size components.
Their retrieved rotational period value is slightly longer but com-
parable to the periodicity we measured for the outbursts, so that
it could be possible that the latter is correlated to the exposure
to solar radiation of the same part of the surface (or of the same
comet component in case of a contact binary). We find no sig-
nificant variation in abundance ratios with the comet’s activity
(see Fig. 7), indicating that the ices driving the outbursts and the
ices driving the secular activity of the comet are homogeneous
in composition or they are the same.

3.2. Production rates and mixing ratios of primary species as
measured with CRIRES+

Comet C/2021 A1 showed a very high activity mainly due to sub-
limation of water ice. The evolution of water production rates as
shown in Table 2 and the corresponding change in the dust con-
tinuum intensity signal in Fig. 2, suggest that one of the many
outbursts occurred in a lapse of time very close to our second
observing night; this is confirmed also by the TRAPPIST obser-
vations. During these outbursts the comet most likely released
fresh material from the inside of its nucleus, but despite this high
activity, the study of primary organic species reveals a comet
characterized by quite low relative abundances of organics com-
pared to median reference values in other comets, as shown in
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Fig. 5. CH3OH Q-branch, H2CO, OH* prompt emission and HCl detection (after continuum subtraction) observed the second observing night
(left) and fluorescence emission lines most likely due to HCl observed in order 16 (right) during the 01.01.2022 and 03.01.2022 (upper and lower
panel, respectively) observing nights. The model (in red) fits the observed lines after the removal of the continuum. The line at about 2864.5 cm−1

is affected by atmospheric residual (the modeled transmittance is below the spectra in cyan), while the line at about 2838.5 cm−1 seems blended
with another species. For all the plots, the yellow line indicates the ±1σ error.

Fig. 6. In fact, while the water lines are particularly bright, it
is almost impossible to identify other typical spectral features
usually observed in similar targets. For example, the CH3OH
Q-branch appeared only faintly during the January 1 outburst
(see Fig. 5).

If we compare our results with the statistics reported in Lippi
et al. (2021, Table 4), we see that for methanol our overall mixing
ratio (0.45±0.03) is much lower than the median one (2.61+1.04

−0.79).
Two hydrocarbons (methane and ethane) were also identified and
showed low mixing ratios (0.22±0.03 and 0.208±0.005, respec-
tively) if compared to the median measured in other comets
(0.65+0.22

−0.29 and 0.78+0.51
−0.37, respectively). The only exceptions to

this trend seem to be H2CO, which showed instead particularly
enriched values (0.26 ± 0.02) vs. (0.08+0.06

−0.02). Our ammonia mea-
surements are affected by very high noise; nevertheless, the most
stringent upper limit for NH3 (<0.6) is slightly smaller than the
median value in comets (0.75+0.28

−0.17).
In the spectra obtained during the second and third observ-

ing nights it is possible to also observe some unidentified lines.
Even if the majority of these lines are most likely due to OH∗
prompt emission, a few seem to correspond to HCl molecular
emissions (see Fig. 5). Unfortunately, not all the expected or
modeled HCl lines were visible in our spectra, and the detected
ones are affected by high noise and/or blended with lines from
other species. Nevertheless, for this molecule we estimate an
average mixing ratio of (0.026 ± 0.003), consistent with pre-
vious reported values in comets (Bockelée-Morvan et al. 2014;
De Keyser et al. 2017) and with the value reported by Faggi
et al. (2023), who observed the same comet a few days after our
observations.

Considering the overall results, we can conclude that from
the IR perspective, comet C/2021 A1 is depleted in almost all the
organics except formaldehyde. A depletion in organics is consis-
tent with a possible primitive composition (i.e., more similar to
ISM composition) for this comet or with a depletion of volatiles

Fig. 6. Comparison of measured mixing ratios in comet C/2021 A1 and
the box statistic as described in Lippi et al. (2021). For each molecule
indicated in the plot, the box is calculated as the range between the 25th
and 75th percentiles, with the horizontal line representing the median
value, computed considering 20 comets. C/2021 A1 data are in magenta,
green, and blue for the first, second, and third observing date, respec-
tively.

due to thermal evolution of the nucleus. Importantly, our results
are comparable with those measured with iSHELL on a neigh-
boring observing period (Faggi et al. 2023), which also showed
an overall organic depletion of the chemical inventory of this
comet, further confirming that these results were not unique to
our observing dates.

