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Abstract

The study of planets and small bodies within our Solar System is fundamental for
understanding the formation and evolution the Earth and other planets. Composi-
tional and meteorological studies of the giant planets provide a foundation for un-
derstanding the nature of the most commonly observed exoplanets, while spectro-
scopic observations of the atmospheres of terrestrial planets, moons, and comets
provide insights into the past and present-day habitability of planetary environ-
ments, and the availability of the chemical ingredients for life. While prior and
existing (sub)millimeter observations have led to major advances in these areas,
progress is hindered by limitations in the dynamic range, spatial and temporal
coverage, as well as sensitivity of existing telescopes and interferometers. Here,
we summarize some of the key planetary science use cases that factor into the
design of the Atacama Large Aperture Submillimeter Telescope (AtLAST), a pro-
posed 50-m class single dish facility: (1) to more fully characterize planetary wind
fields and atmospheric thermal structures, (2) to measure the compositions of icy
moon atmospheres and plumes, (3) to obtain detections of new, astrobiologically
relevant gases and perform isotopic surveys of comets, and (4) to perform syn-
ergistic, temporally-resolved measurements in support of dedicated interplanetary
space missions. The improved spatial coverage (several arcminutes), resolution
(~ 1.2” —12"), bandwidth (several tens of GHz), dynamic range (~ 10°) and sen-
sitivity (~ 1 mKkms™!) required by these science cases would enable new insights
into the chemistry and physics of planetary environments, the origins of prebiotic
molecules and the habitability of planetary systems in general.

Keywords
Planets; Comets; Planetary atmospheres; Spectral lines;
Spectral imaging; Submillimeter; Instrumentation
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Plain Language Summary

Our present understanding of what planets and comets
are made of, and how their atmospheres move and
change, has been greatly influenced by observations us-
ing existing and prior telescopes operating at wavelengths
in the millimeter/submillimeter range (between the ra-
dio and infrared parts of the electromagnetic spectrum),
yet major gaps exist in our knowledge of these diverse
phenomena. Here, we describe the need for a new tele-
scope capable of simultaneously observing features on
very large and very small scales, and covering a very
large spread of intrinsic brightness, in planets and comets.
Such a telescope is required for mapping storms on giant
planets, measuring the compositions of the atmospheres
and plumes of icy moons, detecting new molecules in
comets and planetary atmospheres, and to act as a com-
plement for measurements by current and future inter-
planetary spacecraft missions. We discuss the limita-
tions of currently-available millimeter/submillimeter tele-
scopes, and summarize the requirements and applications
of a new and larger, more sensitive facility operating at
these wavelengths: the Atacama Large Aperture Submil-
limeter Telescope (AtLAST).

Introduction

Since the latter half of the 20th century, (sub)millimeter
(~ 0.3 —3 mm; 100-950 GHz) telescope facilities have
been increasingly employed for the study of planetary
surfaces, atmospheres, and ring/moon systems. Bright-
ness temperature measurements can be readily derived
for large solar system objects using traditional single-dish
radio facilities, while the high spectral resolution com-
bined with increasing bandwidth and sensitivity of mod-
ern (sub)millimeter wave telescopes and interferometers
has enabled pioneering spectroscopic surveys and spatial-
spectral mapping of planetary bodies and comets. The
measurement of thermal emission in the shallow subsur-
faces of natural satellites, small bodies, and terrestrial
planets fills the gap between radar sounding of the deep
(>1 km) surface and the near surface temperatures de-
rived from infrared observations.

The (sub)millimeter wavelength regime also provides ac-
cess to rotational transitions from gas-phase molecules in
planetary atmospheres, the observation of which leads
to robust, spectroscopic molecular detections as well as
abundance, temperature, and wind measurements with
well-defined, and often high, degrees of quantitative ac-
curacy. The available molecular species tend to be domi-
nated by the more abundant reactive elements in our solar
system (C, H, N, O, P and S), and therefore include hydro-
carbons, oxides, hydrides, nitriles and other members of
the class of organic molecules associated with terrestrial
biology.

The Atacama Large Aperture Submillimeter Telescope
(AtLAST) is proposed as a more powerful, ground-based,
single-dish submillimeter facility to begin operating in the
2030s [83, 120, 110, 111]. Combining improved sensi-
tivity, angular resolution and field-of-view, AtLAST would
open new frontiers in our understanding of planetary at-

mospheres and surfaces, as well as providing more de-
tailed characterization of the gases produced by comets.
More sensitive access to the long-wavelength region of the
spectrum is also crucial for providing supporting observa-
tions and large-scale context for the more focused mea-
surements performed by interplanetary spacecraft mis-
sions. In particular, the availability of improved mapping
capabilities, wider instantaneous bandwidth, and higher
spatial resolution made possible by AtLAST would result
in improvements in our ability to characterize and mon-
itor dynamic and complex physical phenomena, such as
winds and storms, as well as chemical processes (revealed
by rotational spectroscopy), occurring in the atmospheres
and on the surfaces of planetary bodies.

The study of ‘local’ planets in our Solar System also pro-
vides a fundamental baseline for interpreting the proper-
ties of the vast number of exoplanets that are now known
to exist around other stars throughout the galaxy [144].
The paradigm within which we understand the environ-
mental conditions, climate and possible habitability of
exoplanets exists by virtue of the active development of
an extensive knowledge-base on atmospheric (and bulk)
chemical inventories and physical processes occurring in
the planets, moons, and other minor bodies of our So-
lar System. In this era of rapid discovery, it is thus more
important than ever to develop and build new telescope
facilities such as AtLAST, to continue to advance our un-
derstanding of the compositions, spatial and temporal fea-
tures, and evolutionary processes occurring on the bodies
within our Solar System.

Prior/existing instruments and results

Single-dish radio/submillimeter facilities provide a
wealth of unique and complementary observations to
spacecraft and facilities at other wavelengths. The Owens
Valley Radio Observatory (OVRO), Institut de Radioas-
tronomie Millimétrique (IRAM) 30-m telescope, Green
Bank Observatory (GBO), Arecibo radar facility, among
others, were previously used to study the brightness
temperatures of the Giant planets, Mars, Venus, and large
satellites. They enabled study of the deep atmospheric
composition of Gas and Ice Giants, characterization of the
near subsurface properties of the Galilean Satellites, as
well as compositional and dynamical studies of terrestrial
planet and satellite atmospheres. These were comple-
mented by early interferometric observations by the Very
Large Array (VLA), Berkeley-Illinois-Maryland Associ-
ation (BIMA) array, Submillimeter Array (SMA), and
Atacama Large Millimeter/submillimeter Array (ALMA),
enabling higher sensitivity and angular resolution studies
[55, 56, 112, 2, 86, 142, 99, 73, 104, 59, 57, 53, 54].
Cometary science — the study of our Solar System’s old-
est, yet most pristine materials — has benefited hugely
from advances in single-dish millimeter-wave instrumen-
tation. The first detections of key organics HCN and
CH;OH in cometary comae were obtained through obser-
vations using the National Radio Astronomy Observatory
(NRAO) 11-m and IRAM 30-m telescopes in the 3 mm
and 2 mm bands, respectively [80, 16]. Millimeter-wave
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spectroscopy continues to provide the primary method
for remotely detecting and characterizing new molecules
(including complex organic molecules) in cometary co-
mae [13], while also providing crucial insights into
the origins of our solar system’s primitive materials via
detailed studies of molecular isotopic ratios [75, 14].
ALMA is currently revolutionizing the study of comets at
(sub)millimeter wavelengths, revealing the coma and nu-
cleus outgassing sources in unprecedented detail from the
ground [46, 49, 52], yet snapshot maps of the largest
coma scales remain out of reach with present facilities.
A new, highly-sensitive single-dish (sub)millimeter tele-
scope with wide-field imaging capabilities will help ad-
vance coma mapping studies and help break new ground
in our understanding of the chemical composition of
comets.

