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Abstract

The proposed CUBES spectrograph for ESO’s Very Large Telescope will be
an exceptionally powerful instrument for the study of comets. The gas coma of a
comet contains a large number of emission features in the near-UV range covered
by CUBES (305-400 nm), which are diagnostic of the composition of the ices in its
nucleus and the chemistry in the coma. Production rates and relative ratios between
different species reveal how much ice is present and inform models of the conditions
in the early solar system. In particular, CUBES will lead to advances in detection of
water from very faint comets, revealing how much ice may be hidden in the main
asteroid belt, and in measuring isotopic and molecular composition ratios in a much
wider range of comets than currently possible, provide constraints on their formation
temperatures. CUBES will also be sensitive to emissions from gaseous metals (e.g.,
Fel and Nil), which have recently been identified in comets and offer an entirely new
area of investigation to understand these enigmatic objects.
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1 Introduction

Comets are key bodies to study the formation and evolution of the solar system.
They were formed about 4.6 billion years ago and have remained mainly unpro-
cessed ever since. Cometary ices thus retain invaluable clues about the conditions
prevailing in the early solar system. Comets are also of great interest from the astro-
biology point of view as potential vectors to deliver water to the early Earth. Comets
are now stored in two main reservoirs: the Kuiper Belt beyond the orbit of Neptune,
and the Oort Cloud at the very edge of the solar system. A third reservoir of comets
was also identified recently in the main asteroid belt, between the orbits of Mars and
Jupiter.

The composition of cometary ices is often studied through the observation of the
coma, the atmosphere around the comet created by the sublimation of nuclear ices
when the comet is sufficiently close to the Sun. Numerous species can be detected
through visible spectroscopy of the comae of comets, in particular in the near-UV
region. For instance, a typical comet spectrum over the 305-420 nm range is shown
in Fig. 1, with strong emission bands from OH, NH, and CN. Emissions from sev-
eral ions (COJ, CO™, and N7) and metals (Fel and Nil) can also be detected at these
wavelengths.

Improved spectral sensitivity at near-UV wavelengths will enable considerable
progress in the study of cometary ices, their composition, and the formation and
evolution of planetesimals in the early solar system. To deliver significantly better
performance at these short wavelengths the new Cassegrain U-Band Efficient Spec-
trograph (CUBES) instrument is now in development for the Very Large Telescope
(VLT). The CUBES design is optimised for efficiency in the near-UV (305-400 nm,
with a goal of 300-420 nm) range. This will give a higher transmittance than cur-
rent near-UV spectrographs, enabling a deeper search for water in the asteroid belt,
measurement of the D/H ratio in the comae of comets, measurement of the N,/CO
ratio in a number of comets, and more sensitive detection of gaseous iron and nickel
in comets.
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The CUBES project completed its Phase A conceptual design in mid 2021, and
will move into the construction phase in 2022; technical details of the design are
outlined elsewhere in this volume [1]. A key aspect of the design for cometary
observations is the provision of two resolving powers by using two (exchangeable)
image slicers, each with six slices [2]. These provide a high-resolution (HR) mode
with R> 22 000, with an on-sky field of view of 1.5” x 10” (and a slice-width of
0.25"), and a low-resolution (LR) mode with R> 5 000, with a larger field on the sky
of 6" x 10" (and 1" slices).

In this article we introduce the topics where CUBES will provide exciting new
capabilities for cometary science, supported by quantitative performance predictions
calculated with simulation tools developed during the Phase A study [3].

2 Searching for water in the asteroid belt

The search for water in our solar system is far from complete and is tremendously
difficult to undertake from ground-based facilities given the large water content of
Earth’s atmosphere. Detecting ice on the surface of distant bodies can be achieved
with infrared spectroscopy, but only for the largest/brightest objects. For smaller
bodies that are too faint to study directly, and/or objects closer to the Sun where any
remaining ice is sub-surface, we must look for outgassing water in the coma.

Water itself can be detected through vibrational bands at infrared (IR) wave-
lengths but because of the telluric absorption from water in the Earth’s atmosphere,
most IR transitions can only be observed with space-based telescopes. Some tran-
sitions from ‘hot bands’ can be observed using ground-based, high-resolution IR
spectrographs such as NIRSPEC on the Keck telescope or CRIRES on the VLT (see
e.g. [4]). Similarly, rotational transitions can be detected at sub-millimeter wave-
lengths but, due to atmospheric absorption, have mostly been observed with space
telescopes. The water content of cometary nuclei can also be estimated by observ-
ing water photo-dissociation products: OH, O, and H. The OH (hydroxyl) radical is
a widely used proxy of water vapour in the coma. It has a very strong fluorescence
A?Z*-X*z (0-0) emission band around 308 nm in the near-UV, as can be seen in
Fig. 1. Observations of the 18 cm A-doublet OH at radio wavelengths as well as for-
bidden oxygen lines [OI] (in particular the doublet around 630 nm) have been used
in the past to estimate the water production of comets [5]. Observations of forbid-
den oxygen lines have proved to be sensitive to low levels of water production, but
they can also be produced by CO or CO, photo-dissociation, making it a less secure
proxy for water detection, especially for distant targets. Finally, H (Lyman-a) emis-
sion can be observed in the far-UV but requires the use of space telescopes.