3.3. Production rates and mixing ratios of secondary species
as measured with TRAPPIST-South

If we consider the relative abundances among secondary species,
the results show a completely different scenario. In fact,
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Fig. 7. Logarithm of the production rates and dust-to-gas ratios as a function of OH and CN over time around perihelion for comet C/2021 A1. The
dust-to-gas ratio is indicated in cm/molecules/s. The mean values and ranges of abundance ratios corresponding to the typical comets taxonomic
family, as defined by A’Hearn et al. (1995), are indicated in blue; the mean values and ranges for the carbon-depleted family are shown in green
(only for C2). Outburst dates, indicated by blue arrows, are not correlated with significant changes in abundance ratios or dust-to-gas ratios.

Table 4. Average of the logarithm of the production rates and A(0) fρ
values for C/2021 A1 over all the observation nights compared with the
taxonomic groups found by A’Hearn et al. (1995).

C/2021 A1 Typical Depleted
This work A’Hearn et al. (1995)

C2/CN 0.01 ± 0.09 0.06 ± 0.10 −0.61 ± 0.35
CN/OH −2.43 ± 0.09 −2.50 ± 0.18 −2.69 ± 0.14
C2/OH −2.42 ± 0.09 −2.44 ± 0.20 −3.30 ± 0.35
C3/OH −3.37 ± 0.17 −3.59 ± 0.29 −4.18 ± 0.28
NH/OH −1.93 ± 0.08 −2.37 ± 0.27 −2.48 ± 0.34
A(0) fρ/OH −25.00 ± 0.22 −25.82 ± 0.40 −25.30 ± 0.29

Notes. A(0) fρ values were computed from the images taken with the
RC filter.

compared to mean values in the comet population, C/2021 A1
shows typical relative abundances both with respect to OH and
CN (see Fig. 7), according to the taxonomic classification by
A’Hearn et al. (1995) based on the statistical analysis of the com-
position of 85 comets. We find that the comet belongs to the
“typical” group rather than the “carbon-chain depleted” group,
the latter being characterized by a depletion in the species C2 and
C3 with respect to CN and OH. The ratio NH/OH seems to be
enriched with respect to other comets. The dust activity is seen
to increase around perihelion, while the relative compositions of
secondary species did not change during the TRAPPIST-South
monitoring. A comparison between the observed abundance
ratios of secondary species in C/2021 A1 and the taxonomic
groups found by A’Hearn et al. (1995) is given in Table 4.

3.4. Broad discrepancies between parent and daughter
species in C/2021 A1

In Table 5, we show the comparison between some observed pri-
mary and secondary molecules, the latter thought to be produced
by the former through photo-dissociation processes in cometary
comae (Feldman et al. 2004); to include more species, we made
use of additional IR results for HCN and C2H2 as reported in
Faggi et al. (2023) that we compared with TRAPPIST mea-
surements taken on neighboring dates (January 8, 2022; see
Table A.1).