Observations at (sub)millimeter wavelengths have en-
abled the detection and mapping of new molecular
species in the atmospheres of various planets in our so-
lar system. CO and HCN were first detected on Neptune
in the early 1990s using the James Clerk Maxwell Tele-
scope (JCMT) and CalTech Submillimeter Observatory
(CSO) telescopes [98], with abundances ~ 1000 times
higher than predicted from thermochemical models. Sim-
ilarly, CO, HCN, and HNC were detected on Pluto with
recent ALMA observations [88], and a variety of trace
gases have been discovered on Titan using millimeter-
wave spectroscopy [11, 47, 42, 118, 115, 133].
Sub-millimeter observations can also be used to probe gas
and ice giant interiors. For example, Neptune’s very high
observed CO abundance in the stratosphere and tropo-
sphere, combined with thermochemical models, has been
used to argue for an ice-dominated interior [91, 84, 23].
However, a comet impact in the last few hundred years,
as suggested by (sub)millimeter observations of strato-
spheric CO [84] and CS [102], would imply significant ex-
ternal flux into Neptune’s atmosphere. Therefore, a rock
dominated interior is also plausible [126] and more con-
sistent with D/H ratio measurements if the interior is well
mixed [63].

The Herschel Space Observatory provided numerous
demonstrations of the power of (sub)millimeter single-
dish heterodyne spectroscopy for characterizing planetary
atmospheres, producing the first detection of water in the
extended gaseous torus around Enceladus [74]. The Her-
schel Heterodyne Instrument for the Far-Infrared (HIFI)
instrument also obtained the first detection of hydrogen
isocyanide (HNC) in Titan’s atmosphere [105]. Strato-
spheric H,O measurements with HIFI have been used
to demonstrate the cometary origin of water in Jupiter’s
stratosphere [28] and to constrain the background flux of
interplanetary dust particles into Uranus’ and Neptune’s
atmospheres [127]. Fletcher et al. [65] used the Spectral
and Photometric Imaging Receiver (SPIRE) instrument on
Herschel to constrain the vertical distributions of phos-
phine, ammonia and methane on Saturn, as well as pro-
viding measurements of stratospheric water and precise
upper limits for a range of exotic compounds including
halides.

In general, the improvements in (sub)millimeter wave

sensitivity and mapping capabilities ushered in by ALMA
have led to major strides in our understanding of the com-
positions and dynamical states of planetary atmospheres,
as well as satellite and small body surfaces [44, 48, 41, 43,
40,131,132,130,133,129,128,102, 82,59, 53, 54, 134,
135, 31, 32, 8, 9, 19, 20]. However, the lack of simulta-
neous, high-sensitivity total power observations hinders
ALMAs ability to characterize localised/dynamical phe-
nomena such as storms and plumes on rotating planetary
surfaces, due to temporal smearing. A new, single-dish
telescope with improved total power sensitivity and wide-
field mapping capabilities is therefore required.

Instantaneous (snapshot) mapping over the entire area
of a body is critical for detailed studies of the rapidly ro-
tating and evolving atmospheres of solar system objects.
Such studies have historically been the realm of interfer-
ometry, though the lack of short baselines in a typical in-
terferometric array leads to spatial filtering of the result-
ing images, which can preclude reliable measurements of
extended emission from larger bodies such as the giant
planets and extended cometary comae. Further, the re-
positioning of antennas to larger configurations (such as
the extended baselines of ALMA) may impede mapping of
the giant planets during transient events, such as impacts
and storms: impact events tell us both about the popu-
lation, bulk properties, and volatile composition of po-
tential impactors in the outer Solar System, while storms
provide us access to the chemical composition deep below
the topmost clouds, and reveal how dramatic meteorology
evolves in non-terrestrial and cold environments. Com-
bined with their large angular scales (Figure 1) and total
flux, the planets present challenging targets for observa-
tion of small brightness temperature variations or weak
spectral lines against a strong background continuum at
(sub)millimeter wavelengths, and therefore place strin-
gent demands on the stability, calibration, and dynamic
range of heterodyne telescope instruments. The availabil-
ity of a new, cutting edge single-dish (sub)millimeter fa-
cility at a dry, high-altitude site will help to fill this gap,
allowing us to address important outstanding questions in
planetary and cometary science as outlined in this article.

The Need for a Larger Aperture, Multi-Beam, Single
Dish (Sub)Millimeter Facility

1. Improved Sensitivity and Dynamic Range for Molec-
ular Detections

The spectral and imaging dynamic range limitations of
currently-leading facilities such as ALMA hinder our abil-
ity to detect and map new chemical species in plane-
tary atmospheres. ALMA's nominal spectroscopic dynamic
range (the ratio of strongest to weakest signals in the
spectrum — typically expressed as the line-to-continuum
intensity ratio), is ~ 1000 at 1.3 mm, but falls to 150-
400 at shorter wavelengths (~ 0.7 mm) using standard
calibration procedures. Such limitations make it difficult
to reliably measure weak spectral lines and detect new
molecules in the (sub)millimeter range. This is a partic-
ular problem for planetary targets that have a relatively
bright (sub-)mm continuum. The maximum achievable
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Figure 1. Angular diameters of major Solar System bodies and Saturn’s largest moon, Titan. The vertical extents of
the coloured bars for each body represent their range of angular sizes due to differing geocentric distances throughout
the year. The second y-axis shows the angular resolution a 50 m single dish facility would achieve for a range of

representative frequencies.

dynamic range is dictated by the ability to accurately cal-
ibrate (or flatten) the spectroscopic baseline, which, for
interferometers like ALMA, requires the observation of a
point-like calibration source with a strong, line-free con-
tinuum. Improved calibration accuracy of a single-dish
(‘total power’) facility such as AtLAST could be achieved
through observations of brighter, more extended, spec-
trally featureless solar system objects (such as the Moon
or Mercury). This would enable more precise calibration
of the intrinsic receiver bandpass.

Advances in instrument design and optics since the con-
struction of present-generation (sub)millimeter facilities
such as the IRAM 30-m and JCMT will further facili-
tate the acquisition of spectra at high dynamic range, al-
lowing the detection of new, spatially distributed trace
gases in planetary atmospheres, such as complex or-
ganic molecules and other (perhaps biologically relevant)
species. For optimal science return on AtLAST, a spec-
troscopic dynamic range ~ 10° across large bandwidths
should be the goal (see Science Case ii). To realize this
objective, close attention should be paid to achieving the
flattest possible spectral bandpass, through careful choice
of optical design, receiver components, and optimal cali-
bration strategies. To this end, it will also be important to
mitigate internal reflections and standing waves between
the telescope components as much as possible.

