
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Orbiting Astronomical Satellite for
Investigating Stellar Systems
(OASIS): following the water trail
from the interstellar medium to
oceans

Walker, Christopher, Chin, Gordon, Aalto, Susanne,
Anderson, Carrie, Arenberg, Jonathan, et al.

Christopher K. Walker, Gordon Chin, Susanne Aalto, Carrie M. Anderson,
Jonathan W. Arenberg, Cara Battersby, Edwin Bergin, Jenny Bergner, Nicolas
Biver, Gordon L. Bjoraker, John Carr, Thibault Cavalié, Elvire De Beck,
Michael A. DiSanti, Paul Hartogh, Leslie K. Hunt, Daewook Kim, Yuzuru
Takashima, Craig Kulesa, David Leisawitz, Joan Najita, Dimitra Rigopoulou,
Kamber Schwarz, Yancy Shirly, Antony A. Stark, Xander Tielens, Serena Viti,
David Wilner, Edward Wollack, Erick Young, "Orbiting Astronomical Satellite
for Investigating Stellar Systems (OASIS): following the water trail from the
interstellar medium to oceans," Proc. SPIE 11820, Astronomical Optics:
Design, Manufacture, and Test of Space and Ground Systems III, 118200O
(24 August 2021); doi: 10.1117/12.2594847

Event: SPIE Optical Engineering + Applications, 2021, San Diego, California,
United States

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Oct 2021  Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Orbiting Astronomical Satellite for Investigating Stellar Systems 

(OASIS): “Following Water from Galaxies, through Protostellar 

Systems, to Oceans” 

 
 

Christopher K. Walkera, Gordon Chinb, Susanne Aaltoc, Carrie M. Andersonb, Jonathan W. 

Arenbergd, Cara Battersbye, Edwin Berginf, Jenny Bergnerg,o, Nicolas Biverh, Gordon L. Bjorakerb, 

John Carri, Thibault Cavaliéh,j, Elvire De Beckc, Michael A. DiSantib, Paul Hartoghk, Leslie K. 

Huntl, Daewook Kima, Craig Kulesaa, David Leisawitzb, Joan Najitam, Dimitra Rigopouloun, 

Kamber Schwarza,o, Yancy Shirlya, Antony A. Starkp, Yuzuru Takashimaa, Xander Tielensq, Serena 

Vitiq,r, David Wilnerp, Edward Wollackb, and Erick Youngs 
 

aUniversity of Arizona,  950 N. Cherry Ave., Tucson, AZ  USA 
bNASA’s Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, MD USA 

cDepartment of Space, Earth and Environment with Onsala Space Observatory, Chalmers University of Technology,  

SE-412 96 Göteborg, Sweden 
dNorthrop Grumman Space Systems, One Space Park Drive, Redondo Beach, CA USA 

eUniversity of Connecticut, Department of Physics, 196 Auditorium Road, Unit 3046, Storrs, CT 06269 USA 
fUniversity of Michigan, Department of Astronomy, 1085 S. University, Ann Arbor, MI USA 

gDepartment of the Geophysical Sciences, University of Chicago, 5734 S. Ellis Avenue Chicago, Illinois 
hLESIA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités,UPMC Univ.  Paris 06, Univ.  

Paris Diderot, Sorbonne Paris Cité, Meudon, France 
iAstronomy Department, University of Maryland, College Park, MD 20742-2421 USA  

jLaboratoire d’Astrophysique de Bordeaux, Univ.  Bordeaux, CNRS, B18N, Allée Geoffroy Saint-Hilaire, 33615 Pessac, 

France 
kMax Planck Institute for Solar System Research, Justus-von-Liebig-Weg 3, Göttingen,Germany 

lINAF - Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, I-50125 Firenze, Italy 
mNSF’s NOIRLab, 950 N. Cherry Avenue, Tucson, AZ 85719, USA 

 nDepartment of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK 
oNASA Fellowship Program Sagan Fellow 

pCenter for Astrophysics Harvard & Smithsonian, 60 Garden Street, Cambridge, MA, USA 02138 
qLeiden Observatory, Leiden University, P.O. Box 9513, NL-2300RA Leiden, The Netherlands 

rDepartment of Physics and Astronomy, University College London, Gower St., WC1 6BT, London, UK 
sUniversities Space Research Association, 15 National Ave, Mountain View, CA USA 

 

ABSTRACT 

Orbiting Astronomical Satellite for Investigating Stellar Systems (OASIS) is a space-based, MIDEX-class mission concept 

that employs a 17-meter diameter inflatable aperture with cryogenic heterodyne receivers, enabling high sensitivity and 

high spectral resolution (resolving power >106) observations at terahertz frequencies. OASIS science is targeting 

submillimeter and far-infrared transitions of H2O and its isotopologues, as well as deuterated molecular hydrogen  (HD) 

and other molecular species from 660 to 80 µm, which are inaccessible to ground-based telescopes due to the opacity of 

Earth’s atmosphere. OASIS will have >20x the collecting area and ~5x the angular resolution of Herschel, and it 

complements the shorter wavelength capabilities of the James Webb Space Telescope. With its large collecting area and 

suite of terahertz heterodyne receivers, OASIS will have the sensitivity to follow the water trail from galaxies to oceans, 

as well as directly measure gas mass in a wide variety of astrophysical objects from observations of the ground-state HD 

line. OASIS will operate in a Sun-Earth L1 halo orbit that enables observations of large numbers of galaxies, protoplanetary 

systems, and solar system objects during the course of its 1-year baseline mission. OASIS embraces an overarching science 

Astronomical Optics: Design, Manufacture, and Test of Space and Ground Systems III, edited by Tony B. Hull,
Daewook Kim, Pascal Hallibert, Fanny Keller, Proc. of SPIE Vol. 11820, 118200O · © 2021 SPIE

CCC code: 0277-786X/21/$21 · doi: 10.1117/12.2594847

Proc. of SPIE Vol. 11820  118200O-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Oct 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

theme of “following water from galaxies, through protostellar systems, to oceans.” This theme resonates with the NASA 

Astrophysics Roadmap and the 2010 Astrophysics Decadal Survey, and it is also highly complementary to the proposed 

Origins Space Telescope’s objectives. 