HCN is thought to be the primary source of CN in some
comets, but in the case of C/2021 A1, the relative abundance
measured by Faggi et al. (2023) is not sufficient to explain the
abundance we measured for CN with TRAPPIST-South. This is
not novel in these types of studies, since other comets observed
in the past presented a similar behavior (see, e.g., 8P/Tuttle
Bonev et al. 2008, or 67P/Churyumov-Gerasimenko Hänni et al.
2020). Similarly, if we assume that NH3 is the principal source
of NH2, in turn it can produce NH through single-step photol-
ysis and so, the measured NH2 abundance does agree with the
upper limit we found for NH3, but it is lower than the value
found for NH. Finally, the abundance of acetylene reported in
Faggi et al. (2023) is not sufficient to explain the abundances of
its associated daughter C2 obtained on neighboring dates using
TRAPPIST-South. In all these cases, the differences observed
between the optical and infrared results point to the existence
of still unknown chemical processes in the coma and the need
for additional parent sources for the analyzed daughter species.
Considering that the comet displays a A(0) fρ parameter that is
higher than the average, secondary molecules could also have
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Table 5. Comparisons of relative abundances of secondary and primary
species observed with TRAPPIST-South and CRIRES+, respectively.

Molecule Qx/QOH Qx/QH2O Molecule
(Vis) [%] [%] (IR)

CN (†) 0.36 ± 0.02 0.105 ± 0.007 HCN (‡)

C (†)
2 0.34 ± 0.01 0.085 ± 0.007 C2H (‡)

2
NH 1.20 ± 0.22 <0.6 NH3
NH 1.20 ± 0.22 0.42 ± 0.01 NH2

Notes. (†) TRAPPIST measurements from the 9th of January 2022;
(‡) measurements from Faggi et al. (2023).

sublimated from complex refractory organic material from dust
grains in the coma. Unfortunately, our data set is not sufficient to
investigate this hypothesis in greater detail.

Finally, it is interesting to discuss the differences in the abso-
lute amounts of water and OH. In fact, while the production rates
of the two molecules seem to be consistent before the outburst
observed on the 1st of January 2022 (with OH/H2O ≈ 0.77),
after the outburst the production rate of water increases dramat-
ically, while the OH one remains almost constant (OH/H2O ≈
0.10). The excess of water compared to our OH measurement is
still apparent if we consider the H2O values reported in Faggi
et al. (2023) for January 8 and 9, 2022 (OH/H2O ≈ 0.30). A
rapid increase of water production rate is reported also by Combi
et al. (2023), who retrieved a maximum value of about 2 ×
1029 molecules s−1 on December 29, 2021 using SOHO/Swan
hydrogen Lyman-α observations; this value is consistent with
the OH values measured with TRAPPIST-South on neighboring
dates.
In this regard, the differences that we observe between the
infrared and optical results may be related to the still large
uncertainties in the models that are used to correlate primary
molecules to their photo-dissociation products, especially in case
of outbursting activity where the relation between species would
be better represented with a time-dependent model. Implement-
ing simultaneous multi-wavelength observations as a standard
may help to better understand the processes that are ongoing in
the coma to retrieve more reliable information about the overall
chemical composition of comets.

4. Conclusions

We reported production rates and relative abundances for dif-
ferent primary species in C/2021 A1 as measured by CRIRES+
between the end of December 2021 and beginning of January
2022. We compared these results with those obtained from
the TRAPPIST-South campaign that observed the same comet
during the period between December 2021 and January 2022,
covering about the same dates as CRIRES+.

The chemical composition of this comet displays a
dichotomy: while C/2021 A1 appears depleted in almost all the
organics (with the exception of H2CO), the results in the opti-
cal reveal instead a more typical composition, but with enhanced
NH and dust.

Comet C/2021 A1 was observed almost simultaneously with
CRIRES+ and TRAPPIST-South. Still, the resulting chemical
compositions as retrieved at different wavelengths are in con-
trast, and the reason why is not clear. This highlights the
need of implementing multi-wavelength simultaneous observa-
tions for the next comets, in order to better characterize these

differences and better understand the processes that relate pri-
mary and product species in the coma.
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Appendix A: TRAPPIST-South monitoring results

Here, we report the production rates and A(0)fρ values as
measured during the TRAPPIST-South monitoring campaign.
Simultaneous observations with CRIRES+ are highlighted in
bold. Observations were carried between UT 00:00 and UT
02:00, except for broadband observation before 2021-07-14
(included) that were carried between UT 22:00 and UT 00:00.