Cometary comae are highly diffuse and extended objects.
Their molecular excitation is mostly governed by a com-
bination of thermal and fluorescent processes, leading
to rotational emission lines with peak intensities in the
(sub)millimeter band. Nevertheless, molecular column

densities remain low, so that detection of new molecules
and mapping of known species can be challenging
in all but the brightest comets. Studies of cometary
chemical compositions therefore benefit in proportion
to the available spectral line sensitivity; ideally, AtLAST
would provide a factor of at least a few improvement
compared with existing facilities. This can be achieved
through a combination of ~ 2x smaller beam size for
a given frequency (focusing in on the denser, inner-
coma), combined with lower receiver temperatures, and
reduced sky opacities compared with the IRAM 30-m,
which is the current state-of-the art instrument for total
power mm-wave spectroscopy of comets. Our goal
sensitivity for new spectroscopic detections of cometary
molecules with AtLAST should be ~ 1 mK (per km s~ of
bandwidth) in < 8 h observing time (see Science Case iv).

2. High Spatial Resolution

The relatively low spatial resolution of current single-
dish (sub)millimeter facilities has limited the potential
for mapping of planetary atmospheres and surfaces. The
angular diameters of the major planets (and Titan) are
shown in Figure 1, demonstrating the spread in their ap-
parent sizes over time due to orbital motions. For compar-
ison, the diffraction-limited angular resolution (primary
beam FWHM) for a 50 m diameter antenna at a variety of
frequencies is also shown. The maximum number of res-
olution elements within the area of the major Solar Sys-
tem bodies as a function of these frequencies (and wave-
lengths) are given in Table 1. These data demonstrate
that a 50-m class single-dish (sub)millimeter telescope
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can readily resolve Venus, Mars, Jupiter and Saturn —
often, throughout their orbits, in a number of frequency
ranges — while the Ice Giants (Uranus and Neptune) can
be marginally resolved at terahertz frequencies. Titan
remains smaller than 1” throughout its year, but is still
an important target for total power spectroscopy with At-
LAST, since a 50 m single dish would allow high-frequency
observations without severe beam dilution (particularly
above ~ 800 GHz).

Large planets such as Jupiter and Saturn are a partic-
ular challenge for interferometers like ALMA, NOEMA
and SMA as they possess large angular structures that
are resolved out at long baselines. As shown in Fig-
ure 1 and Table 1, a large-aperture, single-dish telescope
would enable the observation of planetary objects and
surface/atmospheric features that span a wider range of
spatial scales. Providing planetary observers with a con-
sistent range of angular resolutions at all times, would
facilitate studies of temporal phenomena, contempora-
neous observations with other facilities, and support for
spacecraft measurements. This latter task can prove dif-
ficult for interferometers, which tend to have variable
configurations (and thus, variable angular sensitivities)
throughout the observing schedule. Further, a single-dish
instrument with focal-plane receiver array at least an ar-
cminute in diameter would permit mapping of both large
and small-scale planetary features. This is particularly
valuable for moderately well mixed gases that may only
vary on global scales.

A small beam size of < 5” is required to resolve the ma-
jority of planets in our Solar System, which is achievable
at frequencies >250 GHz for a 50 m facility. Additionally,
a small beam would help minimize beam dilution for
the small (~ 0.1”-2” diameter) bodies such as the
icy moons of Jupiter, and will be required to ensure
Saturn’s moon Enceladus can be reliably separated from
Saturn’s bright continuum emission (see Science Case iii).

3. Instantaneous Multi-beam Spectral Mapping

AtLAST has the potential to capitalize on recent advances
in heterodyne multiplexing and multi-beam receiver tech-
nology to produce unprecedented spectro-spatial sub-mm
maps of the larger planets, as well as cometary comae,
the latter of which often extend over hundreds of arcsec-
onds on the sky. The ability to map in two spatial di-
mensions the chemical distributions and dynamical mo-
tions of Solar System objects at a given instant in time
is crucial for properly characterizing short-term phenom-
ena such as planetary impacts and storms, and cometary
jets and outbursts. Spatial resolution of a few arcseconds
over a field of view up to a few arcminutes, with ~ 10—
30 beams across a single axis (for example, in a square or
hexagonal, ~ 25 x 25 pixel array), at a spectral resolution
~ 0.1 kms™!, would allow detailed imaging and Doppler
studies of molecular species in planetary and cometary at-
mospheres to study the combined effects of chemical and
dynamical processes in these bodies.

Science Case i: Giant Planet Atmospheres

The complex, extended atmospheres of the Gas and Ice
giant planets provide interesting, yet challenging tar-
gets for remote observations due to (1) small-scale ver-
tical (radial) variations in temperature and composition,
(2) the brightness of their continuum emission (partic-
ularly in contrast to trace atmospheric species), and (3)
their high atmospheric pressures and fast rotation speeds,
which can significantly broaden the spectral lines. Mil-
limeter/submillimeter facilities provide powerful probes
of the composition, structure, and dynamics of the tro-
pospheres and stratospheres of giant planets through the
combination of rotational emission/absorption line mea-
surements, studies of highly pressure-broadened (i.e. >1
GHz wide) pseudo-continuum absorption features, and
spatial mapping of brightness temperature variations.
The continuum emission from giant planets is dominated
by the temperature structure and deep abundances of H,,
He, NH;, H,S, PH;, CH,, and other gases, which are dif-
ficult properties to observe directly through remote sens-
ing and often require in situ measurements through inter-
planetary probes [143, 108, 109]. With the advancement
of larger aperture and interferometric facilities, the spa-
tial variability of the giant planet continuum emission can
be mapped to better understand the connection between
deeper atmospheric composition and dynamical activity,
and will help to contextualize spacecraft observations in-
cluding those made by Juno and the recently launched
JUpiter Icy Moons Explorer (JUICE) mission [68]. The de-
velopment of a larger-aperture, single-dish telescope (At-
LAST) will further help to improve our understanding of
gas and ice giant planet atmospheres — and by extension,
exoplanets with similar sizes and compositions — in sev-
eral key areas:

e The spatial and temporal variation of temperature
structure throughout the troposphere and strato-
sphere, which relates to the global and local circula-
tion, dynamics and composition of the atmosphere.

* Variability of atmospheric winds and vertical wind
shear on short-term and seasonal timescales, and
how that relates to climatological and other forcing
mechanisms.

e The composition and distribution of trace species
throughout the stratosphere and troposphere.

* The changes in chemical abundances over short and
long timescales, and their connection to seasonal and
transient events such as storms, aurorae and infall
from space (cometary impacts, micrometeorites and
dust).