Keywords: Water, HD, terahertz astronomy, submillimeter spectroscopy, far-infrared spectroscopy, heterodyne 

spectroscopy, galaxies, proto-planetary disks, comets, planets, moons 

 

1. INTRODUCTION 

1.1 OASIS Pioneers New Era of Large-Aperture Space Telescopes 

The Orbiting Astronomical Satellite for Investigating Stellar Systems (OASIS) observatory utilizes an inflatable 17-m 

reflector that, when coupled to a state-of-the-art terahertz heterodyne receiver system, enables high sensitivity and high 

spectral resolution (resolving power >106) observations at terahertz frequencies. This ensures submillimeter and far-

infrared observations of the transitions of H2O and its isotopologues, as well as deuterated molecular hydrogen (HD) and 

other molecular species from 660 to 80 µm that are otherwise obscured by the Earth’s atmosphere. As a result, the OASIS 

science team, internationally-comprised of extra-galactic, galactic, and planetary astronomers, are able to follow the water 

trail from galaxies, through protostellar systems, to oceans (see Figure 1). OASIS will have >20x the collecting area and 

~5x the angular resolution of the Herschel Space Observatory. Our team will propose OASIS in response to the planned 

2021 NASA MIDEX Announcement of Opportunity (AO), thus breaking the paradigm that large-aperture space telescopes 

can only be implemented as a high-cost, long lead-time, flagship mission (e.g., JWST). 

The use of an inflatable membrane aperture as a reflector has a long history of space applications. As described by [1], an 

inflatable membrane mirror can be formed by using two thin, circular, polymer membranes (one transparent and the other 

metallized) that are sealed on their periphery, attached to a tensioning ring and inflated to a pressure sufficient to produce 

the required shape. Work performed under NASA’s Innovative Advanced Concepts (NIAC)  program (as well as other 

federal agencies) has demonstrated that thin membrane technology combined with adaptive optics techniques can be used 

to realize large, deployable reflectors for operation throughout the far-IR. Over 50 years ago Project Echo (30.5-m 

 

Figure 1. OASIS Concept. The science objectives of OASIS are met by utilizing a 17-meter inflatable aperture and 

cryogenic, terahertz receivers operating in a Sun-Earth L1 Halo Orbit. From this vantage point, the unparalleled 

sensitivity of OASIS will, for the first time, allow us to follow the water trail from galaxies to oceans.  
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diameter; [2]) and, more recently, the Inflatable Aperture Experiment (IAE) (14-m; diameter [3]), provided valuable on-

orbit experience with the fabrication and deployment of large inflatable reflectors. 

In the hard vacuum of space, the internal pressures required to inflate and maintain such structures are very low (<10 -4 

psi), which makes them resilient against punctures from micrometeorites and space debris. Due to these low pressures, gas 

only slowly diffuses through punctures. The OASIS team has performed experiments with an inflatable structure in a 

vacuum chamber, demonstrating this unique property (See Paper No 11820-31 in Table 1). Initial lifetime calculations 

have been performed assuming a standard micrometeorite background flux, with the result that multiyear operation can be 

achieved by carrying a modest amount of inflatant gas to maintain pressure even with an accumulation of punctures over 

the lifetime of a mission that may last several years. Due to less surface stress being required to maintain the reflector’s 

shape, larger apertures require lower internal pressures, which means less inflatant is needed per unit volume. In this 

respect, it is easier to make larger apertures than smaller ones using this type of technology. 

This paper details the powerful science capabilities attainable with the high sensitivity (~20x the collecting area of 

Herschel) and high angular resolution (5x that of Herschel) afforded by the large OASIS aperture. The OASIS team has 

submitted a series of papers to the 2021 SPIE Optics + Photonics Conference in San Diego, which collectively present the 

OASIS scientific goals and technical studies that have been performed in support of the mission (Table 1). These studies 

will serve as catalysts for future efforts.  

Table 1. OASIS Papers Submitted to the Proceedings of the 2021 SPIE Optics + Photonics Conference are 

references for the OASIS Observatory architecture and trade studies. 

Paper No Title Authors 

11820-26 Orbiting Astronomical Satellite for Investigating Stellar Systems (OASIS): 

Following Water from Galaxies and Interstellar Medium to Oceans 

Christopher K. Walker, et al. 

11820-27 All reflective THz telescope design with a 20m inflatable primary antenna 

for Orbiting Astronomical Satellite for Investigating Stellar Systems 

(OASIS) mission 

Yuzuru Takashima, et al. 

11820-28 Parametric design study of all reflective 20m telescope with an inflatable 

primary antenna for Orbiting Astronomical Satellite for Investigating 

Stellar Systems (OASIS) 

Siddhartha Sirsi, et al. 

11820-29 Stressed Deformable Reflector for Terahertz Wavefront Active Correction Marcos A. Esparza, et al. 

11820-30 Orbiting Astronomical Satellite for Investigating Stellar Systems (OASIS) 

observatory design 

Jonathan W. Arenberg, et al. 

11820-31 Design and performance of the Orbiting Astronomical Satellite for 

Investigating Stellar Systems (OASIS) 

Jonathan W. Arenberg, et al. 

11820-32 Analytical and finite element analysis tool for nonlinear membrane antenna 

modeling for astronomical applications 

Art Palisoc, et al. 

11820-33 Mid to high frequency characterization of inflatable membrane optics Heejoo Choi, et al. 

11820-34 Pre-flight optical metrology for varifocal pneumatic terahertz antenna Henry Quach, et al. 

 

1.2 OASIS Unique Capabilities 

OASIS embraces an overarching science theme of “following water from galaxies, through protostellar systems, to oceans.” 

This theme requires space-borne observations of galaxies, molecular clouds, protoplanetary disks, and solar system 

objects. From its Sun-Earth L1 halo orbit, OASIS will also be able to study the Earth-Moon system, which will serve as a 

surrogate from which we can learn how to identify and interpret the appearance of biosignatures on more distant worlds. 

The 0.4 – 4 THz spectral range that OASIS is targeting contains key diagnostic spectral fingerprints of HD and the 

isotopologues of H2O that are obscured by the Earth’s atmosphere. Figure 2 shows a ground-based transmission spectrum 

of Earth’s atmosphere for an elevation of 5 km (i.e., for ALMA) under dry conditions. The tuning ranges of OASIS Bands 
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1, 2, and 3, and the narrow Band 4 are indicated. These bands are extremely rich in spectral content, with strong rotational 

transitions of H2O isotopologues and numerous other molecules. The extreme opacity of Earth’s atmosphere in the 

submillimeter and far-IR is the reason that ALMA (limited to frequencies below ~1 THz) has made very few measurements 

of HDO and H2
18O [4,5]. This reinforces the need for a space-borne platform with instruments operating in these spectral 

regions. OASIS was designed specifically for this purpose. 