Table A.1. OH, CN, C2, C3, and NH production rates of comet C/2021 A1 from the TRAPPIST-South monitoring.

UT Date JD-2450000 ∆T rh ∆ Production rates (molecules/s)
midpoint (days) (au) (au) Q(OH) Q(CN) Q(C2) Q(C3) Q(NH)

2021-12-19 9567.53 -15 0.70 0.35 (6.60±2.30)E28 (2.04±0.22)E26 (2.21±0.14)E26 (2.00±0.47)E25 (5.79±1.12)E26
2021-12-21* 9569.54 -13 0.68 0.42 (9.73±2.24)E28 (3.60±0.30)E26 (3.53±0.17)E26 (3.52±0.68)E25 (1.11±0.14)E27
2021-12-22 9570.54 -12 0.67 0.46 (3.46±0.69)E28 (1.60±0.14)E26 (1.50±0.06)E26 (1.43±0.24)E25 (5.11±0.55)E26
2021-12-23 9571.54 -11 0.66 0.49 (1.89±0.35)E28 (1.04±0.06)E26 (1.05±0.03)E26 (1.22±0.14)E25 (2.41±0.29)E26

2021-12-25* 9573.55 -9 0.65 0.57 (9.35±1.59)E28 (3.55±0.22)E26 (3.17±0.10)E26 (2.94±0.45)E25 (1.22±0.11)E27
2021-12-26 9574.58 -8 0.64 0.61 (2.40±0.18)E26 (2.77±0.10)E26 (3.55±0.41)E25
2021-12-29 9577.55 -5 0.63 0.72 (1.57±0.09)E26 (1.15±0.03)E26 (1.24±0.17)E25 (5.35±0.43)E26
2021-12-30* 9578.55 -4 0.62 0.76 (7.17±0.38)E26 (7.26±0.19)E26 (1.33±0.08)E26 (1.95±0.16)E27
2021-12-31 9579.55 -3 0.62 0.80 (9.33±1.53)E28 (3.85±0.23)E26 (3.32±0.10)E26 (5.17±0.38)E25 (1.15±0.10)E27
2022-01-01 9580.55 -2 0.62 0.83 (1.18±0.19)E29 (4.63±0.27)E26 (4.75±0.14)E26 (7.65±0.64)E25 (1.47±0.15)E27

2022-01-02* 9581.55 -1 0.62 0.87 (1.56±0.26)E29 (5.60±0.33)E26 (5.39±0.16)E26 (7.76±0.61)E25 (1.84±0.17)E27
2022-01-03 9582.55 0 0.61 0.91 (1.06±0.18)E29 (3.80±0.24)E26 (3.40±0.11)E26 (4.25±0.44)E25 (1.27±0.15)E27
2022-01-04 9583.54 1 0.61 0.94 (6.09±1.05)E28 (2.62±0.13)E26 (2.29±0.06)E26 (3.37±0.24)E25 (8.04±0.70)E26
2022-01-05 9584.54 2 0.62 0.98 (3.25±0.60)E28 (1.43±0.08)E26 (1.03±0.04)E26 (1.06±0.15)E25 (4.85±0.49)E26
2022-01-06 9585.54 3 0.62 1.02 (1.93±0.36)E28 (8.34±0.43)E25 (5.25±0.19)E25 (4.00±0.74)E24 (3.06±0.30)E26
2022-01-07 9586.54 4 0.62 1.05 (1.65±0.30)E28 (7.23±0.35)E25 (6.23±0.17)E25 (8.71±0.98)E24 (2.63±0.25)E26

