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Abstract

The study of planets and small bodies within our Solar System is
fundamental for understanding the formation and evolution of the
Earth and other planets. Compositional and meteorological studies of
the giant planets provide a foundation for understanding the nature
of the most commonly observed exoplanets, while spectroscopic
observations of the atmospheres of terrestrial planets, moons, and
comets provide insights into the past and present-day habitability of
planetary environments, 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 proposed 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 synergistic, 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
sensitivity (~ 1 mK km s™1) 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.

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 using existing and prior telescopes
operating at wavelengths in the millimeter/submillimeter range
(between the radio 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 telescope 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 complement for
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measurements by current and future interplanetary spacecraft
missions. We discuss the limitations of currently-available
millimeter/submillimeter telescopes, and summarize the
requirements and applications of a new and larger, more sensitive
facility operating at these wavelengths: the Atacama Large Aperture
Submillimeter Telescope (AtLAST).
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Planets, Comets, Planetary atmospheres, Spectral lines, Spectral
imaging, Submillimeter, Instrumentation
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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. Brightness tempera-
ture measurements can be readily derived for large solar system
objects using traditional single-dish radio facilities, while the
high spectral resolution combined with increasing bandwidth
and sensitivity of modern (sub)millimeter wave telescopes
and interferometers has enabled pioneering spectroscopic sur-
veys and spatial-spectral mapping of planetary bodies and
comets. The measurement of thermal emission in the shallow
subsurfaces 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 derived from
infrared observations.

The (sub)millimeter wavelength regime also provides access
to rotational transitions from gas-phase molecules in plan-
etary 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 accuracy. The available
molecular species tend to be dominated by the more abundant
reactive elements in our solar system (C, H, N, O, P and
S), and therefore include hydrocarbons, 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'*. Combining improved sensitivity, angular resolu-
tion and field-of-view, AtLAST would open new frontiers in
our understanding of planetary atmospheres and surfaces, as
well as providing more detailed -characterization of the
gases produced by comets. More sensitive access to the
long-wavelength region of the spectrum is also crucial for
providing supporting observations and large-scale context for
the more focused measurements performed by interplan-
etary spacecraft missions. In particular, the availability of
improved mapping capabilities, wider instantaneous band-
width, and higher spatial resolution made possible by AtLAST
would result in improvements in our ability to characterize and
monitor 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 properties
of the vast number of exoplanets that are now known to exist
around other stars throughout the galaxy’. The paradigm within
which we understand the environmental conditions, climate
and possible habitability of exoplanets exists by virtue of the
active development of an extensive knowledge-base on atmos-
pheric (and bulk) chemical inventories and physical processes
occurring in the planets, moons, and other minor bodies of our
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Solar System. In this era of rapid discovery, it is thus more impor-
tant than ever to develop and build new telescope facilities such
as AtLAST, to continue to advance our understanding of the
compositions, spatial and temporal features, 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 Observ-
atory (OVRO), Institut de Radioastronomie 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, characteriza-
tion of the near subsurface properties of the Galilean Satellites, as
well as compositional and dynamical studies of terrestrial
planet and satellite atmospheres. These were complemented
by early interferometric observations by the Very Large Array
(VLA), Berkeley-Illinois-Maryland Association (BIMA) array,
Submillimeter Array (SMA), and Atacama Large Millimeter/
submillimeter Array (ALMA), enabling higher sensitivity and
angular resolution studies®%.

Cometary science — the study of our Solar System’s oldest,
yet most pristine materials — has benefited hugely from
advances in single-dish millimeter-wave instrumentation. The
first detections of key organics HCN and CH,OH in cometary
comae were obtained through observations using the National
Radio Astronomy Observatory (NRAO) 11-m and IRAM 30-m
telescopes in the 3 mm and 2 mm bands, respectively'*.
Millimeter-wave spectroscopy continues to provide the primary
method for remotely detecting and characterizing new
molecules (including complex organic molecules) in cometary
comae?’, while also providing crucial insights into the origins
of our solar system’s primitive materials via detailed studies of
molecular isotopic ratios>*. ALMA is currently revolutionizing
the study of comets at (sub)millimeter wavelengths, revealing
the coma and nucleus outgassing sources in unprecedented
detail from the ground**, yet snapshot maps of the largest
coma scales remain out of reach with present facilities.
A new, highly-sensitive single-dish (sub)millimeter telescope
with wide-field imaging capabilities will help advance coma
mapping studies and help break new ground in our understanding
of the chemical composition of comets.

Observations at (sub)millimeter wavelengths have enabled
the detection and mapping of new molecular species in the
atmospheres of various planets in our solar system. CO and
HCN were first detected on Neptune in the early 1990s using
the James Clerk Maxwell Telescope (JCMT) and CalTech
Submillimeter Observatory (CSO) telescopes”, with abun-
dances ~1000 times higher than predicted from thermochemical
models. Similarly, CO, HCN, and HNC were detected on
Pluto with recent ALMA observations®, and a variety of trace
gases have been discovered on Titan using millimeter-wave
spectroscopy 3.
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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 troposphere,
combined with thermochemical models, has been wused to
argue for an ice-dominated interior®>*’. However, a comet
impact in the last few hundred years, as suggested by
(sub)millimeter observations of stratospheric CO* and CS*,
would imply significant external flux into Neptune’s atmos-
phere. Therefore, a rock dominated interior is also plausible®
and more consistent with D/H ratio measurements if the interior
is well mixed*.

The Herschel Space Observatory provided numerous demon-
strations of the power of (sub)millimeter single-dish heterodyne
spectroscopy for characterizing planetary atmospheres, pro-
ducing the first detection of water in the extended gaseous
torus around Enceladus*'. The Herschel Heterodyne Instru-
ment for the Far-Infrared (HIFI) instrument also obtained
the first detection of hydrogen isocyanide (HNC) in Titan’s
atmosphere®.  Stratospheric H,0 measurements with HIFI
have been used to demonstrate the cometary origin of water in
Jupiter’s stratosphere® and to constrain the background flux
of interplanetary dust particles into Uranus’ and Neptune’s
atmospheres*. Fletcher er al* used the Spectral and
Photometric Imaging Receiver (SPIRE) instrument on Herschel
to constrain the vertical distributions of phosphine, ammonia
and methane on Saturn, as well as providing measurements
of stratospheric water and precise upper limits for a range
of exotic compounds including halides.