1.3 OASIS Instrument 

OASIS will have a cryogenic superheterodyne receiver system with 4 frequency bands ranging from 455 GHz (660 µm) 

to 3692 GHz (81.2 µm). The receiver architecture is shown in Figure 3. The OASIS receiver design is based on the 

instrument to be flown on the upcoming Galactic/Extragalactic ULDB Spectroscopic Terahertz Observatory (GUSTO) 

Explorer balloon-borne mission, and the instrument successfully flown in 2016 on the Stratospheric Terahertz Observatory 

(STO) balloon-borne telescope. The beam enters the receiver system from the steering and correction optics (described in 

submitted papers listed in Table 1) and is spectrally split by a series of dichroics into the 4 science bands. For Bands 2-4, 

the local oscillator (LO) beams are coupled to the respective science beam using dielectric beam splitters. Band 1 utilizes 

a waveguide coupler for this purpose. The four beams propagate through the cryostat into their respective front-end mixers. 

The mixers downconvert the science signals to intermediate frequencies (IF) in the microwave range where cryogenic 

low-noise amplifiers (LNAs) and ambient-temperature IF processors are used to boost their power levels and provide 

filtering before they are passed to their respective spectrometers. The resulting spectra are then conveyed to the spacecraft 

for downlink. The total power output over the full IF bandwidth of each receiver (~3.7 GHz) is also provided. For 

calibration, the receiver beam is diverted to a calibration blackbody cone by actuating a flip mirror. Additionally, a 

bolometer with a 2.63 THz (114 µm) to 3.57 GHz (84 µm) passband is used for tracking the target. While the four science 

bands observe the calibration load, the bolometer observes the astrophysical target off the back of the flip mirror. Table 2  

is a summary of OASIS performance characteristics. 

Figure 2. OASIS is optimized to operate at far-IR and submillimeter frequencies that are or nearly opaque to ground-based 

telescopes. Simulated terrestrial atmospheric transmission function (solid black curve), corresponding to the altitude of 

ALMA (5040 m) and a relatively low precipitable water vapor (pwv = 0.5 mm), generated using the Planetary Spectrum 

Generator [6]. The OASIS Bands 1, 2, 3, and 4 (yellow rectangles) target wavelengths that are highly complementary to 

capabilities of ALMA and JWST. 

1.4. OASIS Observing Strategies 

In terahertz astronomy observing strategies have been developed with the goal of efficiently removing instrumental effects 

from the data, thereby providing an untarnished view of the target object. These strategies include position-switching (PS), 
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dual-beam switching (DBS), frequency-switching (FS), load-chopping (LC), and on-the-fly mapping (OTF) [7,8]. All 

these techniques involve observing a line of sight (LOS) to a source at a frequency of interest and then observing a nearby 

LOS (or frequency) free of source emission. OASIS, like Herschel, is designed to support all these observing modes. Which 

mode an observer selects will depend on the extent of the source with respect to the OASIS beam and instrument stability. 

The less stable the instrument, the closer in time the observation of the reference position or frequency must be. The 

stability of a heterodyne receiver is often quantified in terms of its Allan time. The Allan time is the time during which an 

incoming signal can be integrated before the noise integrates down two standard deviations is slower than expected from 

the radiometer equation [8]. Beyond this point the observing efficiency significantly decreases, or may even go negative. 

In the case of the SIS and HEB receivers being flown on OASIS, the Allan time is expected to be between 20 and 30 

seconds.  

Approximately 70% of the OASIS observing time will be spent observing spatially unresolved protoplanetary disks. The 

target is acquired by first using the spacecraft star camera and reaction wheels to point the telescope within a few 

arcminutes of the target position. Fine pointing is accomplished by performing a spiral scan until continuum and/or spectral 

line emission from the target is detected by the science instrument. Once a target is successfullly acquired, a standard 

OASIS PS observing sequence will commence:  

1) Integrate on target for a period of time less than the receiver’s Allan time.  

2) Use the focal plane scan mirror to move off target by several beamwidths and integrate for a predetermined time.  

3) Use the scan mirror to move the receiver’s beam back on target.  

4) Use the flip mirror shown in Figure 3 to observe the calibration load for a few seconds.  

5) While the heterodyne receivers are looking at the calibration load, the focal plane bolometer will be used to verify 

the telescope is still on target by monitoring the continuum emission from the source. 

 

Figure 3: OASIS Instrument Block Diagram. OASIS uses cryogenic, low-noise Superconductor-Insulator-Superconductor 

(SIS) and Hot Electron Bolometer (HEB) mixers and solid-state local oscillators to downconvert incoming signals to 

frequencies where they can be efficiently amplified and conveyed to back-end spectrometers. The optical system employs 

dichroics that permit simultaneous observations to be performed in all four bands. 
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This sequence will be repeated until the desired signal-to-noise ratio is obtained and can be modified as needed to support 

other observing modes. Since simultaneous observations occur in all four receiver bands, the total observing time required 

per object is set by the strength of the weakest line to be observed. The expected observing times per target are expected 

to be on the order of a few minutes for relatively bright planetary objects and up to ~12 hours for weak line sources (e.g., 

protoplanetary disks and external galaxies). The expected 5σ sensitivities of OASIS in units of Jy/Beam/km/s as a function 

of frequency and integration time are provided in Figure 4. These sensitivities can be used to estimate the number of targets 

that can be observed during the mission.   

Table 2. OASIS Performance Characteristics. The OASIS receivers have high sensitivity and wide spectral tunability in 

Bands 1, 2, and 3. Band 3 encompasses the HD (1-0) line at 112 µm and Band 4 includes a para-H2O transition at 81 µm. 

All four bands are observed simultaneously. Spectrometer characteristics pertain to the Autocorrelation Spectrometer in all 

4 bands. In addition, the properties of the Chip Transform Spectrometer are specified for Band 1. The spectral resolutions 

obtainable with these two spectrometers are typical values given nominal clocking rates. 