Dynamics

The dynamical state of planetary atmospheres — often de-
scribed by their temperature structure and wind fields —
allows for the characterization of their atmospheric cir-
culation, energy budget, and seasonal variability. Previ-
ous studies at long wavelengths have measured brightness
temperature and compositional variations in the giant
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Table 1. Maximum Number of Beams Per Planet Area for 50 m Diffraction-Limited Aperture

Wave. Freq. Ang. Res. Mercury Venus
(mm) (GHz) @
3.00 100 12.4 9 239
2.00 150 8.2 14 359
1.30 230 5.4 21 551
0.87 345 3.6 32 826
0.64 465 2.7 43 1113
0.43 690 1.8 63 1652
0.34 875 1.4 80 2095
0.30 1000 1.2 91 2394

planets to assess the influence of seasonal changes in inso-
lation, meteorological activity, and transient events (such
as impacts) throughout their tropospheres and strato-
spheres, which complement studies in the optical and in-
frared. The temperature and circulation of Neptune’s tro-
posphere and stratosphere have been studied using the
the Combined Array for Research in Millimeter-wave As-
tronomy (CARMA), VLA, and ALMA [93, 94, 82, 134,
135] through observations of CO and continuum features.
Similarly, the NH; and brightness temperature distribu-
tion on Jupiter from VLA and ALMA observations has been
used to contextualize storm outbreaks and observations
with the Juno spacecraft [59, 58, 101]. Figure 2 shows
the comparison of ALMA observations of Jupiter at 1.3
and 3.0 mm to a visible wavelength composite from the
Hubble Space Telescope (HST), allowing for the compari-
son of brightness temperatures at multiple pressure levels
from various zonal features. At frequencies >700 GHz,
a 50 m single-dish facility with large focal plane receiver
array will be able to provide comparable latitudinal cover-
age to ALMA Band 3 observations (Figure 2, right panel)
in a single integration. Sensitivity < 1 K over short inte-
gration times (minutes) would allow for the precise deter-
mination of brightness temperature variations compared
to the bright continuum emission while avoiding longitu-
dinal smearing of localized features due to planetary rota-
tion and winds; higher sensitivity and dynamic range con-
siderations pertain mostly to spectral line surveys, as dis-
cussed below. Wide bandwidth (>a few GHz) settings en-
able the pressure-broadened rotational transitions (e.g.,
COat~ 115, 231, 346, 461, 576, 691, 807, and 922 GHz)
and pseudo-continuum features (e.g., H,S at ~ 169, 408,
and 736 GHz; PH; at ~ 267 GHz; and NH; at ~ 572 GHz)
to be modeled so the deep temperature and composition
can be characterized, which complements observations in
the IR down to ~ 1 bar (e.g., 67). Observing the giant
planets multiple times throughout their extensive orbital
periods will improve our understanding of the influence
of seasonal variability on the circulation and dynamical
state of the atmosphere and allow for comparison to sea-
sonal photochemical models [107, 106, 78, 79].

In contrast to the meridional circulation of the atmo-
sphere, which is too slow to readily detect using spec-
tral line shifts, the direct measurement of horizontal zonal

Mars Jupiter Saturn Uranus Neptune
38 139 22 1
57 208 33 2
88 319 51 2
131 478 76 4 1
177 644 103 5 2
263 956 153 7 2
333 1212 193 9 3
381 1385 221 11 3

atmospheric winds is possible from the Doppler shifts of
molecular rotational transitions at high (~ 0.1 km sH
spectral resolution. Wind speeds of the giant planets have
typically been inferred directly from cloud tracking tech-
niques (e.g. through Voyager imaging; 90), which rely
on correlation analyses of small-scale features observed
over multiple rotations. Zonal wind speeds can also be
inferred through infrared measurements of the thermal
wind shear [66]. Direct observation of spectral line (e.g.,
HCN at ~ 89, 265, 355, and 709 GHz) Doppler shifts are
required in order to obtain precise wind speed measure-
ments at altitudes above the clouds, avoiding the problems
associated with changes in the shapes of resolved atmo-
spheric features over multiple rotations.

Observations of strong stratospheric rotational transitions
of CO and HCN using ALMA has resulted in wind measure-
ments for all giant planets apart from Uranus [31, 9, 20].
Figure 3 shows examples of winds derived from ALMA
observations of Jupiter, Saturn, and Neptune compared
to cloud tracking and auroral measurements. Measur-
ing planetary wind speeds as a function of latitude and
at multiple altitudes requires high spectral and spatial
resolution combined with a large field of view, which is
enabled by heterodyne and (sub)millimeter instrumenta-
tion. While the variability in spatial resolution of the giant
planets (Figure 1, Table 1) precludes complete latitudi-
nal coverage for all planets at all frequencies, even hemi-
spheric comparisons of Doppler wind measurements over
time provide interesting results — see, for example, the
abrupt change in Titan’s stratospheric jet [89, 40]. As a
single-dish facility would not be confined to time-variable
configuration (resolution) constraints, episodic changes
in wind speeds and wave propagation can be investigated
frequently, and over irregular timescales as needed.

Jupiter and Saturn exhibit large-scale weather events
where dramatic changes in the planet’s visible appear-
ance are accompanied by energetic changes in cloud color
and morphology. On Jupiter, such events periodically take
place at low latitudes [64], in the typically white band
know as the Equatorial Zone (£+7° latitude), and in the ad-
jacent, darker North and South Equatorial Belts between
+7 — 18° latitude. Each region undergoes changes in its
normal cloud color and morphology, exhibiting waves,
eddies, and wakes, initially beginning over a small lo-
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ALMA 1.3 mm

Figure 2. HST (left) and longitude-smeared ALMA (center, right) observations of Jupiter from de Pater et al. [59] (used
with permission). The ALMA observations show data after the subtraction of a limb-darkened disk model, enabling the
high contrast (S 10 K) differences in brightness temperature between Jupiter’s zonal structure to be easily observed.
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Figure 3. (Left) Jupiter zonal wind velocities derived from ALMA observations of HCN at ~ 1” resolution (color
map); ultraviolet auroral emission at the south pole is also shown [37, 31]. (Center) Zonal wind speeds as a function of
latitude in Saturn’s stratosphere from Benmahi et al. [9], compared to winds from Cassini imaging. (Right) Comparison
of ALMA wind speed measurements of Neptune from CO and HCN emission lines compared to Voyager cloud tracking
measurements [20]. Images used with permission from their respective copyright holders.
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cal region and expanding to encompass the whole region
for some time before returning back to its nominal state.
These events on Jupiter happen on a timescale of between
2-18 years, with little correlation to adjacent regional ac-
tivity, season, or orbital position [5, 6]. On Saturn, how-
ever, the northern hemisphere experiences a large con-
vective storm event approximately every 30 years. The
previous ‘Great Saturn Storm’ in 1990 occurred prior to
the advent of the ALMA telescope, spanning ~ 15° lat-
itude and eventually encircling the whole planet. This
event led to significant stratospheric effects that could
have been readily characterized in the (sub)millimeter
[65]. Additionally, ‘Great White Spots’ have previously
been observed with Herschel [26]. The sizes of these
types of spectacular atmospheric events (~ 2—5") would
make them observable by AtLAST. As extensive meteo-
rological events offer a window into the planets’ deeper
atmospheres, contemporaneous (sub)millimeter observa-
tions (which can probe different altitudes by highly re-
solving line profiles and measuring multiple rotational
transitions), provide complementary information to other
facilities (e.g., HST, JWST, the Juno Microwave Radiome-
ter instrument). Since a large, single-dish facility would
provide adequate spatial resolution to discern between
the ~ 1—5” zonal regions on the giant planets (see Table
1, Figure 2) over their orbital period, strategic and reg-
ular observations by AtLAST would serve as an excellent
resource to investigate these spectacular episodic events
and provide global context for other ground-based and
spacecraft measurements.