In general, the improvements in (sub)millimeter wave sensi-
tivity and mapping capabilities ushered in by ALMA have led
to major strides in our understanding of the compositions and
dynamical states of planetary atmospheres, as well as satellite
and small body  surfaces’®!234384664  However, the
lack of simultaneous, high-sensitivity total power observations
hinders ALMA’s ability to characterize localised/dynamical
phenomena such as storms and plumes on rotating plan-
etary 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 rotating and
evolving atmospheres of solar system objects. Such stud-
ies have historically been the realm of interferometry, though
the lack of short baselines in a typical interferometric array
leads to spatial filtering of the resulting images, which can
preclude reliable measurements of extended emission from
larger bodies such as the giant planets and extended come-
tary comae. Further, the repositioning 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 population, bulk properties, and volatile composition of
potential 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
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evolves in non-terrestrial and cold environments. Combined
with their large angular scales (Figure 1) and total flux, the plan-
ets present challenging targets for observation of small bright-
ness temperature variations or weak spectral lines against
a strong background continuum at (sub)millimeter wave-
lengths, and therefore place stringent demands on the stability,
calibration, and dynamic range of heterodyne telescope instru-
ments. The availability of a new, cutting edge single-dish
(sub)millimeter facility 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 molecular
detections. The spectral and imaging dynamic range limita-
tions of currently-leading facilities such as ALMA hinder
our ability to detect and map new chemical species in plan-
etary 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 calibra-
tion procedures. Such limitations make it difficult to reliably
measure weak spectral lines and detect new molecules in the
(sub)millimeter range. This is a particular problem for planetary
targets that have a relatively bright (sub-)mm continuum. The
maximum achievable dynamic range is dictated by the ability to
accurately calibrate (or flatten) the spectroscopic baseline,
which, for interferometers like ALMA, requires the observa-
tion of a point-like calibration source with a strong, line-free
continnum. Improved calibration accuracy of a single-dish
(‘total power’) facility such as AtLAST could be achieved
through observations of brighter, more extended, spectrally
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 construc-
tion of present-generation (sub)millimeter facilities such as
the IRAM 30-m and JCMT will further facilitate the acquisi-
tion of spectra at high dynamic range, allowing the detection
of new, spatially distributed trace gases in planetary atmos-
pheres, such as complex organic molecules and other (perhaps
biologically relevant) species. For optimal science return on
AtLAST, a spectroscopic 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 calibration 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 combination
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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.

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 spec-
troscopic 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 appar-
ent sizes over time due to orbital motions. For comparison, 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 resolution elements within
the area of the major Solar System bodies as a function of these
frequencies (and wavelengths) are given in Table 1. These
data demonstrate that a 50-m class single-dish (sub)millimeter
telescope can readily resolve Venus, Mars, Jupiter and
Saturn —-often, throughout their orbits, in a number of fre-
quency 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 AtLAST, 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 particular chal-
lenge for interferometers like ALMA, NOEMA and SMA as
they possess large angular structures that are resolved out at long
baselines. As shown in Figure 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 observ-
ers with a consistent range of angular resolutions at all times,
would facilitate studies of temporal phenomena, contempora-
neous observations with other facilities, and support for space-
craft measurements. This latter task can prove difficult for
interferometers, which tend to have variable configurations
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Table 1. Maximum Number of Beams Per Planet Area for 50 m Diffraction-Limited

Aperture.

Wave. Freq. Ang.Res.
(mm) (GHz) ()

3.00 100 124 9 239
2.00 150 8.2 14 359
130 230 5.4 21 551
0.87 345 3.6 32 826
0.64 465 2.7 43 1113
043 690 1.8 63 1652
034 875 1.4 80 2095
0.30 1000 1.2 91 2394
(and thus, variable angular sensitivities) throughout the

observing schedule. Further, a single-dish instrument with
focal-plane receiver array at least an arcminute in diameter
would permit mapping of both large and small-scale plan-
etary 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 major-
ity 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 Ence-
ladus 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 technology 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 arcseconds on the sky. The ability
to map in two spatial dimensions the chemical distributions
and dynamical motions of Solar System objects at a given
instant in time is crucial for properly characterizing short-term
phenomena 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, ~25x25 pixel array), at a spectral
resolution ~0.1 km s7!, would allow detailed imaging and
Doppler studies of molecular species in planetary and
cometary atmospheres 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 targets for remote

Mercury Venus 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

observations due to (1) small-scale vertical (radial) varia-
tions in temperature and composition, (2) the brightness of
their continuum emission (particularly in contrast to trace
atmospheric species), and (3) their high atmospheric pressures
and fast rotation speeds, which can significantly broaden the
spectral  lines. Millimeter/submillimeter  facilities provide
powerful probes of the composition, structure, and dynamics
of the tropospheres and stratospheres of giant planets through
the combination of rotational emission/absorption line meas-
urements, 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 difficult
properties to observe directly through remote sensing and
often require in situ measurements through interplanetary
probes®®. With the advancement of larger aperture and inter-
ferometric facilities, the spatial 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 including those made by Juno and the recently
launched JUpiter Icy Moons Explorer (JUICE) mission®,
The development of a larger-aperture, single-dish telescope
(AtLAST) will further help to improve our understanding of gas
and ice giant planet atmospheres — and by extension, exoplanets
with similar sizes and compositions — in several key areas:

e The spatial and temporal variation of temperature
structure throughout the troposphere and stratosphere,
which relates to the global and local circulation,
dynamics and composition of the atmosphere.

e Variability of atmospheric winds and vertical wind
shear on short-term and seasonal timescales, and
how that relates to climatological and other forcing
mechanisms.
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e The composition and distribution of trace
throughout the stratosphere and troposphere.

species

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

Dynamics
The dynamical state of planetary atmospheres — often described
by their temperature structure and wind fields — allows

for the characterization of their atmospheric circulation,
energy budget, and seasonal variability. Previous studies at
long wavelengths have measured brightness temperature and
compositional variations in the giant planets to assess the
influence of seasonal changes in insolation, meteorological
activity, and transient events (such as impacts) throughout their
tropospheres and stratospheres, which complement studies in
the optical and infrared. The temperature and circulation of
Neptune’s troposphere and stratosphere have been studied
using the the Combined Array for Research in Millimeter-wave
Astronomy (CARMA), VLA, and ALMAS %6970  through
observations of CO and continuum features.