Facility     

Antenna Diameter 17 m    

Orbit L1 Halo Orbit    

Baseline Mission 1 year    

Extended Mission 2 years    

     

Receivers Band 1 Band 2 Band 3 Band 4 

Frequency Range (GHz) 
455 

575 

1100 

2200 

2475 

2875 

3682 

3692 

Wavelength Range (μm) 
658.88 

521.38 

272.54 

136.27 

121.13 

104.28 

81.42 

81.20 

System Noise (K) 293 674 774 859 

Polarizations Dual Single Single Single 

Mixer System SSB DSB DSB DSB 
Diffraction-limited Beam Size (arc-sec) 8.5 2.7 1.6 1.2 

     

Spectrometer Band 1* Band 2 Band 3 Band 4 

Maximum IF Bandwidth (GHz) 4/1 3.5 3.5 3.5 

Spectral Resolution (MHz) 5.37/0.1 5.37 5.37 5.37 

Spectral Resolving Power 105/107 3x105 5x105 1x106 

Velocity Resolution (km/s) 3.1/0.03 1.0 0.6 0.4 

     

Representative Lines Band 1 Band 2 Band 3 Band 4 

Transition o-H2O (110 - 101) o-H2O (212 - 101) HD (1 - 0) p-H2O (726 – 717) 

Frequency (GHz) 556.94 1669.90 2674.99 3691.32 

*Band 1 has medum and high spectral resolution spectrometers. 

Proc. of SPIE Vol. 11820  118200O-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Oct 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

2. OASIS SCIENCE OBJECTIVES 

OASIS will use its unique capabilities to achieve its overarching mission theme, which is to follow the cosmic water trail 

from galaxies, through protostellar systems, to solar system objects. This requires the following Science Objectives to be 

met: 

1) Objective 1: Characterize the role of water in galaxy evolution and its part of the oxygen budget. 

2) Objective 2: Characterize the time development of the water distribution and the role water plays in the process 

of planetary system formation.  

3) Objective 3: Characterize the delivery of water to the solar system by investigating its known water reservoirs. 

These science objectives resonate with the Astrophysics Roadmap and the 2010 Astrophysics Decadal Survey detailed in 

subsections 2.1, 2.2, and 2.3. 

 

 
Figure 4. OASIS sensitivity as a function of frequency and integration time. All four bands are observed simultaneously. 

The receivers are continuously tunable over the frequency range of each band. Solar system objects are relatively close 

and bright, requiring integration times on the order of seconds or minutes. Many spectral lines will be detectable toward 

nearby, prestellar/molecular cores in less than an hour. Protoplanetary disks and extragalactic objects are expected to 

require several hours of integration to achieve desired signal-to-noise ratios.  
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2.1 OASIS Objective 1: Following the path of water to unveil the hidden growth of galaxies 

Star formation and Active Galactic Nuclei (AGN = accreting supermassive black holes, SMBHs) are fundamental 

processes that drive the evolution and build-up of galaxies. A considerable fraction of that build-up is deeply dust-

embedded since the bulk of the star formation takes place in dense interstellar clouds, and SMBHs go through their most 

vigorous growth phase while enshrouded in dust and gas. Obscured AGN span the full range of environments and 

astrophysical processes that drive the growth of SMBHs, and help to complete the picture of connections between the host 

galaxy and its black hole. Probing inside the thick layers is an observational challenge, since the dust obscures the regions 

from view at optical and ultraviolet (UV) wavelengths. These regions are therefore a largely unexplored phase of the 

growth of black holes and star formation. Studying the hidden, embedded phase of galaxy evolution is therefore key to 

many unsolved questions on how galaxies grow together with their SMBHs (co-evolution), how star formation progresses 

in extreme dense environments, and the nature of the main processes that govern black hole growth. 

In the dense interstellar clouds, atoms come together to form molecules making them essential tracers of the physical, 

chemical and kinematic properties of the obscuring gas. Water forms from the oxygen that is released from exploding 

massive stars, and the hydrogen that originated in the Big Bang at the birth of the Universe. Water can reach extremely 

high abundances in dense gas where it serves as a unique signpost of the evolution of the embedded activity. Water that 

has formed as ice on the surface of dust grains in dense, cold, cores of molecular clouds can be sublimated into water 

vapour by energetic processes associated with star and planet formation, or with growing black holes. Water vapour has a 

rich spectrum with transitions mainly in the submillimeter and far-IR wavelength regime. At these wavelengths we can 

penetrate behind the veil of dust to explore the properties of the hidden star formation and growing black holes. Water 

emission in local, and intermediate redshift, galaxies is unobservable from the ground, but can be studied with OASIS at 

unparalleled sensitivity and resolution. H2O also has an exclusive feature of tracing the far-infrared radiation field, where 

the obscured activity has its peak energy output. 

OASIS will follow the path of water in the evolution of galaxies: from the extremely water-rich dusty cores of powerful 

luminous and ultraluminous infrared galaxies (U/LIRGs) to the detailed study of the embedded accretion processes in 

nearby, more modest and numerous, star forming galaxies and AGN. The U/LIRGs are compact and well suited for the 

high resolution of OASIS. With a suite of water, its isotope and ionic lines, we can chart the origin and fate of the dusty 

nuclei, and unveil the nature of the buried luminosity sources in a complete sample (>100 objects) of the local U/LIRGs. 

OASIS will also close an important knowledge gap between the luminous distant, high-redshift (z >3) galaxies, and the 

local and intermediate (out to z = 0.8) redshift U/LIRGs. This epoch is a missing link in understanding the slowing down 

of the evolutionary processes. Were water rich nuclei more common in dusty galaxies in the younger Universe and what 

is their role in the rapid, evolution of the SMBHs? OASIS also has the unique capacity to detect fine-structure lines of 

oxygen, nitrogen and carbon in intermediate redshift galaxies. These lines are key to probing the evolution of 

nucleosynthesis and astration, and together with the vital water molecule, they complete the picture of energetic dust-

enshrouded accretion. 

Water is an essential part of the oxygen budget of interstellar clouds and OASIS will explore how the role of water changes 

with environment and metallicity (proportion of elements heavier than helium). OASIS’ exceptional spectral and spatial 

resolution allow us to follow the path of water through a galaxy: how it transitions from the extended gas in the galaxy 

disk and into the star- and planet-forming clouds. In nearby (D < 10 Mpc) galaxies, OASIS can resolve structures on scales 

of molecular clouds and the unique high velocity resolution of OASIS enables the separation of features on even smaller 

scales. A large number of nearby galaxies offers a variety of environments where OASIS will study crucial aspects of 

relations between the properties of interstellar gas and the rate at which that gas forms stars. OASIS will also investigate 

how SMBHs in nearby (less powerful) AGN grow together with the obscuring gas. 