2022-01-08* 9587.54 5 0.62 1.09 (5.00±0.97)E28 (2.31±0.13)E26 (2.83±0.08)E26 (5.63±0.41)E25 (7.03±0.70)E26
2022-01-09 9588.54 6 0.63 1.12 (9.45±1.87)E28 (3.43±0.19)E26 (3.21±0.10)E26 (3.63±0.43)E25 (1.06±0.11)E27
2022-01-12* 9591.53 9 0.64 1.22 (6.45±1.31)E28 (2.82±0.15)E26 (3.90±0.10)E26 (5.09±0.33)E25 (7.93±0.77)E26
2022-01-13 9592.53 10 0.65 1.25 (2.80±0.60)E28 (1.04±0.06)E26 (1.19±0.04)E26 (9.64±1.36)E24 (3.33±0.39)E26
2022-01-17 9596.53 14 0.68 1.37 (2.13±0.53)E28 (8.58±0.59)E25 (9.14±0.37)E25 (1.09±0.17)E25 (2.66±0.38)E26
2022-01-18 9597.54 15 0.69 1.40 (4.38±1.21)E28 (1.47±0.11)E26 (1.79±0.07)E26 (1.86±0.21)E25
2022-01-19 9598.54 16 0.70 1.43 (3.77±1.13)E28 (1.22±0.12)E26 (1.30±0.05)E26 (1.28±0.25)E25 (4.06±0.53)E26
2022-01-20 9599.53 17 0.71 1.45 (2.46±0.78)E28 (7.27±0.61)E25 (1.06±0.05)E26 (1.16±0.15)E25 (2.22±0.33)E26
2022-01-21 9600.53 18 0.72 1.48 (4.70±1.58)E28 (1.15±0.10)E26 (1.40±0.07)E26 (1.31±0.22)E25 (4.26±0.63)E26
2022-01-22 9601.53 19 0.74 1.50 (2.77±1.00)E28 (6.57±0.70)E25 (7.33±0.51)E25 (6.55±2.10)E24 (2.56±0.44)E26
2022-01-23 9602.53 20 0.75 1.53 (5.25±1.99)E28 (1.38±0.12)E26 (1.80±0.09)E26 (2.33±0.32)E25 (4.44±0.78)E26
2022-01-26 9605.53 23 0.78 1.60 (2.00±2.16)E28 (6.89±0.81)E25 (7.97±0.66)E25 (6.16±2.57)E24

Notes. ∆T is the time to perihelion, with negative values indicating pre-perihelion passage, rh is the heliocentric distance of the comet, and ∆ is the
geocentric distance of the comet. Dates when a new outburst was detected are indicated with "*".
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Table A.2. A(0)fρ computed at nucleus distance ρ = 10000 km for comet C/2021 A1 from the TRAPPIST-South monitoring.

UT Date JD-2450000 ∆T rh ∆ A(0)fρ (cm)
midpoint (days) (au) (au) A(0)fρ(B) A(0)fρ(V) A(0)fρ(R) A(0)fρ(I) A(0)fρ(RC) A(0)fρ(GC) A(0)fρ(BC)

2021-04-03 9308.49 -274 4.12 3.62 207±15 262±15 260±11 251±15
2021-04-18 9323.50 -259 3.95 3.58 193±25 259±20 202±13 139±22
2021-05-06 9341.39 -241 3.75 3.59 165±21 184±9 212±11 193±16
2021-05-13 9348.47 -234 3.67 3.60 135±15 143±8 153±8 146±14
2021-06-01 9367.48 -215 3.44 3.62 153±13 192±10 195±9 183±8
2021-06-09 9375.43 -207 3.35 3.63 85±13 109±12 118±7 112±12
2021-06-14 9380.43 -202 3.29 3.63 202±19 231±9 250±10 244±19
2021-06-27 9393.40 -189 3.13 3.62 126±12 213±8 206±6 221±9
2021-07-03 9399.39 -183 3.06 3.61 122±8 146±9 144±10 143±17
2021-07-07 9403.40 -179 3.00 3.59 205±9
2021-07-13 9409.39 -173 2.93 3.57 159±17 172±14 187±9 212±12
2021-07-14 9410.39 -172 2.92 3.56 160±18 130±10 202±11 227±16
2021-12-19 9567.53 -15 0.70 0.35 1341±30 1601±20 1242±10 1257±5 1238±10 906±22