Similarly, the NH, and brightness temperature distribution on
Jupiter from VLA and ALMA observations has been used to
contextualize storm outbreaks and observations with the Juno
spacecraft'>’2, Figure 2 shows the comparison of ALMA obser-
vations of Jupiter at 1.3 and 3.0 mm to a visible wavelength
composite from the Hubble Space Telescope (HST), allow-
ing for the comparison 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 latitudi-
nal coverage to ALMA Band 3 observations (Figure 2, right
panel) in a single integration. Sensitivity <1 K over short
integration times (minutes) would allow for the precise
determination of brightness temperature variations compared
to the bright continuum emission while avoiding longitudi-
nal smearing of localized features due to planetary rotation and
winds; higher sensitivity and dynamic range considerations
pertain mostly to spectral line surveys, as discussed below.

ALMA 1.3 mm
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Wide bandwidth (>a few GHz) settings enable the pressure-
broadened rotational transitions (e.g., CO at ~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., 73). 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 seasonal photochemical models’7’.

In contrast to the meridional circulation of the atmosphere,
which is too slow to readily detect using spectral line shifts,
the direct measurement of horizontal zonal atmospheric winds
is possible from the Doppler shifts of molecular rotational
transitions at high (~0.1 km s™') spectral resolution. Wind
speeds of the giant planets have typically been inferred
directly from cloud tracking techniques (e.g. through Voyager
imaging’®;), 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””. 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 measurements
at altitudes above the clouds, avoiding the problems associated
with changes in the shapes of resolved atmospheric 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**°. Figure 3
shows examples of winds derived from ALMA observations
of Jupiter, Saturn, and Neptune compared to cloud tracking
and auroral measurements. Measuring 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 instru-
mentation. While the variability in spatial resolution of the
giant planets (Figure 1, Table 1) precludes complete latitudinal
coverage for all planets at all frequencies, even hemispheric

ALMA 3 mm

T
rm——

R

Figure 2. HST (left) and longitude-smeared ALMA (center, right) observations of Jupiter (reproduced with permission from de Pater et al.'?).
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 structures 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 50,80 (reproduced with permission from 50). (Center) Zonal wind speeds as a function of
latitude in Saturn’s stratosphere from Benmahi et al#/, 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 (reproduced

with permission from 49).

comparisons of Doppler wind measurements over time provide
interesting results — see, for example, the abrupt change in
Titan’s stratospheric jet™>®!. As a single-dish facility would not
be confined to time-variable configuration (resolution) con-
straints, 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 appearance are accom-
panied by energetic changes in cloud color and morphology.
On Jupiter, such events periodically take place at low
latitudes®, in the typically white band know as the Equatorial
Zone (x7° latitude), and in the adjacent, 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 local 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 activity,
season, or orbital position®**. On Saturn, however, the northern
hemisphere experiences a large convective storm event approxi-
mately every 30 years. The previous ‘Great Saturn Storm’ in
1990 occurred prior to the advent of the ALMA telescope,
spanning ~15° latitude and eventually encircling the whole
planet. This event led to significant stratospheric effects that
could have been readily characterized in the (sub)millimeter®.
Additionally, ‘Great White Spots’ have previously been
observed with Herschel®. The sizes of these types of spectacular
atmospheric events (~2-5") would make them observable by

AtLAST. As extensive meteorological events offer a window
into the planets’ deeper atmospheres, contemporaneous
(sub)millimeter observations (which can probe different
altitudes by highly resolving line profiles and measuring
multiple  rotational transitions), provide complementary
information to other facilities (e.g., HST, JWST, the Juno
Microwave Radiometer 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
regular 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 per-
taining to their origin and chemical evolution. Chemistry
and circulation may result in the production and distribution
of trace species in the upper atmosphere, as may the
infall of cometary, interplanetary dust, or satellite mate-
rial, or some combination thereof*##-2  While previous
observations at millimeter wavelengths have allowed for the
investigation of these processes (Figure 4), higher sensitiv-
ity measurements are required to more fully characterize the
governing sources and sinks of non-equilibrium species in the
atmospheres of the giant planets. 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
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Figure 4. Figure reproduced with permission from Cavalié et al.?°, showing Herschel/HIFI data of the CO (J = 8 — 7) spectrum on Uranus
compared tointernal, 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.

by AtLAST. To perform these investigations requires wideband
(z 16 GHz), high-resolution (S1 MHz) spectral imaging,
as the spectral 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®%;).

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 elucidate
connections between the external sources from the surround-
ing 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 atmos-
phere of Titan, the background continuum emission from
the giant planets presents a challenge to the detection of all
but the strongest emission lines (CO, HCN, CS, etc.) in their
atmospheres. To further expand the known chemical inventory
of molecular species, both predicted and serendipitous, the
nominal 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 HC,N (~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),
C,H,, and other nitriles and hydrocarbons. AtLAST there-
fore holds the promise of detecting new chemical species on
giant planets through advancements in sensitivity and dynamic
range, while a large focal plane array (2 25 x 25 pixels in size)
is required to map their spatial distributions without rotational
smearing. Such observations would provide major insights
into the origins of non-equilibrium species, through spatial

associations with storms, aurorae or infall phenomena, and would
lead to a new understanding of the extent of photochemical
processing of gases in giant planetary atmospheres.