With OASIS we have the chance to detect water in local low-metallicity galaxies, where water abundances are also 

expected to be interestingly high. Tracing the path of water into metal poor environments is fundamental to our 

understanding of galaxy assembly, and the conditions of star and planet formation in the early universe. “Metallicity” is a 

concept used by astronomers to describe enrichment of the interstellar medium (ISM) by the release of processed material 

from dying stars. The more stellar generations a galaxy has gone through, the more “metals” are found mixed up with the 

primordial hydrogen. Regions of low metallicity are expected to be more common in the early days of the Universe, but 

regions of unenriched environments also exist today, often in local dwarf galaxies that provide an opportunity to explore 

conditions akin to those in the early Universe at high resolution and sensitivity. Again, the combination of a large collecting 

area and high spectral resolution lets OASIS detect water in these extreme and important environments for the first time. 

OASIS will also observe deuterated molecular hydrogen, HD, to find hitherto undetected, “dark” molecular gas, which is 
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likely the main molecular phase in metal poor galaxies, but also shows surprising abundance in regions of more normal, 

Solar-like metallicity. The dark molecular gas is undetectable with standard molecular tracer molecules (such as CO) but 

can be detected by the faint HD line. The large collecting area of OASIS equips it uniquely to map HD emission in nearby 

galaxies for the first time. 

The OASIS extragalactic path of water will address fundamental, high-priority science questions that stem from the NASA 

Astrophysics Roadmap [Enduring Quests Daring Visions: NASA Astrophysics in the Next Three Decades]: For example, 

goal 3.3 of the Roadmap asks, How did we get here - The history of galaxies. Dust obscured star formation and black hole 

growth is fundamental to the evolution of galaxies, and water is a key molecule for this, in particular in the final, most 

extreme stages of accretion, where OASIS will provide crucial information. Metal-poor galaxies are also essential 

ingredients in the history of galaxies, and OASIS has the capacity to provide absolutely unique information on the role of 

water in these unusual environments. The history of galaxies is also governed by processes that transform diffuse gas into 

star forming clouds, where OASIS will make groundbreaking contributions through its outstanding spatial- and velocity 

resolution. In addition, the OASIS extragalactic mission addresses major goals under the heading “Understanding the 

Cosmic Order” in the current Astrophysics Decadal Survey [New Worlds, New Horizons in Astronomy and Astrophysics 

in the decade 2012-2021]. In particular, the survey cites the following Science frontier questions: How do baryons cycle 

in and out of galaxies, and what do they do while they are there? What controls the mass-energy-chemical cycles within 

galaxies? How do black holes grow, radiate, and influence their surroundings? Again, these questions address 

fundamental queries on the growth and history of galaxies, where OASIS will make unique contributions. OASIS will 

observe and explore the rich and varied water emission in dusty, luminous as well as metal poor galaxies to get the 

complete picture of the galactic trail of water from the extended gas in galaxies and into the birth of stars and the growth 

of black holes. 

The following subsections expand on the cases for conducting cutting-edge extragalactic science following the water trail 

with OASIS 

2.1.1 Water as a probe of hidden galaxy nuclei 

The peak of galaxy growth (the so-called Cosmic Noon) occurred already at a redshift of z = 1-3, but rapid evolution still 

continues in the local, dusty luminous and ultraluminous infrared galaxies (LIRGs and U/LIRGs with LIR ~ Lbol = 1011-

1012 Lsun). They are mainly powered by extreme bursts of star formation and/or AGN. LIRGs and U/LIRGs are often the 

result of mergers or interactions between gas-rich galaxies where enormous amounts of interstellar matter (ISM) are 

funneled into the centers. LIRGs and U/LIRGs are essential to our understanding of how galaxies evolve and they 

contribute a fundamental part of the whole galaxy build-up in the Universe [9,10]. The infrared emission of U/LIRGs 

stems from emission absorbed and re-emitted by dust enshrouding the extraordinary starburst/AGN activity that provides 

most of the luminosity. In some cases the nuclei are extremely obscured by dust, announcing the presence of dense gas 

that holds a key to the understanding of nuclear growth and feedback mechanisms. Understanding the molecular properties 

of U/LIRGS is essential both for defining the evolution of present-day galaxies and addressing crucial astrophysical 

processes in their even more energetic intermediate redshift cousins. 
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Figure 5. Left: Continuum-subtracted Infrared Space Observatory (ISO)  spectrum of Arp 220 showing a rich spectrum 

including prominent H2O lines (reprinted from [11]). Right: Herschel SPIRE spectrum of the water-rich LIRG Zw049.057 

revealing luminous, but unresolved, water emission (in blue)(reprinted from [12]). OASIS will expand the current sample 

of U/LIRGs by more than an order of magnitude to fully chart the trail of water in dust embedded nuclei at unprecedented 

spatial and spectral resolution 

Water emission can only be detected from space, and the Herschel Space Observatory broke new ground in detecting H2O 

in a number of local luminous galaxies [12, 13, 14, 15, 16, 17, 18, 19, 20, 21] following early studies with the ISO satellite 

[11, 22] (Figure 5). The H2O line emission is luminous (Figure 5), and abundances can become high in the inner regions 

of U/LIRGs [12, 15]. The water abundances can reach X(H2O) = 10-5 (with respect to H2) on scales of up to 100 pc. This 

water abundance is normally seen only on sub-parsec scales in Galactic, star forming hot cores1. There appears to be a 

strong link between H2O and the far-IR radiation field in LIRGs and U/LIRGs [23] (Figure 6). H2O can couple strongly 

to the radiation field in warm regions with intense far-IR emission [24]. The radiative excitation depends on the far-IR 

radiation density, which is related to the compactness of the far-IR source. H2O is therefore an excellent, tracer of dusty 

galaxy nuclei, their far-IR radiation fields and hidden, embedded luminous sources [12, 21, 23, 24]. This sets H2O aside 

from more commonly used extragalactic tracers of molecular gas, such as CO. However, only a few U/LIRGs in the local 

universe have had their H2O properties studied in detail, and even fewer galaxies were observed at high spectral resolution 

with the Herschel HIFI high resolution spectrometer [20, 21]. OASIS will expand the current sample of U/LIRGs by an 

order of magnitude to fully chart the trail of water in dust embedded nuclei. 