In their review about main belt comets (MBCs) and ice in the solar system, [6]
discussed the various methods that can be used to detect water around MBCs and
compare their efficiencies. They identified the OH band at 308 nm as one of the
most promising features to detect water vapour around a MBC. While observations
of H (Lyman-e) in the far-UV or H,O directly in the IR from space would be more
sensitive, they will be substantially more expensive.
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The OH A-X (0-0) band is currently only observable for relatively active comets
while near the Sun and Earth due to a lack of sensitivity of existing instruments at
these UV wavelengths. This severely limits studies of water production in comets
around their orbits and we miss the seasonal effects that the Rosetta mission has
recently revealed to be important (e.g. [7]). It also prevents study of the vast major-
ity of comets which are simply too faint. Even more tantalising are studies of MBCs
— bodies in asteroidal orbits that are seen to undergo activity (usually detected by a
dust tail or trail) which is thought to arise from sublimation (e.g. recurrent activity
near perihelion). They have typical sizes (km-scale or smaller) that are very com-
mon in the asteroid belt, so detection of outgassing water would point to a poten-
tially large population of icy bodies, hence a large reservoir of water, of considerable
interest in the context of models of the formation and evolution of the inner solar
system [8]. Even though sublimation of water ice is the most likely explanation for
their activity, water has yet to be detected around a MBC. Confirming the presence
of water ice in MBCs would allow us to at least place some constraint on the dust-
to-ice ratio of MBCs and to investigate whether they formed in-situ, similarly to
some ice-rich asteroids, which would have implications on the position of the snow
line and the conditions prevailing in the proto-planetary disk at the time of their
formation, or if they formed in the outer solar system and were implanted later on
in the asteroid belt, which must be reproduced by solar system dynamical evolution
models [9].

Observations of the 308 nm OH A-X (0-0) band in MBCs require a high through-
put near the atmospheric cut-off. So far, the OH (0-0) band has been observed using
either narrow-band filters or spectrographs. Even if narrow-band filters coupled with
photometers or CCDs are very efficient to detect OH in faintly active objects, no
narrow-band filters are currently installed on 8-m class telescopes. In addition, spec-
troscopy offers the advantage of making the removal of the underlying dust con-
tinuum easier. The observation of a MBC with the VLT/X-Shooter spectrograph
shown in Fig. 2 produced only upper limits to OH emission [10], so the through-
put of a new UV spectrograph needs to be significantly better at this wavelength
than that for the bluest order of X-Shooter. The 2.5h integration of the MBC P/2012

Fig.2 X-Shooter spectrum 0.6
of main belt comet P/2012 0.5
T1 (black) from [10]. The red 7
curve is an artificial spectrum :T( 0.4
of P/2012 T1 produced with the 03
Planetary Spectrum Generator ‘E '
[11] for a water production rate S 0.2
of 5 x 10% molecules/s. Signifi- =
cantly better signal-to-noise is o 01
needed in the near UV to search T: 0.0
for very weak outgassing of OH =
by main belt comets x -01
* 02
-0.3
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Wavelength (nm)

@ Springer



Experimental Astronomy (2023) 55:59-73 63

T1 (PANSTARRS) shown in Fig. 2 led to an upper limit of the water production
rate of 8 x 10 molecules/s [10], while estimates of the expected water production
rates based on the energy balance or the dust production rate for a typical MBC are
between half and two orders of magnitudes lower, in the range 2x 10% to 5x 10%
molecules/s [10].

The detection of water through the OH (0-0) band at 308 nm does not require
high spectroscopic resolution and is one of the cases that motivated the inclusion of
the LR mode (with a wider entrance slit) in the CUBES design. Indeed, at heliocen-
tric distances of up to several au comets are extended objects, spanning from a few
arcseconds to several arcminutes, or even degrees for the most extended targets. The
LR mode, with a larger on-sky field of view will deliver greater sensitivity in the
search for water in solar system objects by increasing the amount of light from the
source entering the instrument.

To estimate the performance of CUBES in terms of water detection, we created
artificial spectra of MBCs with a range of water production rates (1 x 10** to 5 x
10% molecules/s) using the Planetary Spectrum Generator [11]. We used a dust-to-
gas ratio of 1, the typical water lifetime from [12], and realistic observing circum-
stances for comet 133P. We fed these spectra into the CUBES end-to-end simulator
[3] for the HR mode and verified for which water production level we could recover
a clear detection (>30) of individual lines of the OH A-X (0-0) band. From our
tests we estimated that we should detect a OH production rate as low as 5 x 10%*
molecules/s in a 2h integration on the MBC 133P at perihelion. This is a factor of
ten lower than the current upper limits based on attempts to directly detect water or
water dissociation products in the coma of a MBC with the Herschel space observa-
tory or VLT/X-Shooter (see e.g. [6]). The estimated water production rate of 133P
is between 1.6 x 10** molecules/s (predicted from the energy balance at the comet)
and of the order of 5 x 10% molecules/s (based on dust production rates) [6]. We
performed similar simulations for the MBC P/2012 T1, and Fig. 3 shows the simu-
lated observations for 1h integrations for total water production rates of 2.5 x 10%
and 8 x 10** molecules/s. This demonstrates that CUBES would be able to detect
water at least at a level ten times lower than the upper limit set with X-Shooter.

Depending on the actual water production rate of a given MBC, 2h integrations
with CUBES should allow us to detect OH directly or, in the worst-case scenario, to
put more definitive upper limits than those currently available, and at least rule out
some proposed models for MBC activity. Simulations with the CUBES exposure
time calculator [3] show that, even for a moderately extended object of a few arcsec-
onds, using the LR mode would give a gain of more than a factor of two in signal-
to-noise at the wavelength of the OH band compared to the HR simulations outlined
above, allowing detection of even lower levels of water production.

In addition to detecting water in the main belt, the high sensitivity of CUBES at
the wavelength of the OH band presents an opportunity to measure water production
rates in distant comets. With current facilities, water is usually only detected out to
about 3 au. Cometary activity has been detected out to more than 20 au pre-perihe-
lion (and even more for C/1995 O1 Hale-Bopp post-perihelion), distances at which
it is likely driven by ices more volatile than water such as CO or CO, [13-15]. How-
ever, the activity of distant comets and the transition between water-driven activity

@ Springer



64 Experimental Astronomy (2023) 55:59-73

Q(H20)=5x10%> molecules/s Q(H,0)=8x10%* molecules/s
120000 120000
100000 100000
€
£ 80000 80000
<
]
2
k] 60000 60000
=4
[
o
X
5 40000 40000
i
20000 20000

DL O |

308.00 308.25 308. 50 308.75 309.00 309.25 309 50 309.75 310. 00 308.00 308.25 308.50 308.75 309.00 309.25 309.50 309.75 310.00
Wavelength (nm)

Fig.3 Simulated extracted spectra of main belt comet P/2012 T1 with CUBES around the peak of the
OH band for water production rates of 2.5 X 10% and 8 x 10** molecules/s. The simulated comet spectra
was produced using the Planetary Spectrum Generator [11] combined with the CUBES end-to-end simu-
lator [3]

and activity driven by more volatile ices is still poorly understood. The capacity
to detect OH in the comae of comets at larger distances from the Sun enabled by
CUBES will provide critical insights into the activity of distant comets. CUBES’
timeline and sensitivity will also make it a powerful tool to characterize potential
targets of the Comet Interceptor mission [16], to be launched in 2029 and whose
target will be selected while far away from the Sun.

