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Abstract
The overarching theme of the Orbiting Astronomical Satellite for Investigating Stellar
Systems (OASIS), an Astrophysics MIDEX-class mission concept, is Following water
from galaxies, through protostellar systems, to Earth’s oceans. The OASIS science ob-
jectives address fundamental questions raised in “Pathways to Discovery in Astronomy
and Astrophysics for the 2020s (National Academies of Sciences and Medicine, Path-
ways to Discovery in Astronomy and Astrophysics for the 2020s, 2021, https://doi.org/
10.17226/26141, https://www.nap.edu/catalog/26141/pathways-to-discovery-in-astronomy-
and-astrophysics-for-the-2020s)” and in “Enduring Quests and Daring Visions” (Kouve-
liotou et al. in Enduring quests-daring visions (NASA astrophysics in the next three
decades), 2014, arXiv:1401.3741), in the areas of: 1) the Interstellar Medium and Planet
Formation, 2) Exoplanets, Astrobiology, and the Solar System, and 3) Galaxies. The OASIS
science objectives require space-borne observations of galaxies, molecular clouds, proto-
planetary disks, and solar system objects utilizing a telescope with a collecting area that
is only achievable by large apertures coupled with cryogenic heterodyne receivers. OASIS
will deploy an innovative 14-meter inflatable reflector that enables >16× the sensitivity and
>4× the angular resolution of Herschel, and complements the short wavelength capabilities
of James Webb Space Telescope. The OASIS state-of-the-art cryogenic heterodyne receivers
will enable high spectral resolution (resolving power > 106) observations at terahertz (THz)
frequencies. These frequencies encompass far-IR transitions of water and its isotopologues,
HD, and other molecular species, from 660 to 63 µm that are otherwise obscured by Earth’s
atmosphere. From observations of the ground state HD line, OASIS will directly measure gas
mass in a wide variety of astrophysical objects. Over its one-year baseline mission, OASIS
will find water sources as close as the Moon, to galaxies ∼4 billion light years away. This
paper reviews the solar system science achievable and planned with OASIS.
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Fig. 1 Spectral line sensitivity (a), resolving power (b), and angular resolution (c) comparisons between
OASIS and other far-infrared telescopes. OASIS provides (a) spectral line sensitivity comparable to that of
JWST and ALMA, and one or more orders-of-magnitude better than Herschel or SOFIA, (b) spectral resolv-
ing power comparable to the best available with SOFIA and ALMA, and (previously) with Herschel, and
(c) nearly an order-of-magnitude improvement in angular resolution relative to past and present far-infrared
telescopes. Lower values of sensitivity and angular resolution are better; higher values of resolving power are
better

1 Strategic Motivation

While water is crucial for the emergence of life as we know it, there remain many unresolved
questions such as: Where does Earth’s water come from? To make significant progress
towards resolving this question requires space-borne observations of planets, moons, and
comets within our solar system, targeting the low energy transitions of water and its iso-
topologues (H16

2 O, H17
2 O, H18

2 O, and HDO) at submillimeter and far-IR wavelengths. The
Orbiting Astronomical Satellite Investigating Stellar Systems (OASIS) observatory, an As-
trophysics MIDEX-class mission concept, is a 14-m class space observatory that will per-
form high spectral resolution observations at submillimeter and far-IR wavelengths with a
single purpose: follow the trail of water from galaxies to protoplanetary disks to our solar
system. Large space observatory apertures using traditional approaches have proven diffi-
cult and costly given that instruments operating at long wavelengths suffer from an inherent
restriction on angular resolution; the spatial resolution of the telescope in terms of FWHM
(Full Width at Half Maximum) is 1.22λ/d, where λ is wavelength and d is the primary mir-
ror’s diameter. In order to achieve small angular resolution while simultaneously increasing
sensitivity, large primary apertures are vital. This is evidenced by the James Webb Space
Telescope (JWST) mission, where the telescope’s primary mirror is 6.5-m in diameter, com-
pared to Herschel and Hubble Space Telescope’s (HST) primary mirrors, which are 3.5-m
and 2.4-m, respectively. The size of the primary aperture is directly correlated with tele-
scope sensitivity since a larger diameter enables a larger area to collect more photons (see
Fig. 1). Larger primary apertures, however, increase the cost, mass, and complexity of the
flight mission, which is one reason that JWST is a Flagship-class Astrophysics mission cost-
ing ∼$10B. On the other hand, OASIS is revolutionizing the field by not only incorporating
a 14-m inflatable primary aperture but by doing so within the MIDEX Mission cost cap
of $300M. The combination of OASIS high spectral resolution with its high sensitivity and
large spectral grasp is a game changer for space-borne single dish telescopes operating at
submillimeter and far-IR wavelengths.

OASIS comprises four tunable-in-frequency spectral bands: 0.455–0.575 THz (Band 1),
1.1–2.2 THz (Band 2), 2.475–2.875 THz (Band 3), and 4.734–4.745 THz (Band 4). As
depicted in Fig. 2, OASIS Bands 1–4 cover frequency ranges that are essentially opaque
to ground-based telescopes, including ALMA. These spectral intervals are extremely rich
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Fig. 2 Simulated terrestrial atmospheric transmission spectrum, corresponding to ALMA’s altitude (5040 m)
and a relatively low precipitable water vapor of 0.5 mm. The tunable OASIS Bands 1, 2, 3, and 4 (numbered
yellow rectangles) target wavelengths that are almost completely blocked from the ground, and are highly
complementary in frequency to the 10 ALMA bands (ALMA Bands 3 – 10 are indicated by the numbered
grey rectangles). The four OASIS Bands encompass important transitions of H2O and its isotopologues as
well as many other molecular species, with the Band 3 center capturing the HD J = 1 → 0 transition

in spectral content, with strong rotational transitions of H2O isotopologues and numer-
ous other molecules. Figure 2 shows a ground-based transmission spectrum that simulates
Earth’s atmospheric transmittance for an altitude of 5 km (i.e., for ALMA) and favorable
atmospheric water burden (0.5 mm precipitable water vapor [pwv]). This figure reveals that
ground-based observations at submillimeter and far-IR wavelengths are severely hampered
by Earth’s strongly-absorbing atmosphere. The strongest absorbing bands are between 2 mm
and ∼20 µm (corresponding to frequency intervals of 5 – 500 cm−1 or 0.15 – 15 THz), which
are partially depicted in Fig. 2. The spectral coverage of the OASIS tunable-in-frequency
Bands 1 – 4 are illustrated with yellow rectangles, and the ten available ALMA receiver
bands are shown by the grey rectangles, positioned in regions of relatively favorable trans-
mittance.

The extreme opacity of Earth’s atmosphere in the submillimeter and far-IR is the reason
that ALMA has made only very few measurements of HDO and H18

2 O (plus few attempts
to detect H16

2 O), and moreover with ALMA, these measurements can be accomplished only
under rare observing conditions (very low pwv, see Jensen et al. 2019; Piccialli et al. 2017).
This reinforces the need for space-borne platforms with instruments operating in the far-IR
and submillimeter spectral regions. As illustrated in Fig. 2, OASIS was designed specifically
for this purpose: it is optimized to detect the low energy transitions of H16

2 O, H17
2 O, H18

2 O,
and HDO over a large spectral range in the far-IR and submillimeter, as well as the J = 1 → 0
transition of HD at 2.675 THz, all inaccessible to ground-based telescopes.