Highly excited lines of H2O (e.g., at λ = 248.2, 212.5, and 71.9 μm) have proven efficient in identifying compact obscured 

nuclei [12, 15, 16, 24] and enshrouded AGN [21]. H2O modeling by Gonzalez-Alfonso et al. [24] of H2O show that the 

highest-lying H2O lines with energies in excess of 400 K, require large H2O columns and are formed in warm regions with 

dust temperatures above 90 K. Combining lower and higher excitation line ratios, and the simultaneous observation of the 

continuum, give the strength of the far-infrared radiation field, the relative impact of collisional excitation for the lower-

energy transitions and the water column density. High abundances of H2O can have different origins: they can for example 

stem from ion-neutral reactions linked to cosmic ray or X-ray ionization of H2 [25]. In warm (T>250 K) gas, neutral-

neutral reactions that produce H2O are also possible [25]. The dense gas clouds also contain small 0.001–0.1 μm sized dust 

grains – solid particles that consist of amorphous silicates and carbonaceous material. These particles are important 

partially because they constitute surfaces on which water can form. If the dust temperature increases above a Td of 100 K, 

H2O will sublimate from its mantle of ice on the dust particle, into the gas phase where it can reach very high abundances 

[25, 26]. With OASIS we have unique access to a suite of water lines at high spectral and spatial resolution allowing us 

to carry out a complete census of water in the LIRGs and U/LIRGs. We will have the full picture of how water formation 

processes and excitation link to the host galaxy properties, its interaction and merger status, and to the evolution of dusty 

nuclear activity. 

                                                 
1 The extremely water-rich dusty nuclei of U/LIRGs and LIRGs have counterparts of similar regions in the Milky Way: the compact 

hot cores. These are regions of large dust and gas column density – just like the obscured galaxy nuclei. Conditions are very similar, 

but the Galactic hot cores are significantly smaller with linear sizes of only 0.01-0.03 pc. The Galactic compact hot cores are also 

important targets for OASIS taking advantage of the high spatial and spectral resolution. 
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The water lines will consist of a combination of multiple lines of ortho- and para-water, which is important in addressing 

formation, conditions and the thermal history of the observed water. At high temperatures (T >50 K) the ortho-to-para 

ratio reaches a limit of three, while in cold formation processes, the ratio approaches zero [25]. Furthermore, 

simultaneously with the main water observations, OASIS will observe lines of water ions, such as H3O+ and H2O+ as well 

as lines of OH. These lines are the main gas-phase precursors of water, leading to a complete account of the chemical 

network and formation of water [25]. Different natures and evolutionary stages of the buried activity will have different 

paths of water formation and destruction — making its history a key diagnostic tool for the galaxy’s nuclear evolution. In 

addition, water ions and OH will provide ionization rates, which will help determine the nature of the enshrouded sources. 

 

Figure 6. Figure showing the line intensities of para-H2O 220-211 and ortho-H2O 312-303 lines (y-axis) plotted against the 

galactic IR luminosity LIR in solar units on the x-axis (reprinted from [24]). LH2O is found to correlate to LIR as 

logLH2O=αlogLIR+β, where a ranges between 0.8 and 1.2 depending on the transition. 

 

Herschel took a significant step forward in detecting extragalactic water, but only a handful of galaxies have their line 

profiles resolved with the high-resolution HIFI instrument [19, 20, 21]. The SPIRE spectrometer did not spectroscopically 

resolve the H2O lines at all, providing only a tantalizing spike of water (Figure 5). The higher frequency PACS instrument 

did somewhat better showing a hint of interesting structure in the luminous water lines (Figure 7). Feedback processes in 

U/LIRGs and LIRGS in the form of winds or outflows have primarily been detected in the far-infrared 119 μm OH 

transition [27], but in some cases Herschel also found H2O lines in the form of tentative P-Cygni or reversed P-Cygni 

shapes — suggesting that water-rich gas may be either outflowing, or inflowing to the center [16, 20]. OASIS will resolve 

the line shapes in all luminous dusty galaxies, to determine the role of water in the dynamical processes of the embedded 

activity, and to reveal how excitation conditions and abundance are changing with location in the nucleus. 
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Figure 7. Sample Herschel/PACS H2O spectra of the LIRG galaxy Zw049.057 (reprinted from [12]). Tentative P-Cygni 

profiles may be there in the lower-energy line, but the lines are not really resolved even with PACS. The colored lines 

represent different model fits. OASIS will resolve the line shapes in all luminous dusty galaxies, to determine the role of 

water in the dynamical processes of the embedded activity, and to reveal how excitation and abundance is changing with 

location in the nucleus. 

2.1.2 Water isotope observations with OASIS will trace the properties of star formation  

One of the great challenges with the embedded, dust-enshrouded galaxy nuclei is to trace star formation and how the 

massive stars are chemically enriching their dusty surroundings. Because of the dust absorption, the regions are 

unreachable by standard UV or optical methods to track the evolution of the elements. A major issue is also how the initial 

mass function (IMF) — the mass distribution of newly-formed stars — changes in the dense nuclear environment. The 

IMF describes the distribution between low- and high-mass stars that are born in a molecular cloud. Normal star formation 

often follows a so-called Salpeter IMF [28] where low mass stars dominate the total mass in the star formation process. It 

is crucial to know the IMF in order to understand the mass-energy-chemical cycles, how the host galaxies are evolving 

together with their black holes, and how the star formation processes are changing with environment. 

The 16O and 18O isotopolog-ratios are proposed to be key tools in investigating the IMF. 18O is a secondary nuclide, 

produced by He burning in massive stars and may enrich the ISM through stellar winds or supernova ejecta [29]. Models 

suggest that an elevated 18O/16O ratio is the result of a “top-heavy” IMF (skewed towards more massive stars) [30] as well 

as serves as an indicator of the age of a starburst. More studies are required to establish the line ratio as an IMF tracer. 

OASIS will obtain sensitive, high-resolution lines of the 18O isotopic variant of both H2O and OH, to map the time evolution 

of the IMF and nucleosynthesis in obscured galaxy centres and connect them to the interaction state and the properties of 

the host galaxy. The advantage of using the water isotopes is that they target the most embedded regions, which are the 

hardest to reach with standard methods, and are also the locations of the most active evolution. In luminous, dusty galaxy 

nuclei there is evidence of elevated 18O [12, 15] and there are indications that a disproportionate number of massive stars 

are born [31]. Initial studies with Herschel also point to a connection between the 18O/16O ratio and the presence of large-

scale inflows in LIRGs and U/LIRGs [16]. Such flows can be caused by galaxy-galaxy interactions,, but also by more 

secular evolutionary processes, such as gas flowing along a stellar bar. 
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2.1.3 OASIS will follow the path of water out to intermediate redshift U/LIRGs and LIRGs 

The high sensitivity of OASIS enables observations of H2O in luminous galaxies at intermediate redshifts out to z = 0.8. 