3 Measuring the D/H ratio in the comae of comets

Isotopic abundance ratios measured in cometary material are particularly important
to decipher conditions prevailing in the early solar system as they are very sensitive
to local physico-chemical conditions through fractionation processes [17]. The deu-
terium to hydrogen (D/H) ratio has a particular importance as it is used to investi-
gate the fate of water in the solar system and the origin of terrestrial water. Measure-
ments of the D/H ratio in cometary water have only been performed so far for just
over a dozen comets — unusually bright ones, or two measured in sifu by spacecraft.
The first measurements in long-period comets, originating from the Oort Cloud,
revealed values about twice larger than that measured for the Earth’s oceans [17]. In
contrast, measurements of the D/H ratio in Jupiter Family comets (coming from the
Kuiper Belt) originally revealed a value consistent with the Earth’s oceans [18, 19].
However subsequent measurements, including those performed by the Rosetta mis-
sion in the coma of 67P/Churyumov-Gerasimenko, suggested that a similar diver-
sity of the D/H ratio exists for both families of comets [20-22]. Figure 4 shows the
diversity of D/H ratio measurements in cometary water. This diversity is currently
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Fig.4 D/H ratios measured in cometary water for different types of comets: JFC (Jupiter Family Com-
ets), HTC (Halley Type Comets), OCC (Oort Cloud Comets). Values from [17, 22, 23]. Different sym-
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(Herschel space telescope or SOFIA); diamonds — sub-mm spectroscopy; stars — high-resolution near-IR
spectroscopy; hexagon — high-resolution UV spectroscopy; triangle — HST far-UV spectroscopy

being interpreted as comets forming over a wide range of distances from the young
Sun before being scattered to their current reservoirs, e.g. the Oort Cloud or the Kui-
per Belt.

The main problem in interpreting the current measurements of D/H ratios in
comets is that most of them have been performed with different instruments, over
different wavelength ranges, and focusing on different molecules (H,O or its dis-
sociation products). The symbols in Fig. 4 reflect measurements made with different
techniques. The measurements thus lack homogeneity and might suffer from system-
atics, due to different instruments/techniques and using different models to derive
the D/H ratio. Measurement of the D/H ratio with different techniques for the same
comet has only been done for a single comet: C/2014 Q2 (Lovejoy) [21, 23]. As can
be seen in Fig. 4, these two values are different by about a factor two. This illustrates
the need to measure the D/H ratio consistently for a sample of comets with a single
instrument. This is the only way to allow for a reliable comparison between comets
while avoiding potential systematic effects from different techniques.

The D/H ratio in cometary water can be measured from the ground in the near-
UV using the bright OH and OD A-X (0-0) and (1-1) bands around 308 and 312
nm. Currently, this has only been done for comet C/2002 T7 (LINEAR), represented
by the purple hexagon in Fig. 4 [24], because of the lack of sensitivity of near-UV
high resolution spectrographs. A high-efficiency spectrograph down to 305 nm will
open-up completely new opportunities for the measurement of D/H in comets from
ground-based observations of OD/OH. Additionally, a resolving power of R> 20
000 (corresponding to A4 > 0.01 nm) is adequate to identify the lines. Indeed, the
OH and OD lines from the A-X (0-0) and (1-1) bands are separated by 44 2 1 nm
[24]. The high spectral resolution of CUBES compared to the resolution necessary
to separate the two isotopes will be useful to avoid chance coincidences between OD
and other OH lines. By using a fluorescence model to retrieve the OD/OH isotopic

@ Springer



66 Experimental Astronomy (2023) 55:59-73

ratio, we can then estimate D/H in cometary water [24]. With its high sensitivity,
CUBES could also allow us to measure the D/H ratio for the first time in an inter-
stellar object like 2I/Borisov, which would provide crucial information about the
planetary formation process in its origin system. While photodissociation products
of water were detected in the coma of 2I/Borisov [25-27], it was not active or bright
enough for measurements of the D/H ratio with current facilities.

Simulated spectra created with the Planetary Spectrum Generator [11] for a
comet of typical composition and dust-to gas ratio of 1 show that for a comet with
a total gas production rate of 3 x 10*® molecules/s and assuming the ratio OD/OH
found by [24] (4% 10™%), the strongest OD lines at 307.5 nm [28] should have a flux
density of the same order of magnitude of a typical OH band from a comet with a
water production rate of 5 X 10** molecules/s, which we have shown above we can
detect with CUBES even for a comet in the main belt. Given that the fluorescence
efficiency of OD relative to OH strongly depends on the heliocentric velocity of the
comet [28], we assumed the most favourable heliocentric velocity for OD detec-
tion and this yields a fluorescence efficiency of 1.77 x 10~ erg/s/molecule for the
strongest OD line. In such favourable conditions we should be able to detect OD for
water production rates of at least 3 x 10%® molecules/s with about a 2h integration
time with CUBES. Currently, D/H ratios can only be measured with UVES for com-
ets with a water production rate of about 10> molecules/s, so CUBES will signifi-
cantly improve our ability to measure its ratio in cometary water.