In addition, studies of molecular isotopic ratios provide pro-
found insights into the formation and evolution of the giant
planets (93 and references therein). The measurement of
C-, N-, and O-bearing isotopes on the giant planets enables
the determination of the main reservoirs for these species,
providing crucial inputs for planet formation models. With a
spectroscopic dynamic range =10% measurement of more
accurate isotopic ratios for ®C, 7O, O, and "N in CO, HCN
and other gases will be possible, resulting in improved under-
standing of how planetary systems form and evolve from the
isotopically diverse ice, gas and dust reservoirs in the protosolar
accretion 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 2.4x10%-1.5x10* cm-% 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 tele-
scope, allowing spectral mapping of trace atmospheric gases to
improve our understanding of their atmospheric physical and
chemical processes.

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 atmosphere, much
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of which remains to be fully understood. The high spectral
resolving power (~10°-107) offered by heterodyne spectros-
copy results in measurements mostly sensitive to altitudes
=z 60 km — above the thick Venusian cloud layers—allowing
detailed studies of the mesosphere and above. Previous space
missions to Venus including Pioneer Venus, Venera, Venus
Express, and Akatsuki have allowed us to better understand
the sulphur and water cycles and global circulation of the
atmosphere®*®. As described by 96, ground based studies
provide a valuable complement to these datasets, thanks to
their ability to monitor the behavior of gases as function 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 there-
fore important to better understand these phenomena, which
will help us understand the evolution 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
objective.

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 relationship
with other volcanic gases (such as the ubiquitous clouds of
sulfuric acid that blanket Venus), and their ability to trace
photochemical and dynamical phenomena®. The strong tem-
poral 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 altitude (volcanic) gases and aerosols. Such
temporal studies are difficult using ALMA due to its variable
array configuration that resolves out most of Venus’s disk for a
large part of the year, so rapid, multi-beam total-power mapping
is required.

CO plays a key role in the carbon dioxide cycle, which
maintains the chemical stability of the primary constituent of
Venus’ atmosphere. Previous (sub)millimeter — studies®'%
disagree on the extent of spatial variations in the CO distribu-
tion, so additional, temporally resolved mapping studies of this
molecule are needed. In particular, future, temporally and
spatially resolved, ground-based measurements of the atmos-
pheric composition of Venus will be required to contextualize
in situ data from upcoming spacecraft missions such as
DAVINCI+!', VERITAS'?> and EnVision'®.

The unparalleled sensitivity of AtLAST would enable searches
for new molecules (including sulfur, phosphorous and
chlorine-bearing species, as well as organic molecules) that
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would help improve our understanding of the chemical proc-
esses occurring in the Venusian atmosphere, 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 hun-
dred 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 ~ 10° to allow
in-depth studies of Venus’s trace gas inventory). 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!*1%7.

Mars

The divergent histories of Earth and Mars contain valuable
lessons in our quest to determine the conditions required for
the origin and persistence of life on planetary surfaces. Under-
standing the present-day climate and atmospheric 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 astrobiology. Mapping and detection of
trace atmospheric gases such as CO and H,O allows us to con-
strain photochemical networks and climate models, while meas-
urements of molecular isotopic ratios provide unique insights
into the planet’s atmospheric loss history?™!%. Quantifying
the Martian atmospheric circulation/global wind field is
another essential objective towards revealing the past climate of
Mars.

Detailed studies of the composition and wind field of Mars’s
upper atmosphere were recently performed using data from
the Mars Atmosphere and Volatile Evolution (MAVEN) space-
craft/orbiter'”. These measurements were obtained in the
thermospheric altitude range (~140-240 km), using data
acquired over several Martian 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 indicate that the global air circulation on Mars
remains to be fully understood'’; further studies of these
phenomena, including how the thermospheric wind speeds are
influenced by those at lower altitudes, are therefore needed.
Spatially complete measurements of Mars’s 47— 26” disk at high
(~0.1 km s7') spectral resolution are required in order to
derive the zonal wind speeds as a function of latitude, similar
to those described for the giant planets (Science Case i).

The circulation in the middle atmosphere (40-80 km) is also
affected by atmospheric transport and climatic processes
in the lower atmosphere (<40 km). Although the lower
atmospheric dynamics of Mars have been characterized by
previous spacecraft missions (e.g. 111,112), and are reason-
ably well reproduced by general circulation models (GCMs), the
middle atmosphere has been less well studied, so models are
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less constrained in this region''. (Sub)millimeter heterodyne
observations are uniquely well suited to probing the Martian
middle atmosphere, yielding temperature and wind meas-
urements from spectrally and spatially resolved molecular
line profiles'*!">. As shown by 113, comparison of ground-based
Mars CO mapping observations with GCM predictions
(see Figure 5) indicates significant discrepancies in the wind
speeds and their spatial structure, and the GCMs often
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 resolution 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, AtLAST would perform global monitoring
of the middle atmosphere of Mars (over timescales from hours
to years), enabling critical benchmarking and subsequent
improvement of climate models.

Titan
Since the end of the Cassini mission, ALMA has risen the fore-
front of ground-based Titan studies, thanks to its ability to
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perform spatial/spectral imaging of a large number of atmos-
pheric gases, measure their (3D) distributions, and detect
new species, including molecules of possible astrobiological
relevance®+2116. This has demonstrated the power of long
wavelength astronomy to provide new insights into the chem-
istry, dynamics, climate, and potential habitability of small icy
moons in our Solar System. Although a 50-m class facility such
as AtLAST will not spatially resolve Titan (which has an angu-
lar diameter =~ 1", including its extended atmosphere; Table 1),
with sufficient collecting area, bandwidth and atmospheric
transmission, AtLAST would be able to compete with large
(sub)millimeter interferometers such as ALMA and NOEMA
in terms of flux sensitivity per beam. Consequently, broad-
band molecular line surveys with AtLAST would be able to
reach unprecedented sensitivity towards objects such as Titan.
Broad bandwidths (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 number of indi-
vidual rotational transitions spread across the cm/(sub)millimeter
range? """, Combining the fluxes from multiple emission
lines in a broadband survey (e.g. between 200-300 GHz at
sub-mK RMS and 1 km s spectral resolution), would there-
fore provide sufficient sensitivity to detect new molecules on
Titan, including molecules of possible (pre-)biotic relevance,
and help improve the accuracy of abundance ratio derivations.