2 Relevance to Solar System Science

The OASIS overarching mission goal is to Understand how water enables the formation of
stellar and planetary systems. Since the ideal planetary system to investigate the role of
water is our own solar system, the OASIS solar system science objective will Characterize
the delivery of water to the solar system by investigating its reservoirs. OASIS solar system
science links the origin and the chemical and physical evolution of water in protoplanetary
systems to the characteristics of water in our own solar system. Comets and asteroids are
believed to have delivered water to the early Earth, and each have distinct D/H signatures.
OASIS will help determine whether or not comets were the principal sources of Earth’s water
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by measuring the HDO/H2O ratio in both Jupiter Family Comets (JFCs) and Oort Cloud
Comets (OCCs). Moreover, the 16-fold increase in the OASIS collecting area with respect
to Herschel (see Fig. 1) results in a factor of 256 reduction of observing time, enabling the
detection of water in more than 20 solar system objects. As expanded on in Sect. 4.1, this
will significantly improve upon the accuracy of present-day D/H ratio measurements in both
H2O and H2 (Fig. 3).

OASIS solar system science is responsive to the 2013 NASA Roadmap (Enduring Quests
Daring Visions: NASA Astrophysics in the Next Three Decades; Kouveliotou et al. 2014),
which advocates completing the reconnaissance of gas giants, terrestrial planets, and Ocean
Worlds. OASIS will make significant progress towards this since it will measure H2O abun-
dances in the stratospheres of the Gas Giants in order to determine whether planetary rings,
icy moons, interplanetary dust particles, or comet impacts deliver water to these planets. Ad-
ditionally, OASIS will measure the abundance of H2O and HDO in the atmospheres of Venus
and Mars to better understand how their atmospheres have evolved over time. OASIS will
also measure the H2O abundance in the torus surrounding Saturn generated by the Ocean
World Enceladus, in order to understand how its plume ejecta material (predominately wa-
ter) has altered the Saturnian environment. Titan, another Ocean World and the largest satel-
lite of Saturn, has a complex atmosphere containing oxygen compounds that may have been
delivered from the H2O torus and, ultimately, from Enceladus. OASIS will measure the ver-
tical profile of H2O in order to constrain its external source. On Titan, methane plays the
role that water does on Earth, with its hydrocarbon lakes, tropospheric methane clouds, and
methane precipitation. In addition to water, OASIS will measure CH3D and CH4 in order to
determine the inventory of deuterium as well as to better understand the methane cycle on
Titan. Gaseous H2O emission has also been observed from the dwarf planet, Ceres; however,
its source and spatial distribution are not known. The high sensitivity of OASIS will allow us
to determine whether cryo-volcanism or ice sublimation from localized regions is the source
of water. Moreover, the regolith of the Moon contains water ice that may sublimate to form
an H2O exosphere, and the density and spatial variation of the exosphere is unknown. The
unique vantage point of OASIS at the L1 Lagrange point permits high spatial resolution ob-
servations of the Moon, including the south polar region, which is a primary focus of human
exploration. Thus, OASIS will contribute towards both pure science and resource utilization
on the Moon, paving the way for future programs like Artemis. This same L1 vantage point
will permit detailed observations of the upper atmosphere of Venus. In addition to measur-
ing D/H, OASIS will observe numerous sulfur compounds, and it will confirm (or refute) the
controversial detection of PH3.

The solar system measurements will also answer fundamental, high-priority science
questions presented in the Astrophysics Decadal Survey (Pathways to Discoveries in As-
tronomy and Astrophysics for the 2020s; National Academies of Sciences and Medicine
2021). OASIS solar system science addresses Decadal Questions E-Q2 and E-Q3: What are
the properties of individual planets, and which processes lead to planetary diversity? How
do habitable environments arise and evolve within the context of their planetary systems? To
accomplish this, OASIS will observe approximately two dozen solar system objects over its
1-year baseline mission. The following sections expand on the justification for conducting
highly unique, compelling, and cutting-edge solar system science with OASIS.

3 The Need for D/H

Deuterium fractionation is sensitive to extant conditions (most significantly, temperature)
during the epoch of solar system formation. As a result, the D/H ratio is a well-established
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Fig. 3 D/H ratios for various classes of interstellar and solar system objects. The left ordinate reflects the
“cometary” notation for the D/H value in water, which is 1/2 the value of HDO/H2O. This is reflected in the
values shown for the star-forming regions (Outer Envelopes, Hot Cores, and Hot Corinos), comets, Enceladus,
Earth’s oceans (VSMOW), and carbonaceous meteorites. The values of D/H in water demonstrate that this
[minor] reservoir of deuterium is highly fractionated, as low temperature chemistry greatly enhances small
zero-point energy differences between isotopologues favoring the deuterated species. The right ordinate, and
also indicated by the grey dotted rectangle, gives the D/H values in H2 for the Giant Planets, the ISM,
and the protosolar nebula, representing the major reservoir of elemental deuterium. As with water, the D/H
ratio in molecular hydrogen is half the measured abundance ratio HD/H2. The figure shows that interstellar
and solar system objects exhibit large intrinsic dispersions that are well above uncertainties associated with
individual measurements, which OASIS will improve upon substantially (e.g., see Sect. 4.1). OASIS will
measure the HDO/H2O abundance ratio in a representative sample of protoplanetary disks and solar system
objects, and the HD abundance in the Giants Planets, in which the latter measures the major reservoir of
elemental deuterium. Figure adapted from (Hartogh et al. 2011b; Lis et al. 2013; Bockelée-Morvan et al.
2015), with additional inputs from (Jensen et al. 2019; Biver et al. 2016; Bockelée-Morvan et al. 2012;
Villanueva et al. 2009; Gibb et al. 2016; Paganini et al. 2017; Lis et al. 2019; Biver et al. 2022; Coutens et al.
2012, 2013, 2014; Persson et al. 2014; Wang et al. 2012; Emprechtinger et al. 2013; van der Tak et al. 2006;
Helmich et al. 1996; van Dishoeck et al. 2021; Bonal et al. 2013; Yang et al. 2013; Jacquet and Robert 2013)

diagnostic for measuring isotopic fractionation in the early solar system. The variation in
measured D/H ratios for various solar system objects provides important clues to the for-
mation conditions at different locations in the nascent solar system. Of particular interest
is how the D/H ratio varies in water. The formation process of water involving chemical
reactions on interstellar ice grains favors heavier water isotopologues (Watson 1974; Brown
and Millar 1989). The D/H ratios in the water measured for molecular clouds and protostel-
lar envelopes are approximately 10−2 and 10−3, respectively (Ceccarelli et al. 2005; Butner
et al. 2007). As demonstrated in Fig. 3, this is an enrichment of 2 to 3 orders of magnitude
over the D/H ratio of protosolar hydrogen (2.1×10−5; Lellouch et al. 2001) and in the lo-
cal interstellar medium (1.6×10−5; Linsky et al. 2006). These values may be considered to
bracket the D/H ratios of water in our solar system, allowing for the possibility of isotopic
exchange between water and hydrogen.