4 Measuring the N,/CO ratio in comets

The ratio between molecular nitrogen and carbon monoxide abundances (N,/CO) in
cometary ices is very sensitive to the formation temperature of comets. Measuring
this ratio is therefore important to decipher models of planetesimal formation and
constrain the physical properties of the solar nebula at the time of comet formation.
This ratio has only been estimated for a handful of comets so far, because N, is very
difficult to detect directly with ground-based observatories. The only direct meas-
urement of the ratio was made for comet 67P/Churyumov-Gerasimenko from mass
spectroscopy with the ROSINA instrument onboard Rosetta [29, 30]. However, the
N,/CO ratio can also be indirectly estimated by measuring the ratio between the N7
and CO" ions, produced by the ionisation of N, and CO in the comae of comets (we
note that CO™ can also be produced by the photo-dissociation of CO,). The N7 and
CO™ ions both have several emission bands in the blue part of the visible spectrum,
with the brightest located around 391 nm for NI (B*Z} — Xng (0-0) band) and
around 378, 400, and 425 nm for the CO*A’r — X% 4,0), (3,0), and (2,0) bands
(see Fig. 5).

Simultaneous detection of the N; and CO™ emission bands is hard to achieve
because the intensity of the emission bands is usually low compared to other spe-
cies detected in the visible spectrum of comets. Detection of the N; emission band
at 391 nm was claimed for a few comets in the 1990s but these detections were con-
tested because of potential confusion with atmospheric N; emission. More reliable
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detections were only reported recently for comets C/2002 VQ94 (LINEAR), 29P/
Schwassmann-Wachmann 1, and C/2016 R2 (PANSTARRS) [32-34]. The reason
why N; emission has only been detected in a handful of comets is likely a combina-
tion of the low sensitivity of most high-resolution spectrographs in the near-UV and
lower N, abundance or ionisation in some comets.

A major challenge in trying to detect N; in cometary comae is the difficulty in
separating the cometary emission from N; emission coming from the Earth’s atmos-
phere. High spectral resolution observations are required to separate the cometary
and telluric components, where R ~ 20 000 (i.e. velocity resolution of ~15 km s~ 1)
is sufficient for a significant range of geocentric velocities (e.g. [35]).

In addition to CO™ and Nj, the COJ ion also has emission bands ((0,0,0)
A, 5/, = (0,0,0)X?M0, ; /, and (0,0,0)A%I1, 5, — (0,0,0)X?I1, 3 5) in the 350-365
nm range. CO;r can serve as a proxy to estimate the CO, abundance in cometary
ices, a measurement that is very difficult to perform as CO, can only be detected
directly from space.

Estimating the abundance of neutral species in the coma of comets using ions
is not straightforward. Ions have a spatial distribution in the coma very different
from neutrals because they are accelerated by the solar wind and this needs to be
accounted for to retrieve abundances of neutrals [36]. Whether the ions can be used
to derive the abundance of neutral species also depends on if the ions are mainly
produced through photoionization of the corresponding neutrals or if they are pro-
duced through other processes like ion—neutral chemistry. For example, for comet
C/2016 R2 (PANSTARRS), it has be shown that the CO; was also produced through
charge exchange between CO™ and CO,, indicating that for comets with very high
CO abundances, CO; might not be a reliable indicator of the CO, abundance [37].

Nevertheless, in spite of these caveats, ions emission bands observed at opti-
cal wavelengths have proven very useful in the past to estimate the relative abun-
dance of difficult to observe neutrals in the coma of comets, and in particular the
N,/CO ratio [32-34]. The high sensitivity of CUBES over the 300-400 nm range
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will enable estimates of the N,/CO ratio of a sample of comets from different fami-
lies, providing constraints on their formation conditions. It will also allow us to per-
form the same measurement on interstellar comets that were formed in very different
environments.

5 Metals in the comae of comets

Until recently, heavier elements such as iron and nickel were only observed in the
comae of comets passing very close to the Sun when temperatures are sufficiently
high to sublimate refractory material [38]. However, neutral Fel and Nil emission
lines have been found to be very common in the coma of comets as far as 3.25 au
from the Sun [39]. These lines are located in the CUBES wavelength range, as
shown by the spectrum of the coma of comet C/2016 R2 (PANSTARRS) in Fig. 6.
The Fel and Nil emission lines were also detected in the coma of the interstellar
comet 2I/Borisov [25, 40]. To date, there are no apparent differences between the
Nil/Fel ratio in the comae of solar system comets compared to those of 2I/Borisov,
nor between different families of solar system comets [39]. However, the uncertain-
ties on these estimates are quite large and greater near-UV sensitivity is needed to
improve the quality of these measurements.

The detection of Nil and Fel lines in a large number of comets poses very inter-
esting questions. The first is how iron and nickel are released in the coma at the rela-
tively low temperatures prevailing at several au from the Sun. Sulphides, organome-
tallic complexes (e.g. [Fe(PAH)]*), or carbonyls (e.g. Fe(CO); and Ni(CO),) have
been suggested as potential reservoirs for the gaseous Fel and Nil [39]. Carbonyls in
particular are expected to sublimate at temperatures as low as a few hundred kelvins.
However, no consensus on the origin of Fel and Nil has been reached. Chromium
is the next most abundant metal in the Sun after nickel. If carbonyls are the main
iron and nickel reservoir, simulations that take into account the sublimation rate of
Cr(CO), indicate that Crl could be as much as 10 000 times less abundant than Fel

Fig.6 Spectrum of comet 164
C/2016 R2 (PANSTARRS) with '
VLT/UVES in the 334-350 nm 141 | | ] | | Nil
range showing several Fel and .
Nil emission lines 121
g 1.0 1 I | | Fel
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[39]. Unsurprisingly given its expected low abundance, CrI has only been detected
in the coma of near-Sun comets so far but, with an emission line (357.87 nm) in the
CUBES range, this is a promising direction for future observations.

The greater sensitivity of CUBES could also allow us to measure the abundance
of Nil and Fel in the comae of comets with smaller uncertainties than with VLT/
UVES and for a larger number of comets. This would significantly increase the sam-
ple of comets with Nil and Fel abundances, and allow us to search for differences in
the Nil/Fel ratio among comets. Interestingly, a correlation between the Nil/Fel and
C,/CN, C,H/H,0, and NH/CN abundances was recently uncovered, indicating that
the Nil/Fel could be related to the formation conditions of comets [41]. The sub-
ject of metals in the comae of comets is still in its infancy; more questions, beyond
the mechanism by which they are released, are raised by the discovery, including
what the metals can tell us about the origin and evolution of comets. For example,
can these gaseous atomic metal detections be related to the unexpected presence of
significant proportions of high-formation-temperature metals/minerals in samples
returned by the Stardust mission, which were used to argue for large scale mixing
of material in the solar system’s protoplanetary disc [42]? The broader survey of
metals in comets possible with a sensitive instrument like CUBES will open a whole
new area of research in comet composition, formation, and evolution.