Line depth (%)

-5 0 6
Offset Frequency [MHz]

Figure 5. Spectral line map of COJ =1 — 0 absorption towards Mars, obtained using the IRAM Plateau de Bure Interferometer with a beam
size ~ 7" (adapted from 113; 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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Similarly, AtLAST could enable the detection and charac-
terisation of new isotopologues of known molecules (such
as C, BN 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 mysterious
atmosphere?’120:121,

Science case iii: Plumes from icy moons

Advances in our knowledge regarding the interior structure
of icy moons have demonstrated the likely presence of sub-
surface oceans throughout the Solar System'’*!?*. Enceladus,
Europa, Ganymede, Callisto and Triton are known or suspected
ocean worlds. Cryovolcanic activity can launch plumes high
into their atmospheres, and their molecular emission could
be detected by a sensitive (sub)millimeter instrument. Plumes
linking the subsurface with the atmosphere provide a potential
means for probing the compositions of subsurface liquid
reservoirs, and open up the possibility of remote habitability
studies. Sensitive (sub)millimeter single-dish spectroscopy can
probe the chemical compositions of the tenuous atmospheres
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 composi-
tions, 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 extra-
terrestrial life'*, but in-situ survey missions are extremely
costly and difficult. One of the most outstanding 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'>!?.
However, Cassini mass spectrometry of the plume was rela-
tively low resolution leading to ambiguity in the detection of
molecules with equivalent integer atomic mass (e.g. N,/C H, and
HCN/C,H,";). The possibility of chemical reactions and
molecular dissociation within the Cassini mass spectrometer
chamber is also difficult to quantify or rule out, as is the poten-
tial contamination of mass spectra due to Cassini fly-throughs
of the Titan atmosphere. Unambiguous spectroscopic followup
of the Enceladus plume composition 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 Enceladus plume(s), and
complement observations from JWST'?. However, present
observatories suffer from a lack of sufficient sensitivity
and/or angular resolution to readily 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 provided 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.
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As an example of what may be detectable, assuming a plume
H,O production rate of ~10® s, constant outflow veloc-
ity of 0.5 km s”', and rotational temperature of 25 K'*!1%,
with a jet opening angle of 30° and HCN abundance of 10
(10x less than observed in typical comets'®), 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
possibility 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 various salts
and complex organic molecules including alcohols, 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® 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 accretion disk and
prior interstellar cloud™'. Studies of cometary ices there-
fore provide unique information on the physical and chemical
conditions prevalent during the earliest history of the Solar
System. Due to their chemical compositions, rich in water
and organic molecules, cometary impacts could also have
been important for delivering the ingredients of life to other-
wise barren planetary surfaces throughout the Solar System,
and may therefore have played a role in initiating prebiotic
chemistry'. Examining the molecular and isotopic content of
comets provide unique insights into the relationship between
interstellar and planetary material. Through broadband molecu-
lar surveys, we gain insights into the diversity of cometary
compositions, improving our knowledge of the chemistry that
occurred during planetary system formation.

Based on prior experience with the CSO 10-m and IRAM 30-m
telescopes® 133134 detections of new molecular species
(previously undetected in comets), including 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 N/"C-substituted isotopo-
logues 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 fun-

damental information on the physics of cometary outgassing,
as well as the complex thermal and photochemical processes
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Figure 6. Contour maps of molecular line emission from in comets S1/ISON and F6/Lemmon using ALMA with a beam size of ~ 0.5”.
Contour intervals in each map are 20% of the peak flux (the lowest, 20% contour has been omitted from panel (c) for clarity). On panel (b),
white dashed arrows indicate HNC streams/jets. The peak position of the simultaneously observed) 0.9 mm continuum is indicated with
a white ‘+'. See 24 for further details. Multi-beam mapping studies with AtLAST would dramatically improve our knowledge of cometary
compositions and gas production processes on larger coma scales (up to several arcminutes).

occurring in the coma. Using currentlyavailable 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 various com-
plex organic molecules including alcohols, carbon chains,
aromatics and amino acids in the range 125-373 GHz (see
Figure 7 for a selection of the available lines from known
cometary species in the millimeter waveband).

Isotopic studies provide a powerful means for understanding
the evolution, origins and inter-relationships between differ-
ent Solar System bodies. In particular, materials throughout
the Solar System exhibit differing degrees of deuterium (heavy
hydrogen) enrichment, the measurement of which can reveal
their chemical and thermal histories. Comets are thought to
contain a significant amount of pristine, deuterium-enriched
interstellar material, predating the birth of the Solar System'®.
However, D-enrichment in water ice may also be possible
due to fractionation reactions in the protosolar accretion disk,
before the gas dissipates®. The fraction of pristine (interstellar)
vs. reprocessed (disk) ices incorporated into planetary mate-
rials is an important open question that can be addressed via
improved measurements of cometary D/H ratios. In particu-
lar, comparison of cometary D/H ratios with protoplanetary
disk models can help unravel the details of where, and from
which materials cometary ices were accreted**'*. As shown
in Figure 8, the strongest cometary HDO line accessible

using ground-based sub-mm telescopes is the 1, — 0 line
at 894 GHz. The next strongest lines at 509 and 600 GHz
are on the flanks of the high-opacity 557 GHz H,O 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 survey HDO in a
large number of comets (several per year), spanning different
levels (and modes) of outgassing activity, which would
provide new insights into the origin of water on Earth, and
elsewhere in the Solar System?393:137.139,