Figure 3 shows D/H ratios in water for comets, Enceladus, Earth’s oceans (represented
by Vienna Standard Mean Ocean Water, or “VSMOW”), carbonaceous meteorites, and star
forming regions, and in molecular hydrogen for the Giant Planets, the ISM, and the proto-
solar nebula. However, care must be taken when comparing the D/H ratio in hydrogen and
water: the D/H ratio in hydrogen is mainly determined by the Big Bang primordial nucle-
osynthesis combined with stellar astration (Peebles 1966; Epstein et al. 1976; Cyburt et al.
2016), whereas the formation process for water requires chemical reactions on the surfaces
of interstellar ice grains at very low temperatures (e.g., ∼10 K), with highly efficient forma-
tion of deuterated water being demonstrated experimentally (Dulieu et al. 2010). In spite of
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this distinction between hydrogen and water, the range of D/H observed within each class
of object in Fig. 3 suggests a commensurate range of formative conditions.

Given that D/H ratios in water measured for molecular clouds and protostellar envelopes
are respectively about 10 to 100 times higher than VSMOW (Ceccarelli et al. 2005; Butner
et al. 2007), the question that arises is: Why is D/H in VSMOW depleted compared with
that in molecular clouds and in protostellar envelopes (representing at least partially ISM
material)? Is this depletion representative of a chemical memory from a previous evolution-
ary phase? If so, the relevant processes for this chemical evolution remain unknown. OASIS
will make significant progress towards addressing these questions, through measurement of
the HDO/H2O abundance ratio in a representative sample of protoplanetary disks and solar
system objects. This will establish – at an unprecedented level – the evolution of HDO/H2O
from the dark molecular cloud value (∼10−2), to Hot Cores and Hot Corinos (∼2×10−3),
to the [unknown] value of mature protoplanetary disks, to values in the present-day solar
system.

Obtaining the most robust value for cometary D/H requires measuring the H2O produc-
tion rate as near-simultaneously as possible with multiple lines of HDO. This is difficult
because as discussed, the most favorable (i.e., strongest) rotational and vibrational lines of
H2O are not observable from the ground, and for lines that are observable, H2O and HDO
are not encompassed simultaneously by any existing ground-based spectrometers. As a re-
sult, most estimates rely on the detection of only a single HDO line that was not measured
simultaneously with H2O (or, in the near-IR, of multiple HDO lines individually having in-
sufficient signal-to-noise ratio; see Villanueva et al. 2009; Gibb et al. 2016; Paganini et al.
2017). Moreover, differing values can be retrieved even for a given comet owing to the use
of different techniques by different investigators (as seen for two OCCs and for one JFC
in Fig. 3). For this reason, a self-consistent dataset has been obtained for only two comets,
using the Heterodyne Instrument for the Far-Infrared (HIFI) spectrometer on Herschel: the
HDO 509 GHz line was detected quasi-simultaneously with the H18

2 O 547 GHz and the
H16

2 O 557 GHz lines in one JFC (103P/Hartley 2; Hartogh et al. 2011b) and in one OCC
(C/2009 P1 Garradd; Bockelée-Morvan et al. 2012). With SOFIA, only a tentative [3.1σ ]
detection of the HDO 509 GHz line was achieved, albeit near-simultaneously with the H18

2 O
547 GHz line, in JFC 46P/Wirtanen (Lis et al. 2019). This paucity of D/H measurements in
cometary water will be overcome with OASIS.

3.1 The Formation of Water in the Solar System

Figure 4 illustrates how the origin of water in our solar system may be traced through mea-
surement of the water D/H ratio. This figure also sheds some light on the question posed
above regarding its relative depletion in VSMOW. In the inner region of the disk (near the
Sun) under pressures of 10 µbar to 1 mbar, and temperatures between 600 K and 1300 K
(e.g., compare to Fig. 1 in Yang et al. 2013), within a few hundred years, gaseous water equi-
librates with hydrogen, which is at least 4 orders of magnitude more abundant. This means
that the D/H ratio in water, which was initially highly enriched, will be de-fractionated to its
value in molecular hydrogen. With increasing heliocentric distance, temperature and den-
sity decrease, as does the efficiency of the isotopic exchange, which stops at an intermediate
distance from the Sun where water is still present in gaseous form; this distance is indicated
by the “equilibration line” in Fig. 4.

Vertical mixing between the disk mid-plane and photosphere is very important. The key
process is mixing of ice grains to the surface of the disk where photodesorption and pho-
tochemistry produce atomic oxygen. This is then transported downwards, where chemistry
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Fig. 4 Illustration of the
formation of a D/H gradient with
heliocentric distance. Arrows
symbolize motions of gas
(reprinted from Jacquet and
Robert 2013). OASIS will permit
probing conditions across this
gradient

reforms H2O and HDO on ice grain surfaces but with much reduced fractionation (see for
example Furuya et al. 2013). This represents the region in the solar nebula where chem-
istry can affect the HDO/H2O ratio out to some 50 AU from the young Sun on a timescale
of 1 Myr. Additionally, since the gas and dust are much warmer than the cold interstellar
clouds, the deuterium fractionation of H2O will be much smaller. The net result will be a
radial gradient in the average HDO/H2O ratio (increasing with distance from the Sun) and
a temporal evolution set by the strength of mixing and chemical timescales involved (both
of which decrease with time). This process is reflected in Jupiter and Saturn’s atmospheric
HD/H2 ratios (within existing uncertainties), which reflect the protosolar nebula value (Lel-
louch et al. 2001; Pierel et al. 2017), while the HD/H2 ratios in the Ice Giants (Uranus and
Neptune) are more fractionated (Feuchtgruber et al. 2013), reflecting the high ice mass and
the importance of these equilibration reactions (Furuya et al. 2013).

While pebbles drifting inward from the cold outer ranges of the solar nebula will con-
tribute relatively pristine presolar ice material with high HDO/H2O ratios to the inner solar
system regions, there are many processes that affect the HDO/H2O ratio. These include gas
phase chemistry in the warm inner regions of the solar nebula coupled with turbulent mix-
ing outwards, vertical mixing of material coupled with photodesorption, photo-dissociation,
and grain surface chemistry, drifting of pebbles with preserved molecular cloud material
inwards, and sequestering of material into planetesimals and cometesimals. Although the
relative importance of these processes is currently unknown, we do know they will cause a
radial and temporal variation in the HDO/H2O ratio. OASIS, with its dedicated solar system
and protoplanetary disk observing program to determine HDO/H2O ratios, is optimized to
study these processes in detail.

4 Overview of OASIS Solar System Science

4.1 Comets

Since comets are generally considered the most primitive bodies in the solar system, com-
prised of icy planetesimals left over from planet formation, they are ideal for constraining
the origin and thermal evolution of water in the solar nebula. As with other classes of objects
represented in Fig. 3, the D/H ratios in water for comets show an intrinsic dispersion that is
larger than the uncertainties associated with the individual measurements, which for comets
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Fig. 5 Rotational diagram based
on a full non-LTE model
simulation for OASIS
observations targeting cometary
HDO lines at 0.465, 0.509, 0.491,
1.278 and 1.625 THz (having
upper levels 101, 110, 202, 212,
and 313, respectively, as labeled).
Note these lines have energies
bracketing the gas temperature.
OASIS will measure multiple
lines of HDO to derive gas
temperatures in comets, and the
small beam size (even in Band 1)
will reduce uncertainties in gas
temperature, although several
lines are still needed due to
significant departure from LTE

span approximately 1 to 3 times that of VSMOW. Given that differences in measurements
also exist for individual comets suggests that systematic uncertainties could be significant,
perhaps resulting from independent measurements (and retrievals) by different observers.
A significant systematic difference in HDO/H2O between dynamical classes (JFCs versus
OCCs) may not be the driving factor for these observed differences in the D/H values in
water. Similarly, the large spread of values for D/H in water could suggest that the location
where comets formed in the early solar system may not be the key parameter in determin-
ing the D/H value in water, although as mentioned uncertainties due to the technique used
could also play a role. Rather, the water D/H value may be controlled by both the radial
location where a given comet was formed and when its constituent ices became insulated
from the vertical mixing between the disk mid-plane and photosphere that drives gas-phase
D/H exchange (see discussion above in Sect. 3).