Chemistry

The detection of “non-equilibrium” C, N, O and S-bearing
molecular species — such as HCN, CO, and CS — in
the upper atmospheres of the giant planets has prompted
questions pertaining to their origin and chemical evolu-
tion. Chemistry and circulation may result in the pro-
duction and distribution of trace species in the upper
atmosphere, as may the infall of cometary, interplan-
etary dust, or satellite material, or some combination
thereof [24, 25, 27, 28, 29, 30, 87, 81, 127]. While
previous observations at millimeter wavelengths have al-
lowed for the investigation of these processes (Figure
4), higher sensitivity measurements are required to more
fully characterize the governing sources and sinks of non-
equilibrium species in the atmospheres of the giant plan-
ets. In addition, long-term observing campaigns allow for
the measurement of temporal variability in these species,
as well as potential sporadic events (e.g. storm outbreaks;
cometary impacts) that may alter the upper atmospheric
composition and can be measured by AtLAST. To per-
form these investigations requires wideband (Z 16 GHz),
high-resolution (S 1 MHz) spectral imaging, as the spec-
tral transitions from minor atmospheric constituents can
manifest as significantly extended (several GHz wide),
pressure broadened pseudo-continuum absorption wings
around a narrow (~ MHz-wide) line core (see e.g., CO on
Neptune; [93, 94]).

Finally, the detection of new, trace chemical species in the

atmospheres of the giant planets will inform our under-
standing of their atmospheric photochemistry, and eluci-
date connections between the external sources from the
surrounding system (e.g. dust, satellite infall) or beyond
(e.g. comets, galactic cosmic rays). While ALMA has
greatly facilitated the detection of heretofore unknown
molecules in the atmosphere of Titan, the background
continuum emission from the giant planets presents a
challenge to the detection of all but the strongest emis-
sion lines (CO, HCN, CS, etc.) in their atmospheres. To
further expand the known chemical inventory of molecu-
lar species, both predicted and serendipitous, the nom-
inal dynamic range of AtLAST needs to be sufficiently
high so that emission lines over 1000 times weaker than
the continuum level can be reliably detected against large
(~ 20 —307), bright (several hundred Kelvin) continuum
sources. Chemical species of interest include HC3N (~
136, 264, 318, and 672 GHz), CH;CN (bands at ~ 129,
221, 312, and 698 GHz), CH;CCH (bands at ~ 154, 222,
325, 632 GHz), C3Hg, and other nitriles and hydrocar-
bons. AtLAST therefore holds the promise of detecting
new chemical species on giant planets through advance-
ments in sensitivity and dynamic range, while a large fo-
cal plane array (2 25 x 25 pixels in size) is required to
map their spatial distributions without rotational smear-
ing. Such observations would provide major insights into
the origins of non-equilibrium species, through spatial as-
sociations with storms, aurorae or infall phenomena, and
would lead to a new understanding of the extent of pho-
tochemical processing of gases in giant planetary atmo-
spheres.

In addition, studies of molecular isotopic ratios provide
profound insights into the formation and evolution of the
giant planets ([116] and references therein). The mea-
surement of C-, N-, and O-bearing isotopes on the gi-
ant planets enables the determination of the main reser-
voirs for these species, providing crucial inputs for planet
formation models. With a spectroscopic dynamic range
2 10*, measurement of more accurate isotopic ratios for
13¢, 170, 80, and °N in CO, HCN and other gases will
be possible, resulting in improved understanding of how
planetary systems form and evolve from the isotopically
diverse ice, gas and dust reservoirs in the protosolar ac-
cretion disk.

Science Case ii: Terrestrial-Type Atmospheres
Terrestrial-type planets with thick atmospheres are
well suited to molecular spectroscopic studies at
(sub)millimeter wavelengths. With atmospheric
molecular column densities in the range 2.4 x 10%-
1.5x 10?7 em™2, and angular diameters ~ 1—60”, Venus,
Mars and Titan present compelling targets for spectro-
scopic studies using a sensitive (sub)millimeter facility.
As shown in Figure 1 and Table 1, Mars and Venus can be
readily resolved using a 50 m (sub)millimeter telescope,
allowing spectral mapping of trace atmospheric gases to
improve our understanding of their atmospheric physical
and chemical processes.
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Figure 4. Figure from Cavalié et al. [29] (used with permission) showing Herschel /HIFI data of the CO (J=8-7) spec-
trum on Uranus compared to internal, cometary, and steady external infall source models (left), and the corresponding
vertical profiles (right). The comparison of Herschel data to the CO source models allows for the inference of an external

source of Uranus’s CO.

Venus

Mapping of spectral lines from Venus with strong transi-
tions (such as SO,, SO and CO) can provide insights into
the chemistry and dynamics of our sister planet’s atmo-
sphere, much of which remains to be fully understood.
The high spectral resolving power (~ 10°-107) offered by
heterodyne spectroscopy results in measurements mostly
sensitive to altitudes = 60 km — above the thick Venu-
sian cloud layers — allowing detailed studies of the meso-
sphere and above. Previous space missions to Venus in-
cluding Pioneer Venus, Venera, Venus Express, and Akat-
suki have allowed us to better understand the sulphur
and water cycles and global circulation of the atmosphere
[97, 125]. As described by [62], ground based studies
provide a valuable complement to these datasets, thanks
to their ability to monitor the behavior of gases as func-
tion of time, both in the short term (~hours) and the long
term (~years or decades). With respect to space-based
data, ground-based observations have the advantage of
instantaneous snap-shot imaging over the whole disk of
Venus, enabling global atmospheric studies as a function
of latitude, longitude, and local time.

The Venus Express and Akatsuki orbiters detected strong,
long-term (multi-year) variations in the planet-scale zonal
wind speeds and atmospheric SO, and CO abundances
that remain to be fully understood. In the wake of these
space missions, continued ground-based (sub)millimeter
monitoring is therefore important to better understand
these phenomena, which will help us understand the evo-
lution of Venus’s global climate. Spectral-spatial mapping
of the entire (~ 10 — 60” diameter) Venusian disk at a
spectral resolution ~ 0.1 km s™! and spatial resolution of
~ a few arcseconds is required to fulfill this science objec-
tive.

The complex behaviour of sulphur-bearing molecules is
a particularly important topic for further study due to
their central role in Venus’s climate, their close relation-

ship with other volcanic gases (such as the ubiquitous
clouds of sulfuric acid that blanket Venus), and their abil-
ity to trace photochemical and dynamical phenomena
[97]. The strong temporal and spatial variability of SO
and SO, abundances at high altitudes remains largely
mysterious, so further mapping studies are required to
elucidate the sources and and sinks of these molecules in
the upper atmosphere, and relate them to the lower alti-
tude (volcanic) gases and aerosols. Such temporal studies
are difficult using ALMA due to its variable array config-
uration that resolves out most of Venus’s disk for a large
part of the year, so rapid, multi-beam total-power map-
ping is required.