Due to their spatially extended nature (up to several hundred
arcseconds), and ~ 1/r brightness profile, optimal sensitivity to
weak cometary lines is achieved using a large, single-aperture
antenna rather than an interferometer, since the latter is blind
to coma structures larger than the angular scale probed by
the shortest baselines. To expand the statistics for cometary
abundance measurements in a meaningful way (observing 2
moderately bright comets per year over a 10-year timespan),
with sensitivity to all the species in Figure 6, will require
milli-Kelvin sensitivity across ~1 km s™' spectral line width.
Since comets are dynamic, time-variable objects (on timescales
of days or even hours), simultaneous observation of the
species of interest is desirable for reliable molecular abundance
comparisons. An instantaneous bandwidth of several 10’s of
GHz is therefore required, at a spectral resolution ~0.1 km s~
in order to resolve the complex kinematical structure of
the coma (e.g. 140). 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 outbursts or surprise
apparitions will necessitate flexible telescope scheduling,
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Figure 8. Left: Simulated HDO line strengths in a typical (moderately bright; Q(H,0) = 10 s7") comet at 1 au from the Earth and Sun, with
average cometary HDO/H,0 ratio™?, using a diffraction-limited 50 m telescope beam size. The strongest HDO line in AtLAST's frequency
range is highlighted, which is much stronger than the cometary HDO lines observed previously in the (sub)millimeter band. Right: Simulated
HDO 894 GHz map and spectral extract from the central pixel. The 1.4” AtLAST beam FWHM is shown lower left.

for example, with a turnaround time of a few days between
identification of the target phenomenon 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 wave-

lengths, or to capture specific, temporally isolated events
such as rapid perihelion/perigee passages or spacecraft
flybys.

In terms of frequency coverage, sensitive access to the

(sub)millimeter range is required, ideally up to and including
the HDO 1, — 0, line at 894 GHz line.

Conclusion
We have highlighted some the most important planetary science
use cases for a new, large-aperture, single-dish submillimeter

telescope. In particular, the improvements in spectral line
sensitivity and dynamic range offered by such a cutting-
edge facility will permit the detection of new molecules and
isotopologues that will directly enhance our understanding
of chemical complexity and abundances in the upper
atmospheres of the terrestrial and giant planets, as well as in
comets. In turn, these observations will improve our understand-
ing of exoplanetary atmospheric dynamics and compositions,
and allow for the improved assessment of planets and moons
within our solar system to harbor past or present habitable
environments. Instantaneous (snapshot), high resolution, broad-
band spectral-spatial molecular mapping will provide new
insights into transient phenomena such as planetary winds
and storms, as well as jets, outbursts and ambient molecular
distributions in cometary comae and icy moon exospheres.
The relevant instrument specifications required to achieve this
science are summarized below.
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Summary of instrument requirements

Sensitivity

RMS sensitivities of ~1 mK per 1 km s spectral resolution
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.

Spectroscopic dynamic range

Spectroscopic dynamic range (ratio of continuum to line inten-
sity) =10° is required for detection of weak atmospheric spec-
tral lines from trace gases, against the bright continuum of
Venus, Mars, Jupiter, Saturn, Uranus, Neptune and Titan.

Spectral coverage and resolution

(Sub)millimeter spectroscopic observations of planetary and
cometary atmospheres require a combination of broad bandwidth
(several GHz or more to properly characterize the profiles of
strongly pressure-broadened rotational lines) and high spectral
resolution (~100 kHz to fully resolve thermally-broadened
line profiles ~1 km s wide). Broad (10’s of GHz) of band-
width in the (sub)millimeter range — preferably, simultane-
ously across multiple receiver bands — is also necessary to
observe multiple molecules and rotational transitions simul-
taneously, and would enable spectral line stacking analyses
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 having to change receiver tunings during
time-critical observations, facilitating relative abundance and
isotopic ratio analyses.

Spatial resolution

A small beam size of ~5" at 300 GHz is required for the major-
ity of planets in our Solar System to be spatially resolved
(see Table 1), paving the way toward more detailed atmos-
pheric 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 contamination due to its close proximity
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(< 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 array, ~25
pixels in across) is required for snapshot mapping 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 planets, 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 mis-
sions, and accommodation for regular monitoring of science
targets with a predefined cadence (over a timescale of days,
weeks, months or years), will all be crucial for maximum
science return on time-variable Solar System objects. Sched-
uling the most critical observations to within an accuracy
of a few minutes will therefore be desirable. Responding to
unexpected transient phenomena such as cometary outbursts or
surprise apparitions will necessitate flexible telescope scheduling,
for example, with a turnaround time of a few days.
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There is an urgent need for a larger aperture, multi-beam, single dish (sub)mm facility to improve
sensitivity and dynamic range of weak molecular lines, to achieve high spatial resolution, and to
perform instantaneous multi-beam spectral imaging. AtLAST is a planned unprecedented 50-m
single-dish multi-beam facility with an instrument suite that accesses the 100-950 GHz frequency
range. The manuscript highlights four major science cases including giant and terrestrial planet
atmospheres, plumes of icy moons and comets. Overall, the case for AtLAST planetary science is
comprehensive and well presented. I recommend approval with attention to the following very
minor points.

Science case i: paragraph 2: I would remove the phrase “and by extension, exoplanets with similar
sizes and compositions” because there is no mention of specific cases for exoplanets. If this
phrase were to be kept, I would recommend adding some exoplanet cases and providing
information on whether the resolution would be sufficient to isolate exoplanet signals from those
of their host stars.

Science case ii: Titan: An opportunity is being missed here by not elaborating on the potential
synergy between AtLAST and DragonFly.

Science case ii: Mars: Can the Martian crustal magnetic field can be detected with AtLAST
frequencies? If yes, it would be an exciting prospect. See, e.g., (Larsson et al.,2013)

Science case iii: Can Triton be really studied with AtLAST given the poor numbers for Neptune in
Table 1?

Science case iii: Enceladus: The possibility of plume chemical evolution (e.g., HCN detection) of
Enceladus is a tantalizing science case. Can mK sensitivity be maintained on short timescales at

these frequencies?
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Takahiro Iino
The University of Tokyo, Tokyo, Japan

Submillimeter radio wavelength observation technique has broaden our understandings of
planetary environment and its origin. In particular, recent observational achievements by ALMA
interferometer have played an important role thanks to its high spatial resolution and sensitivity.
In turn, some technical limitations of interferometer have prevented us to obtain the precise
observational parameter of solar system objects.