To date, there are measurements of cometary HDO at wavelengths ranging from the UV
to sub-millimeter; however, these are relatively few in number. HDO was detected through
its vibrational band around 2720 cm−1 (Villanueva et al. 2009; Gibb et al. 2016; Paganini
et al. 2017), through its rotational lines at 0.241 THz (Biver et al. 2016) and 0.465 THz
(Bockelée-Morvan et al. 2015; Meier et al. 1998), and indirectly via detection of OD (Hut-
semékers et al. 2008) or D-Lyman-α (with HST; Weaver et al. 2008). The HDO 0.509 THz
line was targeted once from the ground, but was not detected (Biver et al. 2006). A different
instrument was used for each HDO measurement, and with the exception of Herschel (see
below), HDO was not observed simultaneously with other isotopes of water, either in the
IR or sub-mm regimes. HDO and H2O were measured in situ (via mass spectrometry), but
for only two comets (1P/Halley and 67P/Churyumov-Gerasimenko), during the Giotto and
Rosetta space missions, respectively (Eberhardt et al. 1987; Altwegg et al. 2015). As a re-
sult, D/H ratios in water have been reported in only 16 comets, 4 of which are upper limits
and 7 of which were obtained from the ground (Fig. 3).

As discussed in Sect. 1, due to atmospheric opacity, direct ground-based observations
of H16

2 O line emission in the near-IR are restricted to weaker (non-fundamental, or “hot”)
bands in the ∼2.8-3.0 µm and 4.6-5.0 µm spectral regions (e.g., see Dello Russo et al. 2016;
Mumma and Charnley 2011, and references therein). Also owing to atmospheric opacity,
neither has cometary H16

2 O nor H18
2 O been detected in the radio from the ground (and acces-

sible lines are too weak).
Figure 5 shows a rotational diagram of HDO for a simulated observation with OASIS:

HDO is not in LTE and it is essential to observe several transitions to retrieve a represen-
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Fig. 6 Left: Observing circumstances for 4 JFCs during the OASIS 1-year baseline mission (2029-2030),
showing expected radio Figure-of-Merit (FoM) versus solar elongation angle. Right: 20-year histogram of
OCC apparitions representing the brightest comets, 80% of which had solar elongation >45◦, and thus would
easily be observable by OASIS. We expect 5 – 6 sufficiently bright OCCs to become available to OASIS during
any given 1-year period, based on these statistics

tative gas rotational temperature. OASIS will observe up to 5 different lines of HDO, with
near simultaneous observations of H16

2 O and its H18
2 O and H17

2 O isotopologues – these last
two are needed to address opacity issues in H16

2 O lines in more productive comets – to es-
tablish precise production rates for both HDO and H2O, and hence D/H ratios. OASIS will
therefore not only add to the number of comets measured, but most significantly will greatly
increase the number of accessible water isotopologue lines that are totally blocked from the
ground. This will also provide a unique set of measurements using a single observing plat-
form and set of instruments, thereby greatly reducing sources of systematic error associated
with previous work as represented in Fig. 3.

In the OASIS 1-year baseline mission, we estimate 6 – 8 comets will be observed. Figure 6
(left panel) identifies 4 JFCs having favorable apparitions, in which radio Figure-of-Merit
(an estimate of spectral line brightness) is shown versus solar elongation angle; OASIS is
designed for targets >45◦ from the Sun. We also estimate 3 – 4 OCCs becoming available
for study (Fig. 6, right) based on discovery statistics from NEO survey programs over the
past two decades that discovered long-period comets as a by-product; these are currently
dominated by the Catalina and Pan-STARRS surveys (e.g., Morgan et al. 2014).

Additionally, analysis of debiased data from the NEOWISE prime-mission survey
(Mainzer et al. 2014) suggest that approximately 7 long-period comets (OCCs) that are one
km or larger in diameter come within 1.5 AU of the Sun each year (Bauer et al. 2017). Given
the high sensitivity of OASIS, in our estimate of 3 – 4 OCCs, we expect one or more targets
that are sufficiently productive to be characterized even when not at maximum brightness,
but when more favorably placed for long duration (multiple-hour) observations with OASIS
(i.e., at smaller antisolar angles).

Through its uniform set of measurements of HDO/H2O, OASIS will therefore greatly
improve the accuracy over existing measurements of D/H in comets by establishing, in a
systematically consistent manner, its value in comets fed from the two principal solar sys-
tem reservoirs, the scattered Kuiper disk (principal source of JFCs) and Oort cloud (principal
source of OCCs). Figure 7 shows a simulation of a typical comet with OASIS Bands 1, 2, and
3. Through comparison with D/H in Earth’s oceans (VSMOW; see Fig. 3), cometary D/H
measurements constrain the role of comets in delivering water to the young Earth, as well
as to other planets. However, as discussed above (see Fig. 2), measurement of water and its
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Fig. 7 OASIS simulated spectrum of a typical comet observed in Bands 1 (left), 2 (middle), and 3 (right).
The water isotopes are identified and indicated by the blue lines. Yellow and green rectangles show examples
of simultaneously encompassed (tunable) frequencies combined in Bands 1 – 3 (yellow: 0.491, 1.099, and
2.757 THz [610.6, 272.8, and 108.7 µm] with one setting; green: 0.552, 1.279, and 2.742 THz [543.1, 234.4,
and 109.3 µm] with a second setting), demonstrating that OASIS will measure HDO, H16

2 O, H18
2 O, and H17

2 O
simultaneously

isotopologues from ground-based observations is extremely challenging due to severe ex-
tinction by water in Earth’s troposphere. With relatively few tuning changes over the course
of a comet observing session with OASIS, the strongest transitions of HDO, H16

2 O, H17
2 O,

and H18
2 O will be measured, thereby establishing highly precise isotopic ratios. Additional

molecular species will further constrain the gas temperature in the coma, most notably a
suite of CH3OH lines around 0.490 THz.

4.2 Giant Planetary Systems

4.2.1 Enceladus’ Water Torus

Enceladus is a fascinating small moon of Saturn that is a prime target for investigating the
habitability of Ocean Worlds; it may possibly harbor the conditions for the emergence of life.
Ocean Worlds like Enceladus, Europa, Titan, and possibly Ganymede, Callisto, and Triton,
are active icy moons orbiting planets that reside far outside the classical “Habitable Zone.”
Instead, these moons are located in the cold outer solar system, where they are expected to
be inactive frozen icy worlds. One of the big discoveries stemming from the Cassini 13-year
mission in the Saturn system was that Enceladus contained a subsurface liquid water reser-
voir, which expels hundreds of kilograms of water vapor every second into space through
four 2-km wide cracks near its S. polar region (Hansen et al. 2006; Porco et al. 2006; Waite
et al. 2006). This small but mighty moon is responsible for both of Saturn’s tenuous E-ring,
as well as the diffuse cloud of water – a torus – around Saturn that extends vertically 10s of
thousands of km (see Hartogh et al. 2011a, for more details). Both Saturn’s E-ring and torus
are visible (and indicated) in Fig. 8.