6 Other observations

We have outlined above some of the areas of cometary science where CUBES will
provide the most significant improvements. However, a high-resolution, near-UV
spectrograph will also enable the observation of other interesting features in the
comae of comets. In particular, CUBES covers the CN B-X (0-0) band around 388
nm. The spectral resolution of CUBES is insufficient to measure the isotopic ratios
of C and N in the coma, but its sensitivity might permit the detection of CN at record
heliocentric distances, helping us to better understand the distant activity of comets.

Another interesting species present in the coma of comets and that emits in the
UV is S,. However, this is very difficult to observe — it has electronic transitions in
the UV and a very short lifetime, meaning that it can only be detected for comets
very close to the Earth. Even though it could provide a useful insight into the poorly
understood sulphur chemistry of cometary ices, S, has only been detected in a hand-
ful of comets so far [43]. However, it has emission bands in the 305-400 nm region
that could be detected with CUBES [44].

7 Conclusions

Measurements of the D/H and N,/CO ratios, and of composition in general (metals
and molecular gasses), all give different constraints on comet formation and evolu-
tion. The most comprehensive picture will be built up by combining these pieces of
evidence, which can all be derived from the same set of observations with CUBES.
The increased sensitivity of CUBES compared with existing instruments will enable
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a broad survey of comets with consistent measurements, which will be a big step
forward for the field. It will also enable measurements, particularly of OD/OH, of
a wider diversity of comets than currently possible; rather than just those that are
exceptionally active or close to Earth, CUBES will be capable of surveying more
typical comets. This will allow us to assess what is really representative of the popu-
lation, and the ranges in these properties, both within and between dynamical classes
from different source regions as well as how much comets may have contributed to
the delivery of Earth’s water. Pushing the sensitivity of CUBES to its limits will
enable gas detections from exceptionally faint comets, including MBCs and comets
showing activity at very large distances from the Sun. In turn, these measurements
will help quantify how much water is hidden in the asteroid belt and to explain what
drives cometary activity in the outer solar system, which is one of the most impor-
tant questions in the field today.

Declarations
Conflict of Interests The authors declare that they have no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

References

Zanutta, A., Atkinson, D., Balesta, A., et al.: EXA. In press (2022)

Calcines, A., Wells, M., O’Brien, K., et al.: ExA. In press (2022)

Genoni, M., Landoni, M., Cupani, G., et al.: EXA. In press (2022)

Dello Russo, N., DiSanti, M.A., Magee-Sauer, K., Gibb, E.L., Mumma, M.J., Barber, R.J., Tenny-

son, J.: Water production and release in Comet 153P/Ikeya-Zhang (C/2002 C1): accurate rotational

temperature retrievals from hot-band lines near 2.9-m. Icarus 168(1), 186 (2004). https://doi.org/10.

1016/j.icarus.2003.11.004

5. Morgenthaler, J.P., Harris, W.M., Scherb, F., Anderson, C.M., Oliversen, R.J., Doane, N.E., Combi,
M.R., Marconi, M.L., Smyth, W.H.: Large-aperture [O I] 6300 A photometry of comet Hale-Bopp:
Implications for the photochemistry of OH. ApJ 563(1), 451 (2001). https://doi.org/10.1086/323773

6. Snodgrass, C., Agarwal, J., Combi, M., Fitzsimmons, A., Guilbert-Lepoutre, A., Hsieh, H.H., Hui,
M.T., Jehin, E., Kelley, M.S.P., Knight, M.M., Opitom, C., Orosei, R., de Val-Borro, M., Yang, B.:
The main belt comets and ice in the solar system. A&AR 25(1), 5 (2017). https://doi.org/10.1007/
s00159-017-0104-7

7. Kramer, T., Lauter, M., Rubin, M., Altwegg, K.: Seasonal changes of the volatile density in the
coma and on the surface of comet 67P/Churyumov-Gerasimenko. MNRAS 469, S20 (2017). https://
doi.org/10.1093/mnras/stx866

8. O’Brien, D.P, Izidoro, A., Jacobson, S.A., Raymond, S.N., Rubie, D.C.: The delivery of water

during terrestrial planet formation. Space Sci. Rev. 214(1), 47 (2018). https://doi.org/10.1007/

s11214-018-0475-8

RN

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.icarus.2003.11.004
https://doi.org/10.1016/j.icarus.2003.11.004
https://doi.org/10.1086/323773
https://doi.org/10.1007/s00159-017-0104-7
https://doi.org/10.1007/s00159-017-0104-7
https://doi.org/10.1093/mnras/stx866
https://doi.org/10.1093/mnras/stx866
https://doi.org/10.1007/s11214-018-0475-8
https://doi.org/10.1007/s11214-018-0475-8

Experimental Astronomy (2023) 55:59-73 71

10.

11.

12.

13.

16.

17.

19.

20.

21.

22.

23.

24.

25.