Page 22 of 29


https://doi.org/10.1002/grl.50964
https://doi.org/10.21956/openreseurope.18882.r41371
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

O pe n Resea rCh E uro pe Open Research Europe 2024, 4:78 Last updated: 14 AUG 2024

This paper aims to summarize and introduce the solar system observational science possibly
revealed by newly available wide-aperture single-dish submillimeter telescope, AtLast, which will
dissolve the limitation of interferometric observation. In this manuscript, wide range of main solar
system science theme have been covered by the professionals, and previous achievements in the
fields are introduced properly. The needs for instrumental capability such as frequency coverage,
dynamic range and time domain operation capability are described and summarized from
scientific point of view. Despite the manuscript includes various scientific fields, citations of
previous researches are well described and future perspective of AtLast is also appropriate and
interesting.

This manuscript is important and helpful for providing possible scientific achievements to be
addressed in 2030s with a new wide-aperture sub-millimeter telescope. In summary, I recommend
that it for indexing after revising some minor points. Since this manuscript deal with a range of
scientific theme, addition of some references may be helpful. In addition, consideration of revision
of instrumental parameters may be needed.

--- Below are minor comments

- In the Prior/existing instruments and results subsection in Introduction section, please consider
to add (Rosenqvist et al., 1993)[ Ref-1] as the first detection paper of CO and HCN on Neptune
achieved simultaneously with (Martenet et al.,1993),[Ref-2] as well as (Hesman et al.,2007) [Ref-3]
as the implication of cometary CO supply on Neptune.

In addition, I suppose that (sub)millimeter observation campaign on Jupiter to investigate the
aftermath of SL9 impact was a great advance on the solar system radio astronomy. Please
consider to describe the campaign by citing (Moreno et al., 2003) [Ref-4], P&SS and relating
materials.

- In the section of "The Need for a Larger Aperture, Multi-Beam, Single Dish (Sub)Millimeter Facility":
ALMA's dynamic ranges are introduced here. Please consider to add technical reference of the
described dynamic range value.

- In Dynamics subsection in Science case i section, only ] = 1-0 is listed as PH3 transition. On
Jupiter, higher transitions may be better targets (please see Weisstein et al., 1996,[Ref-5] Icarus,
for the radiative transfer analysis and FTS results). Please consider to add other transitions or to
clarify the reason to choose J=1-0.

- In Dynamics subsection in Science case i section, rounding of HCN rotational frequencies may
not be correct.

- In Chemistry subsection in Science case i section, frequency bands of nitriles are listed. Please
consider to clarify the reason why the authors selected some specific frequency bands as the
target bands.

- In Chemistry subsection in Science case i section, after "With a spectroscopic dynamic range = 104,
measurement of more accurate isotopic ratios for...". I suppose that the 13C carbon isotopic ratio has
less scientific information than O, N and H, and measured already in some planetary atmosphere.
please consider to add D/H in this list or to remove 13C.

- In science case iii section, the authors described that "the peak antenna temperature for the

HCN J =4 — 3 transition is calculated to be 0 25 mK". However, considering 25K rotational
temperature, rotational transition of HCN that exhibits maximum intensity at that environment
may be J=3-2 or lower transition. Please consider to clarify the reasons why J=4-3 was chosen.

- In Science case iv section, as the authors described that "Since comets are dynamic, time-variable
objects...", I believe that time-domain observation on comets is crucial. Please consider to add both
short- and long-term changes observation results such as (Bockelee-Morvan et al.,2008) [Ref-6] of
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17P/Holmes outburt and (Biver et al., 1997) [Ref-7] of C/1995 O1 monitoring result, respectively,
for example.
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Hideo Sagawa
Kyoto Sangyo University, Kyoto, Japan

This paper describes the solar system science use cases for a large aperture single-dish submm
telescope. Submm spectroscopic/mapping observations are quite powerful in solar system
science. A large aperture single-dish can cover observation areas where existing ALMA and other
telescopes are inadequate.

The paper is clearly written, and I don't find any major concern for indexing.

The authors provide a very clear overview of solar system science using submm-waves to date.
This article is a very good introduction (with complete citations to important references in the
field) for new researchers entering this field. Ithank the authors for this effort.

The following are minor comments. I recognize that some of the comments are too technical to be
described in this science use case paper, butI included them just for reference only.

page 5

- Introduction

*1st paragraph: "100 - 950 GHz" -> Is there any special reason to define the upper boundary as
950 GHz? Perhaps, 1000 GHz can be accepted.

*Last part of the 5th paragraph: The authors summarise existing interferometers, VLA, BIMA,
SMA, and ALMA together in one sentence. I believe that ALMA is a revolutionary interferometer
that has led to a significant improvement in observational performance compared to other
interferometers. So, personally, I thought it would be good to distinguish references to ALMA,
rather than describing it in the same sentence as BIMA and others, and to convey the fact that
ALMA brought a new stages of interferometric observation.

page 6
* Right column (Improved sensitivity and dynamic range for molecular detections): I agree that the
authors' arguments are very important points. Regarding the need for an extremely flat bandpass,
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is there any new technology planned to be implemented in AtLAST in the optics or receiver
system? Or is the performance comparable to existing telescopes (e.g. JCMT)?

As for standing waves, solar system objects are too bright, so I think we may need stricter
standards than the usual astronomical sense.

* Last sentence: "Cometary comae are highly diffuse and extended objects." -> Could you provide
specific numbers here?

page 7

* Figure 1 and Table 1: I think there is considerable overlap in content. Table 1 could be removed,
but I would leave it to the authors to decide.

Also, it would be nice to have a figure or table to compare the spatial resolution with existing
single-dish (JCMT) and interferometers (ALMA). However, if new figures and tables are added, the
main text will also need some modifications.

* Right column: "without severe beam dilution (particularly above ~800 GHz)." -> I would add a
brief explanation about "beam dilution".