2021-12-21* 9569.54 -13 0.68 0.42 5216±192 6357±130 5707±80 5711±38 5793±44 4583±90 4226±148
2021-12-22 9570.54 -12 0.67 0.46 2079±79 2458±53 1925±36 1891±15 1906±18 1524±36 1359±55
2021-12-23 9571.54 -11 0.66 0.49 1351±68 1505±43 988±29 950±14 965±23 801±32 672±62

2021-12-25* 9573.55 -9 0.65 0.57 8138±47 9635±31 7427±18 7685±8 7870±9 6459±21 5520±32
2021-12-26 9574.58 -8 0.64 0.61 5819±415 7057±283 4831±132 4428±56 4514±66 3862±152 3294±234
2021-12-29 9577.55 -5 0.63 0.72 4188±36 4744±23 3499±15 3542±9 3545±11 2927±15 2434±26
2021-12-30* 9578.55 -4 0.62 0.76 23630±490 27180±316 17604±142 15600±62 16405±71 14848±171 12349±251
2021-12-31 9579.55 -3 0.62 0.80 12096±441 14414±302 9657±150 9284±87 9086±84 7669±156 6398±231
2022-01-01 9580.55 -2 0.62 0.83 17782±176 21845±124 14539±58 13519±27 13360±31 11702±64 9969±97

2022-01-02* 9581.55 -1 0.62 0.87 20353±650 24806±446 16602±205 16020±93 15980±103 13523±238 11346±355
2022-01-03 9582.55 0 0.61 0.91 13761±120 16691±81 10732±36 10003±16 10204±19 8851±42 7405±64
2022-01-04 9583.54 1 0.61 0.94 9854±331 11507±221 7045±99 6649±51 6728±55 5860±111 4695±168
2022-01-05 9584.54 2 0.62 0.98 5483±91 6094±57 4524±29 4555±14 4651±17 3830±35 3377±55
2022-01-06 9585.54 3 0.62 1.02 3709±185 4166±118 3637±76 3638±37 3960±42 3161±86 2767±140
2022-01-07 9586.54 4 0.62 1.05 2970±86 2930±47 1805±31 1747±11 2113±22 1707±31 1422±53

2022-01-08* 9587.54 5 0.62 1.09 15838±209 16958±125 8643±43 7761±18 9443±24 8565±60 7365±91
2022-01-09 9588.54 6 0.63 1.12 18378±1048 20170±646 14024±302 13708±137 14990±168 12710±390 11101±600
2022-01-12* 9591.53 9 0.64 1.22 14751±137 16942±88 9475±34 8329±15 8546±17 7402±38 5947±55
2022-01-13 9592.53 10 0.65 1.25 5198±332 6633±236 4971±121 4917±59 5020±75 3625±127 2897±185
2022-01-17 9596.53 14 0.68 1.37 3856±62 4330±43 2714±23 2440±15 2633±18 2185±22 1932±55
2022-01-18 9597.54 15 0.69 1.40 6177±30 7276±20 4268±8 3709±3 3940±4 2846±16
2022-01-19 9598.54 16 0.70 1.43 5479±388 6383±259 4145±134 3604±51 3884±70 3004±235
2022-01-20 9599.53 17 0.71 1.45 4040±293 5215±211 3671±111 3412±46 3446±58 2214±167
2022-01-21 9600.53 18 0.72 1.48 5829±434 6845±282 4546±118 4073±53 4378±65 3387±219
2022-01-22 9601.53 19 0.74 1.50 3995±201 4650±130 3692±81 3461±32 3652±46 3089±191
2022-01-23 9602.53 20 0.75 1.53 6274±258 7061±162 4565±75 4110±30 4236±39 3541±143
2022-01-26 9605.53 23 0.78 1.60 4264±23 3944±12 3242±52

Notes. ∆T is the time to perihelion, with negative values indicating pre-perihelion passage, rh is the heliocentric distance of the comet, and ∆ is the
geocentric distance of the comet. Dates when a new outburst was detected are indicated with "*".
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