Hsieh, H.H.: Main-belt comets as tracers of ice in the inner solar system. In: Formation, Detec-
tion, and Characterization of Extrasolar Habitable Planets, ed. by Haghighipour, N., vol. 293, pp
212-218 (2014). https://doi.org/10.1017/S1743921313012866

Snodgrass, C., Yang, B., Fitzsimmons, A.: X-shooter search for outgassing from main belt comet
P/2012 T1 (Pan-STARRS). A&A 605, A56 (2017). https://doi.org/10.1051/0004-6361/201731085
Villanueva, G.L., Smith, M.D., Protopapa, S., Faggi, S., Mandell, A.M., Quant, J.: Planetary Spec-
trum Generator: An accurate online radiative transfer suite for atmospheres, comets, small bodies
and exoplanets. Spec. Radiat. Transf. 217, 86 (2018). https://doi.org/10.1016/j.jqsrt.2018.05.023
Cochran, A.L., Schleicher, D.G: Observational constraints on the lifetime of cometary H ,O. Icarus
105(1), 235 (1993). https://doi.org/10.1006/icar.1993.1121

Meech, K.J., Kleyna, J.T., Hainaut, O., Micheli, M., Bauer, J., Denneau, L., Keane, J.V., Stephens,
H., Jedicke, R., Wainscoat, R., Weryk, R., Flewelling, H., Schunova-Lilly, E., Magnier, E., Cham-
bers, K.C.: CO-driven Activity in Comet C/2017 K2 (PANSTARRS). ApJ 849(1), L8 (2017).
https://doi.org/10.3847/2041-8213/aa921f

Hui, M.T., Farnocchia, D., Micheli, M.: C/2010 U3 (Boattini): A bizarre comet active at record
heliocentric distance. AJ 157(4), 162 (2019). https://doi.org/10.3847/1538-3881/ab0e09

Zhang, X.L., Jewitt, D., Hui, M.T.: Photometric observations of comet C/2017 K2 (PANSTARRS)
with the Lijiang 2.4 m telescope. MNRAS 487(2), 2919 (2019). https://doi.org/10.1093/mnras/stz14
35

Snodgrass, C., Jones, G.H.: The European space agency’s comet interceptor lies in wait. Nat. Com-
mun. 10, 5418 (2019). https://doi.org/10.1038/s41467-019-13470-1

Bockelée-Morvan, D., Calmonte, U., Charnley, S., Duprat, J., Engrand, C., Gicquel, A., Hissig, M.,
Jehin, E., Kawakita, H., Marty, B., Milam, S., Morse, A., Rousselot, P., Sheridan, S., Wirstrom,
E.: Cometary isotopic measurements. Space Sci. Rev. 197(1-4), 47 (2015). https://doi.org/10.1007/
s11214-015-0156-9

Hartogh, P., Lis, D.C., Bockelée-Morvan, D., de Val-Borro, M., Biver, N., Kiippers, M., Emprecht-
inger, M., Bergin, E.A., Crovisier, J., Rengel, M., Moreno, R., Szutowicz, S., Blake, G.A.: Ocean-
like water in the Jupiter-family comet 103P/Hartley 2. Nature 478(7368), 218 (2011). https://doi.
org/10.1038/nature10519

Lis, D.C., Biver, N., Bockelée-Morvan, D., Hartogh, P., Bergin, E.A., Blake, G.A., Crovisier, J.,
de Val-Borro, M., Jehin, E., Kiippers, M., Manfroid, J., Moreno, R., Rengel, M., Szutowicz, S.:
A herschel study of D/H in water in the jupiter-family comet 45P/Honda-Mrkos-Pajdusékova and
prospects for D/H measurements with CCAT. ApJ 774(1), L3 (2013). https://doi.org/10.1088/2041-
8205/774/1/L3

Altwegg, K., Balsiger, H., Bar-Nun, A., Berthelier, J.J., Bieler, A., Bochsler, P., Briois, C., Cal-
monte, U., Combi, M., De Keyser, J., Eberhardt, P., Fiethe, B., Fuselier, S., Gasc, S., Gombosi,
T.I., Hansen, K.C., Hissig, M., Jdckel, A., Kopp, E., Korth, A., LeRoy, L., Mall, U., Marty, B.,
Mousis, O., Neefs, E., Owen, T., Réme, H., Rubin, M., Sémon, T., Tzou, C.Y., Waite, H., Wurz , P.:
67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio. Science 347(6220),
1261952 (2015). https://doi.org/10.1126/science.1261952

Biver, N., Moreno, R., Bockelée-Morvan, D., Sandqvist, A., Colom, P., Crovisier, J., Lis, D.C.,
Boissier, J., Debout, V., Paubert, G., Milam, S., Hjalmarson, A., Lundin, S., Karlsson, T., Battelino,
M., Frisk, U., Murtagh, D., Odin Team: Isotopic ratios of H, C, N, O, and S in comets C/2012 F6
(Lemmon) and C/2014 Q2 (Lovejoy). A&A 589, A78 (2016). https://doi.org/10.1051/0004-6361/
201528041

Lis, D.C., Bockelée-Morvan, D., Giisten, R., Biver, N., Stutzki, J., Delorme, Y., Duran, C., Wiese-
meyer, H., Okada, Y.: Terrestrial deuterium-to-hydrogen ratio in water in hyperactive comets. A&A
625, L5 (2019). https://doi.org/10.1051/0004-6361/201935554

Paganini, L., Mumma, M.J., Gibb, E.L., Villanueva, G.L.: Ground-based detection of deuterated
water in comet C/2014 Q2 (Lovejoy) at IR wavelengths. ApJ 836(2), L25 (2017). https://doi.org/10.
3847/2041-8213/aa5cb3

Hutsemékers, D., Manfroid, J., Jehin, E., Zucconi, J.M., Arpigny, C.: The '°OH/'®0OH and OD/OH
isotope ratios in comet C/2002 T7 (LINEAR). A&A 490 (3), L31 (2008). https://doi.org/10.1051/
0004-6361:200810833

Opitom, C., Jehin, E., Hutsemékers, D., Shinnaka, Y., Manfroid, J., Rousselot, P., Raghuram, S.,
Kawakita, H., Fitzsimmons, A., Meech, K., Micheli, M., Snodgrass, C., Yang, B., Hainaut, O.: The
similarity of the interstellar comet 2I/Borisov to Solar System comets from high-resolution optical
spectroscopy. A&A 650, L19 (2021). https://doi.org/10.1051/0004-6361/202141245