CO plays a key role in the carbon dioxide cycle, which
maintains the chemical stability of the primary con-
stituent of Venus’ atmosphere. Previous (sub)millimeter
studies [34, 36, 35, 61] disagree on the extent of spa-
tial variations in the CO distribution, so additional, tem-
porally resolved mapping studies of this molecule are
needed. In particular, future, temporally and spatially re-
solved, ground-based measurements of the atmospheric
composition of Venus will be required to contextualize
in situ data from upcoming spacecraft missions such as
DAVINCI+ [69], VERITAS [21] and EnVision [70].

The unparalleled sensitivity of AtLAST would enable
searches for new molecules (including sulfur, phospho-
rous and chlorine-bearing species, as well as organic
molecules) that would help improve our understanding
of the chemical processes occurring in the Venusian at-
mosphere, and their link to the volcanic gases that are
thought to be so critical in governing Venus’s hot global
climate. Due to the bright (several hundred Kelvin)
Venus continuum, and the comparative weakness of the
mm-wave absorption lines from any yet-to-be-detected
molecules (~ 10 mK), searches for new molecules will
place strong demands on the spectroscopic dynamic range
(DR) of the instrument (which would ideally reach DR
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~ 10° to allow in-depth studies of Venus’s trace gas inven-
tory). Close attention will therefore need to be paid to the
bandpass calibration accuracy and spectroscopic baseline
stability, in order to achieve very flat baselines, to allow us
to realise the full potential of such a powerful telescope for
planetary science. A precise measurement or upper limit
of the phosphine (PH;) abundance would be just one of
the ways in which AtLAST would help revolutionize Venus
atmospheric science [72, 137, 7, 51].

Mars

The divergent histories of Earth and Mars contain valu-
able lessons in our quest to determine the conditions re-
quired for the origin and persistence of life on planetary
surfaces. Understanding the present-day climate and at-
mospheric composition of Mars, and how it evolved over
the history of the Solar System, is therefore an important
objective in the fields of planetary science and astrobiol-
ogy. Mapping and detection of trace atmospheric gases
such as CO and H,O allows us to constrain photochemi-
cal networks and climate models, while measurements of
molecular isotopic ratios provide unique insights into the
planet’s atmospheric loss history [136, 116]. Quantifying
the Martian atmospheric circulation/global wind field is
another essential objective towards revealing the past cli-
mate of Mars.

Detailed studies of the composition and wind field of
Mars’s upper atmosphere were recently performed us-
ing data from the Mars Atmosphere and Volatile Evolu-
tion (MAVEN) spacecraft/orbiter [10]. These measure-
ments were obtained in the thermospheric altitude range
(~ 140-240 km), using data acquired over several Mar-
tian seasons and spanning a large number of spacecraft
orbits. Discrepancies between the observed wind speeds
and those predicted by state-of-the-art climate models in-
dicate that the global air circulation on Mars remains to
be fully understood [121]; further studies of these phe-
nomena, including how the thermospheric wind speeds
are influenced by those at lower altitudes, are therefore
needed. Spatially complete measurements of Mars’s 4”—
26” disk at high (~ 0.1 km s spectral resolution are
required in order to derive the zonal wind speeds as a
function of latitude, similar to those described for the gi-
ant planets (Science Case i).

The circulation in the middle atmosphere (40-80 km) is
also affected by atmospheric transport and climatic pro-
cesses in the lower atmosphere (<40 km). Although the
lower atmospheric dynamics of Mars have been charac-
terized by previous spacecraft missions (e.g. [77, 71,
and are reasonably well reproduced by general circula-
tion models (GCMs), the middle atmosphere has been less
well studied, so models are less constrained in this re-
gion [103]. (Sub)millimeter heterodyne observations are
uniquely well suited to probing the Martian middle at-
mosphere, yielding temperature and wind measurements
from spectrally and spatially resolved molecular line pro-
files [85, 22]. As shown by [103], comparison of ground-
based Mars CO mapping observations with GCM predic-
tions (see Fig. 5) indicates significant discrepancies in the

wind speeds and their spatial structure, and the GCMs of-
ten underestimate the temperatures in the middle (20-50
km) atmosphere.

No Mars space mission to-date has included high-
resolution heterodyne instrumentation. Mars science
would thus benefit from an improved-sensitivity ground-
based (sub)millimeter telescope. With an angular resolu-
tion of a few arcseconds in the (sub)millimeter range (to
cover e.g. the CO J = 3-2, 6-5, 7-6 or 8-7 lines between
300-1000 GHz), combined with a large field of view, At-
LAST would perform global monitoring of the middle at-
mosphere of Mars (over timescales from hours to years),
enabling critical benchmarking and subsequent improve-
ment of climate models.

Titan

Since the end of the Cassini mission, ALMA has risen the
forefront of ground-based Titan studies, thanks to its abil-
ity to perform spatial/spectral imaging of a large number
of atmospheric gases, measure their (3D) distributions,
and detect new species, including molecules of possible
astrobiological relevance [45, 47, 42,118,115, 132, 133].
This has demonstrated the power of long wavelength as-
tronomy to provide new insights into the chemistry, dy-
namics, climate, and potential habitability of small icy
moons in our Solar System. Although a 50-m class facil-
ity such as AtLAST will not spatially resolve Titan (which
has an angular diameter ~ 1”, including its extended at-
mosphere; Table 1), with sufficient collecting area, band-
width and atmospheric transmission, AtLAST would be
able to compete with large (sub)millimeter interferome-
ters such as ALMA and NOEMA in terms of flux sensitivity
per beam. Consequently, broadband molecular line sur-
veys with AtLAST would be able to reach unprecedented
sensitivity towards objects such as Titan. Broad band-
widths (10’s of GHz) have been shown to be crucial for
the detection of increasingly complex organic molecules
in extraterrestrial environments, due to their large num-
ber of individual rotational transitions spread across the
cm/ (sub)millimeter range [13, 100, 92, 39]. Combining
the fluxes from multiple emission lines in a broadband
survey (e.g. between 200-300 GHz at sub-mK RMS and
1 kms™! spectral resolution), would therefore provide
sufficient sensitivity to detect new molecules on Titan, in-
cluding molecules of possible (pre-)biotic relevance, and
help improve the accuracy of abundance ratio derivations.
Similarly, AtLAST could enable the detection and charac-
terisation of new isotopologues of known molecules (such
as 13C, °N and deuterium-substituted forms of C, N and
H-bearing organics), which have the power to elucidate
the long-term physico-chemical evolution of Titan’s mys-
terious atmosphere [96, 95, 116].