This is a not-well-studied part of the evolutionary history of the universe when the frenetic growth of galaxies taking place 

in the cosmic noon (at higher redshift z = 1-3) is winding down. The intermediate redshift universe therefore constitutes 

an important missing link between the high-redshift and our local Universe. At redshifts roughly ranging between 

0.3<z<1.0, the star-formation rates and gas fractions [32], are believed to be significantly higher than those in the local 

universe (this is sometimes referred to as part of the process of “downsizing”). As we move to higher redshifts, further 

back in time, galaxies with U/LIRG-like luminosities, begin to dominate the star formation activity in the Universe at 

about z~0.7 [33] (see also Figure 13, right panel). 

OASIS’ unrivalled collecting area and sensitivity make it the only facility that can access fundamental water lines in the 

intermediate redshift Universe, to probe the dusty nuclei of the luminous galaxies there. With OASIS we will measure H2O 

lines in a large, complete sample of intermediate redshift U/LIRGs. We selected water lines of crucial diagnostic value, 

for example: o-H2O 523-514, at a rest wavelength λrest = 212.5 μm; p-H2O 313-202 (138.5 μm); and o-H2O 423-312 (78.7 μm). 

The H2O observations will target the nature, evolutionary status and water formation processes of the nuclear embedded 

activity of the U/LIRGs. With higher gas fractions and star formation activity, we expect the water content and luminosity 

of intermediate redshift galaxies to be higher than what is found for local U/LIRGs. Intense H2O emission is found in 

luminous galaxies at high redshifts >3 (Figure 8) (accessible by ALMA) [34, 35, 36, 37] where it is for some cases proposed 

to be an efficient probe of embedded star formation. However, the lack of multi-transition information makes it unclear 

how different gas and metallicity distributions affect the water emission and its interpretation. Also unknown is how the 

transitional stage of the intermediate redshift galaxies affect their properties in comparison to luminous galaxies in the 

local and high-redshift Universe. 

Evidence suggesting that the U/LIRG populations in the local and intermediate redshift Universe have disparate properties 

[38], raises questions, for example, on how the fraction of extremely obscured nuclei vary between local and intermediate 

redshift galaxies. OASIS will address key queries on whether the existence of large-scale (30-100 pc) regions of extremely 

high water abundance are as common at intermediate redshifts as in the present day Universe. How does nuclear 

obscuration evolve with luminosity and host galaxy properties (such as mass and state of interaction) and what is the 

impact of water-richness on the efficiency of star formation and on the growth of the SMBHs? OASIS will also carry out 

important complementary observations of fine structure lines of atomic oxygen, carbon and nitrogen charting the larger 

scale evolution of metals and star formation in the intermediate redshift galaxies (Section 2.1.7 below). 

 
Figure 8. Spectra from the IRAM Plateau de Bure Interferometer (PdBI) showing intense water emission in galaxies at 

redshift z >3 (reprinted from [35]). H2O lines are among the strongest molecular lines in high-z U/LIRGs. OASIS’ unrivalled 

collecting area and sensitivity makes it the only facility that can access fundamental water lines in the intermediate redshift 

Universe, out to z=0.8-1. This is an important, but relatively unexplored,  transition stage between the local Universe (at 
redshift 0) and the vigorous growth in the Cosmic Noon (z=1-3). Observing this intermediate redshift range is key to 

understanding the notable change in the supermassive black hole growth and the Star Formation Rate Density (SFRD) that 

Universe undergoes at this time. 
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2.1.4 Water tracing the feeding and feedback in nearby starbursts and AGN 

Because they are relatively rare in the local Universe, U/LIRGs and LIRGs are mostly found at distances >60 Mpc and 

tend to be very compact and in many cases are extremely water rich on relatively large scales up 100 pc. Nearby (D < 15 

Mpc) star forming galaxies and AGN do not host such extreme regions on matching linear scales, but instead offer an 

opportunity to follow the trail of water in varying galactic environments at an unprecedented spatial resolution on cloud-

scale level. Lower luminosity starbursts are more numerous than U/LIRGs and constitute a larger fraction of the local star 

formation density. Studying them is essential for our understanding of normal, disk-dominated star formation. The strength 

of OASIS is its exceptional collecting area and spectral resolution, which makes it an ideal instrument to study the cycle 

of water, its ions, and isotopic variants in nearby starburst galaxies and AGN.. 

The study of water in dense star forming clouds and how these clouds connect to the surrounding diffuse molecular gas 

component provides essential information on the star formation processes and the evolution and delivery of water into 

dense molecular cloud cores and ultimately into protoplanetary systems. Water is ubiquitous also in the diffuse molecular 

medium [19] and through combining H2O lines with OH and water ions (H2O+ and H3O+) we can trace how the water and 

oxygen chemistry change with environment, from the extended gas and into the dense star forming gas. Combining 

measurements of high- and low-excitation lines is vital in order to account for the varying conditions from the diffuse gas 

and the star forming clouds (Figure 9). Changing ionization rates will be mapped with water and OH ions in unprecedented 

detail. Previous studies suggest steep gradients (by a factor of 10) in ionization rates from galaxy centres out into their 

disks. How and where the transition occurs is however not understood with current, low-resolution studies. 

 

Figure 9. Showing models by Liu et al. [20] of the distributions of water level populations of multiple ISM components 

denoted cold, warm and hot. The black downward-pointing and red upward-pointing arrows indicate emissions and 

absorptions, respectively. (Figure reprinted from [20]). OASIS will trace how the water and oxygen chemistry change with 

environment, from extended diffuse regions and into the dense star forming gas, from cool environments and into hot, active 

regions. 

 

Dynamical processes within the star forming regions, and in the diffuse gas, occur on sub-pc scales, and to resolve them 

spectrally requires velocity resolutions better than 1 kms-1. Both star forming clouds and the extended gas, between the 

clouds, are subject to forming filamentary structures — scales ranging from 0.2 pc to >100 pc in the extended gas [39,40]. 

Such filaments (or “spurs,” or “feathers”) have been discovered in the Milky Way and may connect local and large-scale 

processes of star formation in galaxies. Feedback from the newly born stars will also directly impact the velocity structure, 

excitation and abundance of water in the star forming clouds. 