@ Springer


https://doi.org/10.1017/S1743921313012866
https://doi.org/10.1051/0004-6361/201731085
https://doi.org/10.1016/j.jqsrt.2018.05.023
https://doi.org/10.1006/icar.1993.1121
https://doi.org/10.3847/2041-8213/aa921f
https://doi.org/10.3847/1538-3881/ab0e09
https://doi.org/10.1093/mnras/stz1435
https://doi.org/10.1093/mnras/stz1435
https://doi.org/10.1038/s41467-019-13470-1
https://doi.org/10.1007/s11214-015-0156-9
https://doi.org/10.1007/s11214-015-0156-9
https://doi.org/10.1038/nature10519
https://doi.org/10.1038/nature10519
https://doi.org/10.1088/2041-8205/774/1/L3
https://doi.org/10.1088/2041-8205/774/1/L3
https://doi.org/10.1126/science.1261952
https://doi.org/10.1051/0004-6361/201528041
https://doi.org/10.1051/0004-6361/201528041
https://doi.org/10.1051/0004-6361/201935554
https://doi.org/10.3847/2041-8213/aa5cb3
https://doi.org/10.3847/2041-8213/aa5cb3
https://doi.org/10.1051/0004-6361:200810833
https://doi.org/10.1051/0004-6361:200810833
https://doi.org/10.1051/0004-6361/202141245

72

Experimental Astronomy (2023) 55:59-73

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

McKay, A.J., Cochran, A.L., Dello Russo, N., DiSanti, M.A.: Detection of a water tracer in interstel-
lar comet 2I/Borisov. ApJ 889(1), L10 (2020). https://doi.org/10.3847/2041-8213/ab64ed

Xing, Z., Bodewits, D., Noonan, J., Bannister, M.T.: Water production rates and activity of interstel-
lar comet 21/Borisov. ApJ 893(2), L48 (2020). https://doi.org/10.3847/2041-8213/ab86be

A’Hearn, MLF., Schleicher, D.G., West, R.A.: Emission by OD in comets. ApJ 297, 826 (1985).
https://doi.org/10.1086/163579

Rubin, M., Altwegg, K., Balsiger, H., Bar-Nun, A., Berthelier, J.J., Bieler, A., Bochsler, P., Briois,
C., Calmonte, U., Combi, M., De Keyser, J., Dhooghe, F., Eberhardt, P., Fiethe, B., Fuselier, S.A.,
Gasc, S., Gombosi, T.I., Hansen, K.C., Hassig, M., Jackel, A., Kopp, E., Korth, A., Le Roy, L.,
Mall, U., Marty, B., Mousis, O., Owen, T., Réme, H., Sémon, T., Tzou, C.Y., Waite, J.H., Wurz, P.:
Molecular nitrogen in comet 67P/Churyumov-Gerasimenko indicates a low formation temperature.
Science 348(6231), 232 (2015). https://doi.org/10.1126/science.aaa6100

Rubin, M., Altwegg, K., Balsiger, H., Berthelier, J.J., Combi, M.R., De Keyser, J., Drozdovskaya,
M., Fiethe, B., Fuselier, S.A., Gasc, S., Gombosi, T.I., Hinni, N., Hansen, K.C., Mall, U., Réme, H.,
Schroeder, I.LR.H.G., Schuhmann, M., Sémon, T., Waite, J.H., Wampfler, S.F., Wurz, P.: Elemental
and molecular abundances in comet 67P/Churyumov-Gerasimenko. MNRAS 489(1), 594 (2019).
https://doi.org/10.1093/mnras/stz2086

Opitom, C., Hutsemékers, D., Jehin, E., Rousselot, P., Pozuelos, F.J., Manfroid, J., Moulane, Y.,
Gillon, M., Benkhaldoun, Z.: High resolution optical spectroscopy of the N,-rich comet C/2016 R2
(PanSTARRS). A&A 624, A64 (2019). https://doi.org/10.1051/0004-6361/201834357

Korsun, P.P., Rousselot, P., Kulyk, I.V., Afanasiev, V.L., Ivanova, O.V.: Distant activity of Comet
C/2002 VQ94 (LINEAR): Optical spectrophotometric monitoring between 8.4 and 16.8 au from the
Sun. Icarus 232, 88 (2014). https://doi.org/10.1016/j.icarus.2014.01.006

Ivanova, O.V., Luk’yanyk, L.V., Kiselev, N.N., Afanasiev, V.L., Picazzio, E., Cavichia, O., de
Almeida, A.A., Andrievsky, S.M.: Photometric and spectroscopic analysis of Comet 29P/Schwas-
smann-Wachmann 1 activity. Planet. Space Sci. 121, 10 (2016). https://doi.org/10.1016/j.pss.2015.
12.001

Cochran, A.L., McKay, A.J.: Strong CO* and N," Emission in Comet C/2016 R2 (Pan-STARRS).
ApJ 854(1), L10 (2018). https://doi.org/10.3847/2041-8213/aaab57

Hughes, D.W., Williams, I.P.: The velocity distributions of periodic comets and stream meteoroids.
MNRAS 315(3), 629 (2000). https://doi.org/10.1046/j.1365-8711.2000.03435.x

Jockers, K., Bonev, T., Credner, T.: Observations of ions in comets: A contribution towards under-
standing the comet-solar wind interaction. Ap&SS 264, 227 (1999). https://doi.org/10.1023/A:
1002410526168

Raghuram, S., Bhardwaj, A., Hutsemékers, D., Opitom, C., Manfroid, J., Jehin, E.: A physico-
chemical model to study the ion density distribution in the inner coma of comet C/2016 R2 (Pan-
STARRS). MNRAS 501(3), 4035 (2021). https://doi.org/10.1093/mnras/staa3885

Jones, G.H., Knight, M.M., Battams, K., Boice, D.C., Brown, J., Giordano, S., Raymond, J.,
Snodgrass, C., Steckloff, J.K., Weissman, P., Fitzsimmons, A., Lisse, C., Opitom, C., Birkett, K.S.,
Bzowski, M., Decock, A., Mann, 1., Ramanjooloo, Y., McCauley, P.: The science of sungrazers,
sunskirters, and other near-sun comets. Space Sci. Rev. 214 (1), 20 (2018). https://doi.org/10.1007/
s11214-017-0446-5

Manfroid, J., Hutsemékers, D., Jehin, E.: Iron and nickel atoms in cometary atmospheres even far
from the Sun. Nature 593(7859), 372 (2021). https://doi.org/10.1038/s41586-021-03435-0