Science Case iii: Plumes from Icy Moons

Advances in our knowledge regarding the interior struc-
ture of icy moons have demonstrated the likely presence
of subsurface oceans throughout the Solar System [114,
123]. Enceladus, Europa, Ganymede, Callisto and Triton
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Spectral line map of CO J = 1 — 0 absorption towards Mars, obtained using the IRAM Plateau de Bure
Interferometer with a beam size ~ 7 (adapted from [103]; overlaid on an optical map of the Martian surface from the
NASA Solar System Simulator; https://space.jpl.nasa.gov/). Black lines: Observations. Red lines: Line profile expected
from GCM predictions. Green lines: Fit of observations with retrieved thermal profiles.
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are known or suspected ocean worlds. Cryovolcanic ac-
tivity can launch plumes high into their atmospheres, and
their molecular emission could be detected by a sensitive
(sub)millimeter instrument. Plumes linking the subsur-
face with the atmosphere provide a potential means for
probing the compositions of subsurface liquid reservoirs,
and open up the possibility of remote habitability stud-
ies. Sensitive (sub)millimeter single-dish spectroscopy
can probe the chemical compositions of the tenuous at-
mospheres of the icy Jovian satellites Europa, Ganymede
and Callisto, the Saturnian satellite Enceladus, and the
Neptunian satellite Triton to help determine the surface
and/or interior compositions, from which insights into
the chemistry and habitability of the subsurface oceans
of these moons can be obtained.

Subsurface oceans are primary targets in the search for
extraterrestrial life [76], but in-situ survey missions are
extremely costly and difficult. One of the most outstand-
ing results of the Cassini mission to the Saturnian system
was the discovery of plumes emanating from the south
polar region of Enceladus, believed to originate from a
warm, subsurface ocean [119, 124]. However, Cassini
mass spectrometry of the plume was relatively low reso-
lution leading to ambiguity in the detection of molecules
with equivalent integer atomic mass (e.g. N,/C,H, and
HCN/C,Hg; [139]). The possibility of chemical reactions
and molecular dissociation within the Cassini mass spec-
trometer chamber is also difficult to quantify or rule out,
as is the potential contamination of mass spectra due to
Cassini fly-throughs of the Titan atmosphere. Unambigu-
ous spectroscopic followup of the Enceladus plume com-
position is therefore essential.

Following the end of the Cassini spacecraft mission,
ground-based spectroscopic studies present a feasible
alternative for studying the composition of the Ence-
ladus plume(s), and complement observations from JWST
[138]. However, present observatories suffer from a lack
of sufficient sensitivity and/or angular resolution to read-
ily detect the faint, ~ 1” long plumes. Contamination
from the bright, nearby (< 25" away) Saturn is also a
major issue. Even large interferometers such as ALMA
struggle due to the relatively large primary beam size pro-
vided by a 12 m sized antenna, which makes it difficult to
exclude emission from Saturn and its rings from the field
of view, leading to troublesome image artifacts. To avoid
Saturn and exclude it from the 2nd and 3rd sidelobes of
the primary beam, AtLAST would require a HPBW < 8” at
1.1 mm, and as such requires an aperture diameter >40
m.

As an example of what may be detectable, assuming a
plume H,O production rate of ~ 10?8 s7!, constant out-
flow velocity of 0.5 kms™!, and rotational temperature
of 25 K [140, 138], with a jet opening angle of 30° and
HCN abundance of 10™* (10x less than observed in typ-
ical comets [15]), the peak antenna temperature for the
HCN J = 4 — 3 transition is calculated to be ~ 25 mK
(after convolution with a Gaussian beam of FWHM 3.5").
Combining a small beam size with milli-Kelvin sensitivity,
AtLAST would therefore be able to open up the possibil-
ity of direct ground-based studies of the Enceladus ocean

chemistry.

Specific target lines for this science case include HCN (354
GHz), H,CO (351 GHz), H,0 (183 GHz), CS (243 GHz),
SO, (252 GHz), H,S (369 GHz) and transitions of var-
ious salts and complex organic molecules including al-
cohols, carbon chains, aromatics and amino acids in the
range 125-373 GHz. Detections (or useful upper limits)
on the abundances of these species in the Enceladus and
Europa plumes could thus be obtained. Searches for new
molecules in the extended Enceladus torus [75] would
also be possible. This would not only provide a crucial
followup and validation of the Cassini mass spectrometry
studies, but also allow changes in the plume composition
as a function of time to be observed.

Science Case iv: Comets

Comets accreted in the Solar System at around the same
time as the planets, and are believed to contain pristine
(largely unprocessed) material from the protosolar accre-
tion disk and prior interstellar cloud [113]. Studies of
cometary ices therefore provide unique information on
the physical and chemical conditions prevalent during the
earliest history of the Solar System. Due to their chem-
ical compositions, rich in water and organic molecules,
cometary impacts could also have been important for de-
livering the ingredients of life to otherwise barren plan-
etary surfaces throughout the Solar System, and may
therefore have played a role in initiating prebiotic chem-
istry [33]. Examining the molecular and isotopic content
of comets provide unique insights into the relationship
between interstellar and planetary material. Through
broadband molecular surveys, we gain insights into the
diversity of cometary compositions, improving our knowl-
edge of the chemistry that occurred during planetary sys-
tem formation.

Based on prior experience with the CSO 10-m and IRAM
30-m telescopes [17, 12, 14], detections of new molec-
ular species (previously undetected in comets), includ-
ing complex organic molecules relevant to the origin of
life, can be expected using a next-generation, single-dish
(sub)millimeter facility. Observations of deuterated and
15N /13C-substituted isotopologues of known molecules in
a statistical sample of comets will provide fundamental
new insights into the chemical origins of cometary (and
thus, planetary) material.

Spatial-spectral coma studies (see Figure 6) will provide
fundamental information on the physics of cometary out-
gassing, as well as the complex thermal and photochem-
ical processes occurring in the coma. Using currently-
available telescopes, these crucial measurements can
only be obtained in the very brightest comets (of which
only a few appear every 10 years), so a more powerful
(sub)millimeter facility (optimized for fast mapping) will
significantly expand our knowledge and generate reliable
statistics for the (chemically diverse) comet population.
Specific target lines include HCN (354 GHz), DCN (362
GHz), HC®N (344 GHz), H,CO (351 GHz), HDCO (335
GHz), D,CO (342 GHz), H,O (183 GHz), HDO (465 GHz,
894 GHz), D,0 (607 GHz, 898 GHz) and transitions of
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various complex organic molecules including alcohols,
carbon chains, aromatics and amino acids in the range
125-373 GHz (see Figure 7 for a selection of the avail-
able lines from known cometary species in the millimeter
waveband).

Isotopic studies provide a powerful means for understand-
ing the evolution, origins and inter-relationships between
different Solar System bodies. In particular, materials
throughout the Solar System exhibit differing degrees of
deuterium (heavy hydrogen) enrichment, the measure-
ment of which can reveal their chemical and thermal
histories. Comets are thought to contain a significant
amount of pristine, deuterium-enriched interstellar ma-
terial, predating the birth of the Solar System [4]. How-
ever, D-enrichment in water ice may also be possible due
to fractionation reactions in the protosolar accretion disk,
before the gas dissipates [116]. The fraction of pris-
tine (interstellar) vs. reprocessed (disk) ices incorpo-
rated into planetary materials is an important open ques-
tion that can be addressed via improved measurements
of cometary D/H ratios. In particular, comparison of
cometary D/H ratios with protoplanetary disk models can
help unravel the details of where, and from which mate-
rials cometary ices were accreted [141, 1, 38]. As shown
in Figure 8, the strongest cometary HDO line accessible
using ground-based sub-mm telescopes is the 1; ; —0q
line at 894 GHz. The next strongest lines at 509 and 600
GHz are on the flanks of the high-opacity 557 GHz H,0
line, making them undesirable targets, so the 465 GHz
line presents the next best alternative after the 894 GHz
line. A simulated HDO 894 GHz flux map (and spectral
line profile) for a typical comet (assuming HPBW = 1.4")
is shown in the right panel of Figure 8. Access to this
line would provide an unprecedented opportunity to sur-
vey HDO in a large number of comets (several per year),
spanning different levels (and modes) of outgassing ac-
tivity, which would provide new insights into the origin
of water on Earth, and elsewhere in the Solar System
[75, 38, 3, 116].