The Herschel HIFI instrument discovered the Enceladus water torus by measuring the
spatial variation of H2O at 1.670 THz (Hartogh et al. 2011a). Water was observed in ab-
sorption against the disk of Saturn and in emission away from Saturn. The spatial resolution
of Herschel at 1.670 THz was 12.6′′. OASIS will measure this same transition with a spa-
tial resolution of 3.2′′ and with higher sensitivity. OASIS will also measure multiple lines of
H2O to derive the gas temperature in the torus. We will expand on the Herschel science by
providing a higher spatial resolution map of the torus and by targeting transitions of HDO,
H17

2 O, and H18
2 O to derive isotopic ratios. Since water originates from a subsurface liquid

reservoir, these measurements will provide a rare opportunity to probe conditions in the in-
terior of Enceladus. Due to the small angular size of Enceladus (0.07′′), observing it directly
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Fig. 8 OASIS will measure the spatial variation of the tenuous water torus around Saturn generated by its icy
moon Enceladus. Water ice is largely confined to the E-ring in Saturn’s equatorial plane, but gaseous water
extends tens of thousands of kilometers above the ring plane, as discovered by Herschel/HIFI (water spectrum
on right hand side reprinted from Hartogh et al. 2011a). OASIS will observe low excitation energy water
lines emitting from the Giant Planetary Systems to determine the external water delivery sources. This will
significantly improve upon the Herschel/HIFI observations. Saturn Image Credit: NASA/JPL/Space Science
Institute

with OASIS will be extremely challenging since we will suffer from severe beam dilution,
even with the small beam size at the high frequency end of Band 4 (1.1′′). However, in lieu
of a direct detection from the plumes themselves, the large spatial expanse of Enceladus’
torus offers a unique opportunity to measure the water isotopic ratios for an Ocean World,
which are greatly needed to constrain the origin of its water, as well as how it has evolved
over time.

To date, there has only been one isotopic measurement of water in Enceladus’ plume
itself. Cassini INMS obtained a D/H value of 2.9+1.5

−0.7 × 10−4 (Waite et al. 2009), an en-
hancement of 1.9 times that in Earth’s oceans (see Fig. 3). Until another planetary flight
mission is sent back to the Saturn System to study Enceladus, the OASIS high sensitivity is
capable of building on both the Cassini and Herschel science discoveries.

4.2.2 Giant Planets’ HD Abundance

The bulk reservoir for deuterium in the Giant Planets is in the form of HD. And, since there
are no known post-Big Bang processes to create deuterium, the deuterium abundances in
the Giant Planet atmospheres – measured today – are taken to reflect their primordial value.
Accurate measurements of D/H in the Giant Planets are needed to constrain models of their
origin, but it is difficult to measure HD since this can only be accomplished from space-
borne platforms (and airborne observatories such as SOFIA). OASIS will measure HD/H2

in all of the Giant Planets, thereby providing the bulk D/H ratio. OASIS will also measure
stratospheric H2O in the Giant Planets (see Sect. 4.2.5), but not HDO; thus, it will not be
possible to measure D/H in H2O for the Giant Planets. These planets have ∼1 ppb H2O
in their stratospheres due to external sources (see discussion in Sect. 4.2.5). The expected
abundance of HDO is <1 ppt and, thus, below the OASIS detection limit. Larger amounts
of H2O are present at pressures greater than 5 bars in the Giant Planets; however, sub-
millimeter observations do not probe deep enough to detect tropospheric H2O nor HDO.
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Fig. 9 OASIS will use its high spectral resolution to improve the accuracy of D/H in the outer planets. Her-
schel/PACS detected a weak HD absorption line on Neptune at a resolving power of 950 (Feuchtgruber et al.
2013). OASIS (red curve) will measure this same feature at more than 100 times this resolution, revealing
both stratospheric emission and tropospheric absorption – OASIS will resolve the narrow central emission
line that dominates the line profile, and will retrieve significantly more accurate D/H. If OASIS only had the
resolving power of PACS (black line), it would miss this central emission peak. Resolving the full line shape
is critical to determining accurate D/H ratios. (SSB stands for single side band)

In the core accretion scenario for Giant Planet formation (Pollack et al. 1996), highly D-
enriched primordial ices formed the planet massive cores onto which the surrounding proto-
solar H2 gas collapsed. The resulting HD abundance then results from the ice-to-rock ratio
in the core, the core-to-atmosphere mass ratio, and equilibration between the two reservoirs.
For instance, the massive H2-dominated atmosphere of Jupiter surpasses by far the mass of
its putative core, and D/H in Jupiter is therefore thought to reflect the protosolar value (Lel-
louch et al. 2001, see Fig. 3). For Saturn, however, the measured D/H in hydrogen is smaller
than in Jupiter (Pierel et al. 2017), which is unexpected if ice played a role since higher D/H
in hydrogen should be expected (as it is the case for the Ice Giants) or perhaps, the ice was
equilibrated and transported from the inner to the outer solar system. For the Ice Giants, the
D/H is ∼2 times higher than the Gas Giants due to a much thinner outer envelope of H2,
thereby increasing the weight of the ice-originating D in the final abundance of HD after
equilibration (Feuchtgruber et al. 2013). The 4–10 times lower D/H compared with comets
remains unexplained. There may be more rocky than icy material in the interior of Uranus
and Neptune than expected from formation models (Feuchtgruber et al. 2013). There are
various scenarios that could constrain the precise formation position of the Ice Giants with
respect to the various snowlines (e.g., Ali-Dib et al. 2014; Mousis et al. 2020). However,
error bars on existing measurements of D/H in all four outer planets are still large and need
to be reduced in order to answer the following questions: Is Saturn’s D/H also protosolar?
If its D/H is lower than the protosolar value, as indicated by its nominal value measured by
ISO and by Cassini/CIRS, what is the mechanism causing this depletion? What is the rea-
son for the intermediate D/H in Ice Giants compared with the protosolar value and comet
values? OASIS will be able to measure HD in all four Giant Planets, which will significantly
improve upon existing HD measurements from ISO, Herschel, and Cassini/CIRS. OASIS
will also measure D/H in methane (CH3D/CH4) in the Ice Giants to further investigate frac-
tionation of deuterium at low temperatures.