Guzik, P., Drahus, M.: Gaseous atomic nickel in the coma of interstellar comet 2I/Borisov. Nature
593(7859), 375 (2021). https://doi.org/10.1038/s41586-021-03485-4

Hutsemékers, D., Manfroid, J., Jehin, E., Opitom, C., Moulane, Y.: Fel and Nil in cometary atmos-
pheres. Connections between the Nil/Fel abundance ratio and chemical characteristics of Jupiter-
family and Oort-cloud comets. A&A 652, L1 (2021). https://doi.org/10.1051/0004-6361/20214
1554

Brownlee, D., Tsou, P., Aléon, J., Alexander, C.M.O.D., Araki, T., Bajt, S., Baratta, G.A., Bast-
ien, R., Bland, P., Bleuet, P., Borg, J., Bradley, J.P., Brearley, A., Brenker, F., Brennan, S., Bridges,
J.C., Browning, N.D., Brucato, J.R., Bullock, E., Burchell, M.J., Busemann, H., Butterworth,
A., Chaussidon, M., Cheuvront, A., Chi, M., Cintala, M.J., Clark, B.C., Clemett, S.J., Cody,
G., Colangeli, L., Cooper, G., Cordier, P., Daghlian, C., Dai, Z., D’Hendecourt, L., Djouadi, Z.,
Dominguez, G., Duxbury, T., Dworkin, J.P., Ebel, D.S., Economou, T.E., Fakra, S., Fairey, S.A.J.,
Fallon, S., Ferrini, G., Ferroir, T., Fleckenstein, H., Floss, C., Flynn, G., Franchi, I.A., Fries, M.,
Gainsforth, Z., Gallien, J.P., Genge, M., Gilles, M.K., Gillet, P., Gilmour, J., Glavin, D.P., Gounelle,

@ Springer


https://doi.org/10.3847/2041-8213/ab64ed
https://doi.org/10.3847/2041-8213/ab86be
https://doi.org/10.1086/163579
https://doi.org/10.1126/science.aaa6100
https://doi.org/10.1093/mnras/stz2086
https://doi.org/10.1051/0004-6361/201834357
https://doi.org/10.1016/j.icarus.2014.01.006
https://doi.org/10.1016/j.pss.2015.12.001
https://doi.org/10.1016/j.pss.2015.12.001
https://doi.org/10.3847/2041-8213/aaab57
https://doi.org/10.1046/j.1365-8711.2000.03435.x
https://doi.org/10.1023/A:1002410526168
https://doi.org/10.1023/A:1002410526168
https://doi.org/10.1093/mnras/staa3885
https://doi.org/10.1007/s11214-017-0446-5
https://doi.org/10.1007/s11214-017-0446-5
https://doi.org/10.1038/s41586-021-03435-0
https://doi.org/10.1038/s41586-021-03485-4
https://doi.org/10.1051/0004-6361/202141554
https://doi.org/10.1051/0004-6361/202141554

Experimental Astronomy (2023) 55:59-73 73

43.

44.

M., Grady, M.M., Graham, G.A., Grant, P.G., Green, S.F., Grossemy, F., Grossman, L., Grossman,
J.N., Guan, Y., Hagiya, K., Harvey, R., Heck, P., Herzog, G.F., Hoppe, P., Horz, F., Huth, J., Hutch-
eon, L.D., Ignatyev, K., Ishii, H., Ito, M., Jacob, D., Jacobsen, C., Jacobsen, S., Jones, S., Joswiak,
D., Jurewicz, A., Kearsley, A.T., Keller, L.P., Khodja, H., Kilcoyne, A.L.D., Kissel, J., Krot, A.,
Langenhorst, F., Lanzirotti, A., Le, L., Leshin, L.A., Leitner, J., Lemelle, L., Leroux, H., Liu, M.C.,
Luening, K., Lyon, I., MacPherson, G., Marcus, M.A., Marhas, K., Marty, B., Matrajt, G., McK-
eegan, K., Meibom, A., Mennella, V., Messenger, K., Messenger, S., Mikouchi, T., Mostefaoui, S.,
Nakamura, T., Nakano, T., Newville, M., Nittler, L.R., Ohnishi, I., Ohsumi, K., Okudaira, K., Papa-
nastassiou, D.A., Palma, R., Palumbo, M.E., Pepin, R.O., Perkins, D., Perronnet, M., Pianetta, P.,
Rao, W,, Rietmeijer, F.J.M., Robert, F., Rost, D., Rotundi, A., Ryan, R., Sandford, S.A., Schwandt,
C.S., See, T.H., Schlutter, D., Sheffield-Parker, J., Simionovici, A., Simon, S., Sitnitsky, I., Snead,
C.J., Spencer, M.K., Stadermann, F.J., Steele, A., Stephan, T., Stroud, R., Susini, J., Sutton, S.R.,
Suzuki, Y., Taheri, M., Taylor, S., Teslich, N., Tomeoka, K., Tomioka, N., Toppani, A., Trigo-Rod-
riguez, J.M., Troadec, D., Tsuchiyama, A., Tuzzolino, A.J., Tyliszczak, T., Uesugi, K., Velbel, M.,
Vellenga, J., Vicenzi, E., Vincze, L., Warren, J., Weber, 1., Weisberg, M., Westphal, A.J., Wirick, S.,
Wooden, D., Wopenka, B., Wozniakiewicz, P., Wright, 1., Yabuta, H., Yano, H., Young, E.D., Zare,
R.N., Zega, T., Ziegler, K., Zimmerman, L., Zinner, E., Zolensky, M.: Comet 81P/Wild 2 under a
microscope. Science 314(5806), 1711 (2006). https://doi.org/10.1126/science.1135840
Bockelée-Morvan, D., Crovisier, J., Mumma, M.J., Weaver, H.A.: The composition of cometary
volatiles, in Comets II, pp. 391 (2004)

Reylé, C., Boice, D.C.: An S2 Fluorescence model for interpreting high-resolution cometary spectra.
I. Model Description and Initial Results. ApJ 587(1), 464 (2003). https://doi.org/10.1086/346147

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer


https://doi.org/10.1126/science.1135840
https://doi.org/10.1086/346147