* "Large planets such as Jupiter and Saturn are ... that are resolve out at long baselines." -> Could
you provide specific numbers about how much the typical scale size to be resolved out is? Maybe
adding some numbers from ALMA's maximum recoverable scale is a good idea.

page 8
* Left column (Instantaneous multi-beam spectral mapping): As an introduction to existing
instruments, the authors could provide an example of the JCMT HARP.

* Right column: "(1) small-scale vertical (radial) variations" -> Phrase "radial" seems odd for me...

page 9
* Left column: "...ALMA Band 3 observations (Figure 2, right panel)" -> I would add the information
of wavelength for Band 3, as not all of readers are familiar with Band numbering.

* Right column: "Wide bandwidth (>a few GHz)...so the deep tempereture and composition can be
characterized, which complements observations in the IR down to ~1 bar." -> It would be very
helpful if the authors can provide weighting functions of the listed submm lines (although I leave it
to the authors to decide).

* Right column: "Zonal wind speeds can also be inferred through infrared measurements of the
thermal wind shear." -> Thermal wind equation is usually not applicable to equatorial region due
to the low Coriolis force. Recently there is a new attempt to derive a modified thermal wind
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equation which is valid to the equator: Marcus et al. (2019) Icarus, 324, 198-223.
https://doi.org/10.1016/j.icarus.2018.09.037

The authors can cite this paper here. By the way, I did not think the current reference (Ref.79
future Giant planetary mission paper by Fletcher et al. 2020) necessarily appropriate.

* Figure 2: The authors shows Jupiter maps taken by ALMA. In these maps, Jupiter's zone & belt
features are clearly represented. On the other hand, somewhere in the main text, it was
mentioned that ALMA is not very good at observing extended objects - which I agree with. In the
case of this Jupiter maps, I thought it would be good to have a brief explanation of how such
ALMA's shortcomings were dealt with.

page 10
* Right column (at the 1st sentence of "Chemistry"): ""non-equilibrium"" -> Please add more
explanation, as it is not sure what you mean by non-equilibrium with respect to what.

page 11

* Left column, 1st sentence: "To perform these investigations requires wideband (> 16 GHz), ..." ->
I thought that if there were some kind of simulated spectrum plot that shows very broad
absorption, it would make the specificity of the need for a bandwidth > 16 GHz more compelling.
Alternatively, it would be good to describe some specific numbers on how broad the Neptune CO
line (cited in this paragraph) actually are in terms of the broad absorptioon wings.

* Right column (1st paragraph of Science case II): there is an unnecessary hyphen in "spectro-
scopic".

* Right column: Venus is usually close to the Sun, and its closeness is always problem for ground-
based observations. Does AtLAST have any sun avoidance elongation limitation? Or, can it observe
an object very close to the Sun?

* Right column: "Mapping ... Venus with strong transitions (such as SO2, SO, and CO)" -->Iam a
little reluctant to say SO2 or SO as a strong line. At the very least, I think it is by far the weakest
compared to CO, no?

page 12

* Left column (2nd paragraph): "The Venus Express and Akatsuki ... detected ... SO2 and CO
abundances..." -> Maybe the authors can put some references here (is there any work about long
term variation of CO?).

* Left column (last paragraph): "... ground-based measurements ... will be required to
contextualize in situ data from ... DAVINCI+, VERITAS, and EnVision." -> Remove "in situ" because
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DAVINCI is the only in-situ probe mission and the other two, VERITAS and EnVision, do not carry
any in-situ atmospheric sensors.

* Right column (1st paragraph): "...the comparative weakness of the mm-wave absorption lines..."
-> I think "mm" should be "submm" or "(sub)mm".

* Right column (last paragraph): "Discrepancies between the observed wind ... predicted by state-
of-the-art climate models ..." -> This sentence is discussing about the Martian atmosphere at very
high altitude of 140 - 240 km. It appears a little strange to call a model of such high altitude
atmosphere a climate model. I think it is better to call it "a global ionosphere-thermosphere
model" or simply "a general circulation model".

page 13

* Left column first paragraph: "As shown by 113, comparison of ground-based Mars CO mapping...
(see Figure 5) indicates significant discrepancies in the wind speeds and their spatial structure..." -
> Current Fig.5 shows the spectral mapping of CO (1-0), and from this figure alone, it is difficult to
determine the discrepancy in the wind speed field as described in the text. I think it would be
better to revise the sentence in the text slightly or revise the figure to one that much clearly shows
the difference from the model regarding winds.

* Although the authors do not specifically mention it, it can also be pointed out that one of the
most interesting aspects of (sub)mm-wave observations of Mars is that the optical thickness of
Martian dust is nearly negligible. Indeed, there are some unique past studies, such as Gurwell et
al. (2005) Icarus, 175, 23-31

https://doi.org/10.1016/j.icarus.2004.10.009 .

page 14
* Left column (middle area): "...N2/C2H4 and HCN/C2H3 ref127;)." -> Unnecessary ; is inserted.

* Left colum last paragraph: "To avoid Saturn and exclude it from the 2nd and 3rd sidelobes of the
primary beam..." -> I agree that this is a very important point. In fact, in past Herschel
observations of Ganymede, the team detected a strong H20 absorption line (much to the
excitement of the team members), but upon closer examination, they found that the sidelobes of
Herschel's primary beam were partially overlapping with Jupiter. If interested, check the
conference presentation named "Detection and Characterisation of Ganymede's and Callisto's
Water Atmospheres" by Hartogh et al. (2013) in "The Universe Explored by Herschel".
https://www.cosmos.esa.int/web/herschel/the-universe-explored-by-herschel

page 15
* Right column: "...in Figure 6 will require milli-Kelvin sensitivity..." -> I would use "~1 mK
sensitivity" to unify notation with other parts.
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page 17

* Summary

For the solar system, especially planetary atmospheres, capability of long-term, continuous
(monitoring) observations is important. ALMA has strict limitations on the duplicated observation
proposals, and it is difficult to propose long-term continuous observations over multiple cycles.
Does AtLAST anticipate such long-term observation proposals?
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