The Herschel Photodetector Array Camera and Spectrometer (PACS) did not have suf-
ficient spectral resolution to resolve the narrow HD emission line core originating from the
Giant Planet stratospheres. ISO and CIRS also lacked the spectral resolution to separate
stratospheric emission from tropospheric absorption, thus limiting the accuracy in deriv-
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Fig. 10 OASIS will test models
of the water atmospheres of
Europa (shown here, Plainaki
et al. 2018), Ganymede, and
Callisto by measuring both
leading and trailing hemispheres
of these active icy moons

ing HD/H2. OASIS however, will easily resolve the narrow emission line core, enabling the
derivation of D/H in the stratospheres of the Giant Planets; this is depicted for Neptune in
Fig. 9. Although HD is expected to be well mixed, OASIS will be able to test this assumption.
OASIS will measure independently D/H in the upper troposphere and in the stratosphere and,
thus, separate both contributions to the spectrum, similar to what was performed for CO and
the deep O/H ratio in Neptune (Luszcz-Cook and de Pater 2013; Cavalié et al. 2017). We
will thus better constrain the deep tropospheric D/H ratio, which is needed to constrain for-
mation processes. However, the derivation of D/H from the emission core of HD in the Giant
Planets requires knowledge of the stratospheric temperature profile. OASIS will measure CO
and CH4 in Band 2 (1.1 to 2.2 THz) to obtain the temperature profile for the stratosphere.
OASIS also has broad-band continuum channels in each of its 4 bands. These will be used
to derive the temperature of the upper troposphere, which is needed to interpret the absorp-
tion component of the HD line. OASIS will also have improved spatial resolution (2.0′′ at
2.675 THz) with respect to Herschel (∼10′′) and ISO (∼20′′).

4.2.3 Galilean Moons’ Water Atmospheres

The Hubble Space Telescope detected transient H2O plumes at Europa in the UV, which
were tentatively confirmed with ground-based facilities (Paganini et al. 2020) and from a
reanalysis of Galileo data (Jia et al. 2018). Based on the water vapor abundance reported by
Paganini et al. (2020), had the Herschel HIFI team been given the observing time on Europa,
the HIFI instrument would have easily detected its H2O plumes. With the OASIS 10-fold
enhanced capabilities over that of Herschel, OASIS will be able to confirm the presence
of Europa’s transient H2O plumes, and the corresponding water abundance. Investigating
Europa’s plume composition with the large spectral coverage and high sensitivity of OASIS
will provide direct access to the composition of the internal ocean. OASIS measurements
will precede and so will provide guidance for the arrival of Europa Clipper in 2030.

Herschel did observe tenuous and spatially variable H2O atmospheres at Ganymede
and Callisto (Hartogh 2022). The process responsible for maintaining these atmospheres,
whether it is sputtering, sublimation, hydrothermal activity, or interacting with the icy dust
environment of Jupiter, remains unknown. Models have predicted the amount of water vapor
and its distribution resulting from sputtering, radiolysis, and sublimation (e.g., Shematovich
et al. 2005; Plainaki et al. 2018) for Europa, (Marconi 2007) for Ganymede, and (Liang et al.
2005) for Callisto. For example, in the case of Europa (Fig. 10), a total mass of its water
atmosphere was predicted to be ∼20–100 metric tons, substantially lower than predicted
for Ganymede and Callisto, and too low to be detected from ground-based observatories or
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HST. Transient events, or plume activity, corresponding to about 2,000 tons of total water
with a detection limit of 500 tons have been reported (Roth et al. 2014; Paganini et al. 2020).
OASIS’ Band 2 observations are between 2–3 orders of magnitude more sensitive, i.e., de-
tection limits of ∼1 ton are expected for an integration time of 1 hour in Band 2. Based
on the predictions of the models cited above, OASIS will detect the water atmosphere of
the three moons without the need for transient events/plumes. OASIS will conduct repeated
observations of H2O lines at Ganymede, Callisto, and Europa as a function of their orbital
position (e.g., leading vs. trailing), and this will help to constrain the relative role played by
these processes, as well as set the stage for the ESA JUpiter ICy moons Explorer (JUICE)
and NASA Europa Clipper missions (Ilyushin and Hartogh 2020; Grasset et al. 2013; Har-
togh and Ilyushin 2016; Howell and Pappalardo 2020).

4.2.4 Triton

Voyager 2 detected plumes rising from the surface of Neptune’s largest moon, Triton
(Soderblom et al. 1990; Yelle et al. 1991). These are thought to be composed of N2 with
entrained condensates. Triton’s surface temperature is 38 K, making it unlikely to have
gaseous H2O. However, if Triton has cracks in its ice, analogous to those on Enceladus,
warmer temperatures may be possible. OASIS will search for H2O outgassing from the sur-
face of Triton. Although unlikely, a detection of H2O would radically change our concept of
activity on icy moons in the outer solar system, especially at Neptune’s distance of 30 AU
from the Sun. The recent Planetary Science Decadal Survey (National Academies of Sci-
ences and Medicine 2022) ranked a Flagship mission to an ice giant system as a top priority
for the next decade. Even though both ice giant systems have superlative scientific merit, the
decadal committee ended up favoring the Uranus Orbiter and Probe Flagship mission over
the Neptune Odyssey Flagship mission. Neptune was also not selected as a mission candi-
date for New Frontiers 6 or 7, so the OASIS observations are even more critical for remote
sensing measurements of the Neptune System.

4.2.5 External Sources of Water

Stratospheric water on Jupiter was first detected from the Kuiper Airborne Observatory im-
mediately following the impact of comet Shoemaker-Levy 9 (SL9; Bjoraker et al. 1996).
Shortly thereafter, H2O was observed in emission by ISO at millibar levels in the strato-
spheres of all four Giant Planets and Titan (Feuchtgruber et al. 1997; Coustenis et al. 1998).
For the Giant Planets, trace amounts of water were observed in emission at millibar lev-
els in these atmospheres. Water originating from the deep atmosphere is frozen out at the
tropopause (100 mbar) where temperatures are less than 120 K; thus, the presence of H2O
in their stratospheres implies an external source.

Water vapor in Titan’s stratosphere is also trace, with Cassini CIRS far-IR nadir and limb
sounding measurements revealing a volume mixing ratio of (on average) ∼0.3 ppb in Titan’s
stratosphere (Cottini et al. 2012). As with the Giant Planets, the source of water in Titan’s
stratosphere is externally delivered, given that water freezes out in Titan’s lower stratosphere
as a result of vapor condensation processes. Even more so, a positive vertical gradient was
derived from CIRS far-IR (Cottini et al. 2012) and Herschel (Moreno et al. 2012) observa-
tions, indicating a source above at higher altitudes and a sink below at lower stratospheric
altitudes. This result further reinforces the idea that water is externally delivered to Titan.

OASIS will constrain the role of icy moons in the delivery of species like H2O to the
upper atmospheres of the Giant Planets and Titan. OASIS will be able to assess the relative
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Fig. 11 Radiative transfer simulations of the disk-center stratospheric H2O, CH4, and CH3D emission from
Titan at 1.670 THz, 1.256 THz, 1.570 THz, and 1.626 THz, respectively. The OASIS beam size is ∼3-4′′ at
these frequencies so Titan’s disk (0.8′′) is spatially unresolved. Spectral resolution is 3.5 MHz

contributions of interplanetary dust, icy rings and moons, and large comet impacts by mea-
suring the variation with latitude of H2O transitions at 1.670 and 4.745 THz, and at spatial
resolutions of 3.2 and 1.1′′, respectively. The former transition is 100 times stronger than
the latter at 150 K, while the 4.745 THz line offers better spatial resolution. The smaller
beam size (1.1′′) will roughly match the angular size of Titan (0.8′′). The use of two lines
with different strengths will yield improved vertical profiles of H2O in the stratospheres of
these objects, which will further constrain its source. In addition, OASIS will also measure
the H18

2 O transition at 1.656 THz, thereby providing important isotopic information about
the impactors.

In addition to H2O, OASIS will also measure CH4 and CH3D in Titan’s stratosphere.
While measuring the vertical profile of water in Titan’s atmosphere will help to constrain
its external source, measuring the vertical profiles of both CH4 and CH3D is important as
well, given that on Titan, CH4 plays the role that water does on Earth, evidenced by its
hydrocarbon lakes, tropospheric CH4 clouds, and CH4 rain (e.g., see (Griffith et al. 2005;
Porco et al. 2005; Turtle et al. 2009, 2011; Anderson et al. 2014)]. OASIS will measure
CH4 and CH3D above Titan’s cold trap, well above all the tropospheric CH4 weather cycles.
Figure 11 shows a forward radiative transfer model simulation of H2O, CH4, and CH3D
emission on Titan at 1.670 THz (H2O), 1.256 and 1.570 THz (CH4), and 1.626 THz (CH3D).