Due to their spatially extended nature (up to several hun-
dred arcseconds), and ~ 1/r brightness profile, opti-
mal sensitivity to weak cometary lines is achieved us-
ing a large, single-aperture antenna rather than an in-
terferometer, since the latter is blind to coma structures
larger than the angular scale probed by the shortest base-
lines. To expand the statistics for cometary abundance
measurements in a meaningful way (observing 2 moder-
ately bright comets per year over a 10-year timespan),
with sensitivity to all the species in Figure 6, will re-
quire milli-Kelvin sensitivity across ~ 1 kms™' spectral
line width. Since comets are dynamic, time-variable ob-
jects (on timescales of days or even hours), simultane-
ous observation of the species of interest is desirable for
reliable molecular abundance comparisons. An instanta-
neous bandwidth of several 10’s of GHz is therefore re-
quired, at a spectral resolution ~ 0.1 kms™! in order to
resolve the complex kinematical structure of the coma
(e.g. [122]). Simultaneous, multi-chroic observations in
several frequency bands are required to probe the com-
plete range of species of interest. The ability to rapidly

respond to transient cometary phenomena such as out-
bursts or surprise apparitions will necessitate flexible tele-
scope scheduling, for example, with a turnaround time
of a few days between identification of the target phe-
nomenon and acquisition of the observations. It will also
be important to accommodate time-constrained observing
requests (ideally, to an accuracy of up to a few minutes),
to perform synergistic observations with ground or space-
based observatories at other wavelengths, or to capture
specific, temporally isolated events such as rapid perihe-
lion/perigee passages or spacecraft flybys.

In terms of frequency coverage, sensitive access to the
(sub)millimeter range is required, ideally up to and in-
cluding the HDO 1, ; — 0, line at 894 GHz line.

Conclusion

We have highlighted some the most important plane-
tary science use cases for a new, large-aperture, single-
dish submillimeter telescope. In particular, the improve-
ments in spectral line sensitivity and dynamic range of-
fered by such a cutting-edge facility will permit the de-
tection of new molecules and isotopologues that will di-
rectly enhance our understanding of chemical complexity
and abundances in the upper atmospheres of the terres-
trial and giant planets, as well as in comets. In turn, these
observations will improve our understanding of exoplan-
etary atmospheric dynamics and compositions, and allow
for the improved assessment of planets and moons within
our solar system to harbor past or present habitable en-
vironments. Instantaneous (snapshot), high resolution,
broadband spectral-spatial molecular mapping will pro-
vide new insights into transient phenomena such as plan-
etary winds and storms, as well as jets, outbursts and am-
bient molecular distributions in cometary comae and icy
moon exospheres. The relevant instrument specifications
required to achieve this science are summarized below.

Summary of Instrument Requirements
Sensitivity

RMS sensitivities of ~ 1 mK per 1 kms™" spectral reso-
lution element in a few hours on-source will be required
for spectroscopic characterization of Solar System bodies
(which are often time-variable). This will allow spectral
mapping of known trace species, isotopic measurements,
and new molecular detections in planetary atmospheres
and comets.

1

Spectroscopic Dynamic Range

Spectroscopic dynamic range (ratio of continuum to line
intensity) = 10° is required for detection of weak atmo-
spheric spectral lines from trace gases, against the bright
continuum of Venus, Mars, Jupiter, Saturn, Uranus, Nep-
tune and Titan.

Spectral Coverage and Resolution
(Sub)millimeter spectroscopic observations of planetary
and cometary atmospheres require a combination of
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broad bandwidth (several GHz or more to properly char-
acterize the profiles of strongly pressure-broadened ro-
tational lines) and high spectral resolution (~ 100 kHz
to fully resolve thermally-broadened line profiles ~ 1
kms™ wide). Broad (10’s of GHz) of bandwidth in
the (sub)millimeter range — preferably, simultaneously
across multiple receiver bands — is also necessary to ob-
serve multiple molecules and rotational transitions simul-
taneously, and would enable spectral line stacking anal-
yses for more complex molecules whose lines are often
distributed over a large frequency range. This will lead to
orders-of-magnitude improvements in sensitivity for the
more complex molecules, which can have hundreds of
lines within the spectral range of interest. Instantaneous
bandwidth of 32-64 GHz would be desirable to avoid hav-
ing to change receiver tunings during time-critical obser-
vations, facilitating relative abundance and isotopic ratio
analyses.

Spatial Resolution

A small beam size of ~ 5” at 300 GHz is required for
the majority of planets in our Solar System to be spa-
tially resolved (see Table 1), paving the way toward more
detailed atmospheric studies than have previously been
possible with single-dish facilities. Such a small beam
is also required to minimize beam dilution for the small
(~ 0.1”-2" diameter) bodies such as icy moons and their
plumes/exospheres. A small primary beam (< 8”) is also
strictly required for Enceladus observations, to avoid con-
tamination due to its close proximity (< 25”) from the
bright emission sources of Saturn and its rings.

Mapping Requirements

Spatial resolution of a few arcseconds over a field of view
up to a few arcminutes, with ~ 20-50 beams across a
single axis (for example, in a square or hexagonal ar-
ray, ~ 25 pixels in across) is required for snapshot map-
ping of terrestrial and gas-giant planetary atmospheres.
A 50-m single-dish telescope with large focal plane array
could achieve this without resolving out the larger plan-
ets, which is a problem for interferometers.

Time-domain Considerations

Observations of Solar System objects are often time-
critical, in the case of observing transient atmospheric
phenomena, cometary outbursts etc., and to account for
moons being in and out of eclipse/occultation, or to
avoid observing when a satellite is too close to its parent
planet. Target-of-opportunity observations, coordination
with other telescopes/space missions, and accommoda-
tion for regular monitoring of science targets with a pre-
defined cadence (over a timescale of days, weeks, months
or years), will all be crucial for maximum science return
on time-variable Solar System objects. Scheduling the
most critical observations to within an accuracy of a few
minutes will therefore be desirable. Responding to unex-
pected transient phenomena such as cometary outbursts
or surprise apparitions will necessitate flexible telescope

scheduling, for example, with a turnaround time of a few
days.

Data and Software Availability

The calculations used to derive integration times for this
paper were done using the AtLAST sensitivity calculator,
a deliverable of Horizon 2020 research project ‘Towards
AtLAST’, and available from GitHub. Spectral line inten-
sities for Enceladus and comets were calculated using the
LIME and SUBLIME radiative transfer codes, respectively
[18, 50], both of which are available on GitHub.
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