High spatial resolution will permit OASIS to distinguish between possible external
sources of water. Interplanetary dust particles (IDP) should impact the Giant Planets from
all directions, while local sources such as rings and icy moons would preferentially deliver
water to the Equator. For instance, Herschel/PACS measurements of an H2O enhancement
between 25◦N and 25◦S on Saturn favor Enceladus and its H2O torus as the dominant source
(Cavalié et al. 2019). Cassini/CIRS measurements of H2O at the poles of Saturn indicate that
there is a smaller component due to IDP (Bjoraker 2022). Cassini in situ observations re-
vealed an infall of gases including H2O from Saturn’s D-ring confined to within 8◦ of the
Equator (Waite et al. 2018). OASIS measurements of H2O at the North and South Poles of
Jupiter and at the South Pole of Saturn1 will reveal the component due to IDP. A detection
of enhanced H2O over a narrow latitude range at the Equator would favor a ring source and
an enhancement over a wider range of latitudes would support delivery from a torus. Higher

1Saturn’s North Pole will be in polar night and thus not observable during the OASIS 1-year baseline mission.
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Fig. 12 Simulations of the disk-center stratospheric H2O emission at 1.670 THz (Band 2) for Jupiter, Saturn,
Uranus, and Neptune. SSB stands for Single Side Band

sensitivity and a large improvement in spatial resolution (1.1-3.2′′ vs. 9.4′′ for PACS) will
allow OASIS to refine and extend these pioneering measurements.

Figure 12 shows synthetic spectra of H2O emission at 1.670 THz on Jupiter, Saturn,
Uranus, and Neptune. Spectrally resolved line profiles at 1.670 THz provide information
on the vertical profile of H2O in the stratosphere, and also constrain the external source of
H2O. Herschel/HIFI measurements of the line profile of the 1.670-THz transition of H2O
on Jupiter indicated that Comet SL9, rather than IDP, was the principal source of water
(Cavalié et al. 2013). The high spectral resolution of OASIS will extend this approach to
the other Giant Planets. New measurements of Jupiter 35 years after the SL9 impact will
enable studies of the meridional transport of H2O in its stratosphere, thereby constraining
dynamical models.

4.3 Inner Solar System

4.3.1 Ceres

The presence and abundance of water in asteroids is relevant to many areas of research, rang-
ing from the origin of water and life on Earth to the large-scale migration of Giant Planets
such as Jupiter. HIFI observations of water plumes on Ceres with a production rate of about
6 kg/s pointed to cryo-volcanism (Küppers et al. 2014). Later observations of hazes by the
Dawn camera however suggest sublimation of water ice over the Occator crater revealing the
presence of material that likely originated from areas beyond the snow line (Nathues et al.
2015). The initial HIFI observations of Ceres provided ambiguous results with 4σ detections
in only one polarization and no detection in the other. Repeated observations led to similar
results, indicating that the water emission was related to a local source. Finally, 10-hour ob-
servations, covering the “light curve”of Ceres led to the crucial detection. The sensitivity of
the observation enabled a water production rate of around 1 kg/s to be determined. OASIS
will increase the sensitivity easily to values below 100 g/s water production rate. This high
sensitivity opens a new field of asteroid research. Water emissions may also be found in
other asteroids, for instance in carbonaceous chondrites or main belt comets (MBCs). Water
sublimation could be one explanation for the observed dust comae in MBCs; however, all
attempts to detect water thus far have been unsuccessful (de Val-Borro et al. 2012; O’Rourke
et al. 2013) due to the limited sensitivity of existing facilities including Herschel/HIFI.
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4.3.2 The Moon

The abundance of water on the Moon is of interest both scientifically and for in situ re-
source utilization (ISRU) as humans return to the Moon for the first time in a half-century.
The first evidence for water ice on the Moon came from observations of neutrons from the
Lunar Prospector orbiter (Feldman et al. 1998), where neutron flux spectra were interpreted
as providing evidence for hydrogen in the form of water ice at the lunar poles. Direct evi-
dence for hydration on the lunar surface was detected by the Moon Mineralogy Mapper on
the Chandrayaan-1 orbiter (Pieters et al. 2009), by the EPOXI mission during a lunar flyby
(Sunshine et al. 2009), and by Cassini/VIMS during its lunar flyby en route to Saturn (Clark
2009). These 3-µm observations showed a mixture of adsorbed water and OH in the lunar
regolith. Next, a plume of water and water ice was detected by the LCROSS investigation
following the impact of a Centaur rocket near the lunar south pole (Colaprete et al. 2010).
Recently, observations conducted from SOFIA detected H2O in the regolith at 6 µm at high
lunar latitudes (Honniball et al. 2021) and the Neutral Mass Spectrometer on the Lunar At-
mosphere and Dust Environment Explorer detected exospheric H2O liberated by meteoroid
impacts (Benna et al. 2019). Although water generated from meteoroid impacts is expected
to form an H2O exosphere (Hurley and Benna 2018), the density and spatial variation of the
lunar exospheric water remains unknown. The unique vantage point of OASIS at the L1 La-
grange point permits high spatial resolution observations of H2O and OH in the exosphere
of the Moon, including the polar regions. OASIS will target the 1.670 THz transition of H2O
and the 1.838 THz line of OH. These observations will help determine whether sublimation
of water ice contributes to the exosphere or, in contrast, whether the exosphere is present
only following meteoroid impacts.

4.3.3 Venus

The upper atmosphere of Venus exhibits large variability in H2O on time scales of days
(Gurwell et al. 2007) to months (Sandor and Clancy 2005). Venus is also highly enriched
in HDO, with D/H values ranging from 160 times VSMOW in the lower atmosphere to 240
times VSMOW in the upper atmosphere (Fedorova et al. 2008; Donahue 1999). This has
been interpreted as evidence for the loss of a global water ocean due to mass-selective atmo-
spheric escape (Donahue et al. 1997; Donahue 1999), with important implications for past
habitability (Way et al. 2016). Recently, Turbet et al. (2021) employed a three-dimensional
global climate model that included the effects of atmospheric dynamics and clouds, reveal-
ing that oceans may have never existed on Venus’ surface. These results suggest that water
vapor on Venus never phase changed into liquid water, hindered by strong warming from
atmospheric water clouds. OASIS has the ability to map H2O and HDO as a function of
latitude and altitude at a wide range of local times on Venus, which would greatly improve
our understanding of the evolution of its atmosphere.

The most detailed study of D/H was performed using the Solar Occultation Infrared spec-
trometer on the Venus Express mission (Fedorova et al. 2008; Bertaux et al. 2007). H2O and
HDO were measured in absorption against the Sun, at altitudes between 70 and 95 km. The
average abundances of H2O and HDO were 1.2 and 0.09 ppm, respectively, yielding a D/H
enrichment of 240 times VSMOW (Fedorova et al. 2008). The solar occultation geome-
try limited these measurements to the terminator of Venus. In view of the large variability
of water, the ability to map H2O and HDO as a function of latitude and altitude at a wide
range of local times would greatly improve our understanding of Venus’ atmosphere. Venus’
clouds are composed of sulfuric acid; thus, some of the variability in water may be due to
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Fig. 13 Venus radiative transfer simulations of its disk-center middle atmospheric absorption of HDO at
0.509 THz (110-101), H18

2 O at 0.548 THz (110-101), H17
2 O at 0.552 THz (110-101), H16

2 O at 0.557 THz
(110-101), with an O3 feature and numerous SO2 features in the spectral vicinities. The OASIS beam size
spans ∼9-12′′ in Band 1. HDO and H17

2 O were simulated at a spectral resolution of 100 kHz, while H18
2 O

and H16
2 O were at 3.5 MHz

Fig. 14 Venus radiative transfer simulations of its disk-center middle atmospheric absorption of PH3 at
0.534 THz, 1.333 THz, 1.598 THz, 1.863 THz, and 2.128 THz. The OASIS beam size spans ∼9-12′′ in
Band 1 and ∼2-5′′ in Band 2. PH3 in Band 1 was simulated at a spectral resolution of 100 kHz, while the 4
transitions in Band 2 were at 3.5 MHz

reactions with sulfur compounds (Gurwell et al. 2007). Figure 13 shows a radiative transfer
simulation of Venus’ middle atmosphere for the 110-101 transitions of HDO at 0.509 THz,
H18

2 O at 0.548 THz, H17
2 O at 0.552 THz, and H16

2 O at 0.557 THz. HDO and H17
2 O were sim-

ulated at 100 kHz, and their measurement is made possible with the OASIS Chirp Transform
Spectrometer. While Fig. 13 shows water transitions only in Band 1, numerous transitions
exist in Band 2 and Band 4, which also provides higher spatial resolution.

Sulfur compounds are of interest not only for understanding the clouds, but as tracers
of either ongoing volcanism (Esposito et al. 1988), or, alternatively, episodic exchanges
with the sulfur-rich lower atmosphere (Marcq et al. 2013). Thus, it is important to measure
SO2, SO, OCS, and H2S to understand these processes (Mills and Allen 2007; Krasnopolsky
2012). A detailed study of Venus Express observations of SO2 on Venus indicated large vari-
ability and an unknown source of sulfur (other than SO2 and SO) between 70 and 100 km
(Vandaele et al. 2017). Recently, ALMA and JCMT observations of Venus led to the unex-
pected detection of PH3, which was cited as a potential biosignature (Greaves et al. 2020).
Supporting, but not conclusive, evidence for PH3 was provided by a new study of Pioneer
Venus Neutral Mass Spectrometer data (Mogul et al. 2021), although this PH3 detection has
been disputed by several re-analyses of the submillimeter data (Thompson 2021; Villanueva
et al. 2021; Akins et al. 2021) and by its absence in infrared spectra (Encrenaz et al. 2020;



Solar System Science with OASIS Page 19 of 26 43

Trompet et al. 2021). As indicated in Fig. 14, with the OASIS large spectral grasp in Bands
1 and 2, a total of 5 transitions of PH3 are possible (one in Band 1 and four in Band 2) at
0.534 THz, 1.333 THz, 1.598 THz, 1.863 THz, and 2.128 THz. In view of its significance
to both astrobiology and to our understanding of Venus, OASIS, with its heterodyne spectral
resolution at low frequencies in the submillimeter and far-IR, will be able to confirm (or
refute) the controversial detection of PH3.

Venus is observable from OASIS while near its greatest elongation from the Sun (47◦),
at which time it subtends 25′′. The tunability of OASIS between 0.465 and 0.557 THz (in
Band 1) and between 1.1 and 2.2 THz (in Band 2) will allow us not only to study water and
map D/H on Venus, but it will enable the study of PH3 and numerous sulfur compounds.
OASIS will be able to measure the latitudinal variation and vertical profile of HDO, H2O,
and sulfur compounds at a wide range of local times on Venus. This will improve our un-
derstanding of photochemistry and dynamics in the upper atmosphere. These measurements
will build on the successful Venus Express mission, and they will be complementary to in
situ measurements from NASA’s recently selected DAVINCI Discovery mission to Venus.

OASIS Discovery Science OASIS observations at L1 enable Venus and Earth to be used as
ground truth for terrestrial exoplanet analogs. The rich spectrum of the submillimeter and
far-IR includes transitions of O2, O3, PH3, CH4, N2O, NH3, OCS, SO, and SO2, which have
been proposed as potential biosignatures despite the fact that abiotic processes on Venus
have produced many of these molecules (Krasnopolsky 2012; Meadows et al. 2018; Greaves
et al. 2020; Quanz et al. 2019). The abundance of these potential biosignatures on both ter-
restrial planets will help distinguish an exo-Venus from an exo-Earth when remote sensing
spectra of terrestrial exo-planetary atmospheres become available from future space obser-
vatories. The submillimeter and far-IR wavelengths covered by OASIS’ Bands 1, 2, and
3 provide powerful diagnostics of trace gases that affect the climate systems of terrestrial
planets. Numerous exoplanets have been discovered with mass and radii similar to Earth and
Venus (Kane et al. 2014, 2019), thus raising hopes for an “Earth-2” in a habitable zone. How-
ever, many of these exoplanets may instead more closely resemble the harsh environment of
Venus. The unique vantage point at L1 enables OASIS measurements of the abundances of
H2O and CHNOPS-containing molecules contained in the atmospheres of Venus and Earth,
paving the way for future remote sensing measurements of terrestrial exoplanets.

5 Baseline and Threshold Observations

In the 1-year Baseline Science Mission, OASIS will observe approximately two dozen
solar system objects, 6–8 of which are comets. Four JFCs are targeted, and [conserva-
tively] 3–4 OCCs are expected based on consistent discovery rates from ground-based (e.g.,
PanSTARRS; Morgan et al. 2014) and space-based (e.g., NEOWISE; Mainzer et al. 2014)
surveys, the latter demonstrating that ∼7 OCCs 1-km or larger in diameter come within 1.5
AU of the Sun per year (Bauer et al. 2017). For the 6-month Threshold Science Mission,
OASIS will observe 8 solar system objects, targeting H2O and HDO in Europa’s atmo-
sphere, in Enceladus’ torus, and in two comets (JFCs; 19P and 81P), and HD in the Giant
planets, within the first few months of the mission. The observing strategy will employ
frequency tuning across OASIS Bands 1-3, necessary to measure at least 5 HDO transitions
(e.g., 0.465, 0.490, 0.509, 1.217, 1.625 THz), along with numerous H16

2 O (e.g., 0.557, 1.097,
1.670, 2.196 THz), H18

2 O (e.g., 0.547, 1.095, 1.656 THz), and H17
2 O (e.g., 0.552, 1.662 THz)

transitions, plus HD at 2.675 THz. Total observing times will vary depending on the solar
system object. For example, comet dwells will take 12 to 24 hrs, the Galilean Moons and
Enceladus’ torus will require 12-16 hr dwells, and each Giant Planet will take ∼4 hrs.
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