Galaxy-wide processes (such as spiral arms and bars) impact cloud properties, water content and star formation. For 

example, in the nearby, prototypical starburst galaxy M82, water abundances and dynamics seem linked to the larger scale 

dynamical processes of gas motions in the stellar bar potential [19]. The line profiles of water change depending on which 

water line we observe, which position in the galaxy we point at and also compared to other species (Figure 10). OASIS 

will study the oxygen isotopic ratios at high resolution and in varying environments to investigate if the stellar IMF is 

changing with environment in similar ways as in U/LIRGs. 
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OASIS will increase the spatial resolution of existing extragalactic water observations by a factor of five  and will follow 

the trail of water in a large number of nearby galaxies with varying properties. We will have a complete map of how large- 

and small-scale processes impact the trail of water in galaxies and the necessary velocity and spatial resolution to 

disentangle the contributions of the various ISM structures along the line of sight. This way OASIS will address crucial 

aspects of relations between the properties of interstellar gas and the rate at which that gas forms stars. 

 

Figure 10. Herschel HIFI spectroscopy of low-level water transitions  in the starburst galaxy M82 (reprinted from [19]). 

The top panels show lines of ortho- and para-H2O as well as ortho-H2O+. The lower panels show comparisons with CO 

profiles (red) at matching resolution. This varying line profiles illustrates the requirement for sufficient spectral resolution 

of the line profiles. OASIS will increase the spatial resolution of existing extragalactic water observations by a factor of ten 

and will follow the trail of water in a large number of nearby galaxies with varying properties. We will have a complete 

map of how large- and small-scale processes impact the trail of water in galaxies and the necessary velocity and spatial 

resolution to disentangle the contributions of the various ISM structures along the line of sight. 

 

Herschel has found water in nearby AGN, for example in the iconic Seyfert galaxy NGC1068 [41]. The H2O emission is 

unresolved in the Herschel beam, suggesting it originates mostly in the circumnuclear disk (CND) around the AGN — 

rather than in the starburst ring. Interestingly, comparing the H2O properties of NGC1068 with that of the more powerful 

and luminous U/LIRG AGN, Mrk231 [14], reveals significant differences in the water excitation between the two sources. 

For both galaxies the H2O emission is concentrated near the black hole, but the water in Mrk231 is significantly more 

excited. Water excitation and abundances (together with those of the water ions) are excellent tools in probing the evolution 

of the torus around the AGN, and measure the power and impact of the AGN. 

OASIS can resolve the water emission of nearby AGN such as NGC1068, pinpoint its location to the CND and accurately 

determine excitation, water abundances and kinematics, for example when searching for signs of feedback in the line 

shapes. The role of water in the dense dust tori surrounding growing SMBHs in AGN can be studied by OASIS in unrivalled 

detail. With OASIS we will study the CND regions of a complete sample of nearby AGN of varying accretion state, mass 

and obscuration, to fully chart the impact of the AGN on the formation and destruction of water in the CND. 

2.1.5 OASIS will explore water in low-metallicity systems 

The first galaxies in the Universe were formed from a metal-free pristine interstellar medium, but after the first episode of 

star formation, they were rapidly enriched with metals from the explosions of the first supernovae (SNe) [42] These early 
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SNe produced oxygen whose abundance dominated over other metals at early times, as shown in Figure 11. The dominance 

of oxygen over carbon means that, in terms of element availability, early galaxies are expected to be rich in water, H2O. 

Early galaxies were metal poor, with chemical properties akin to those in nearby low-metallicity dwarf galaxies. Dwarfs 

are the most abundant at any cosmic epoch, and considered to be the “building blocks” of more massive galaxies, under 

the currently-accepted paradigm for structure formation [43]. Thus, understanding the physical conditions in their ISM is 

key to testing hypotheses corresponding to different galaxy evolution scenarios. Low-metallicity dwarf galaxies in the 

Local Universe may not resemble early galaxies in all respects, but they are very similar from the standpoint of chemical 

evolution. Thus, H2O because of its expected high abundance at low metallicity, may be an important probe of physical 

processes of galaxy evolution, but so far little, if anything, is known about H2O in this regime, because H2O is not 

observable from the ground in nearby galaxies and Herschel lacked the sensitivity needed to detect them. 

 

Figure 11. Timescales of production of various elements, in cumulative mass produced, after a single episode of star 

formation (a single stellar population) of solar metallicity, normalized to the amount present after one Hubble time (reprinted 

from [44]). The abundance patterns for primordial SNe are similar [45]. The most abundant element is oxygen (red line), 

which is mainly produced by Core-Collapse SNe and therefore has the shortest formation timescales. The least abundant 

element, iron (blue line) comes from type Ia SNe, while carbon (black), has contributions from both kinds of SNe and from 

AGB stars. Carbon needs approximately 1 Gyr to achieve the same abundance as oxygen. With the exceptional capacity of 

OASIS we will, for the first time, detect H2O in nearby low-metallicity dwarf galaxies, enabling an unprecedented view of 

dwarf galaxy evolution and their star-forming processes 

 

Interestingly, chemical models predict that in galaxies like the Magellanic Clouds (the two closest dwarf galaxies) H2O 

abundance is comparable to that of CO. For galaxies in the early Universe, because of the lack of available carbon (see 

Figure 11), H2O is expected to exceed CO [46]. This makes H2O a fundamental tracer of physical conditions in the star-

forming regions of metal-poor galaxies. The emission lines of dwarf galaxies are generally quite narrow (10-100 kms-1) 

and to detect them requires high spectral resolution and sensitivity. With the exceptional capacity of OASIS we will, for 

the first time, detect this vital molecule in nearby low-metallicity dwarf galaxies, enabling an unprecedented view of dwarf 

galaxy evolution and their star-forming processes. It will also be possible to link the properties of nearby dwarf galaxies 

determined by OASIS with those of galaxies in the early Universe whose H2O can be observed from the ground. Local 

dwarf galaxies are very numerous, with a large number of objects available for study. 

2.1.6 OASIS will use HD to probe CO-dark gas 

CO is the most abundant molecule after H2 (the CO fractional abundance with respect to H2 being ~ 10-4) and can be used 

as a tracer of the molecular mass of galaxies, as it is much easier to observe than the H2 molecule with its low dipole 

moment. CO can be detected in relatively low density regions (n >100 cm-3) . Using the millimeter/submillimeter rotational 

transitions of CO as tracers of the H2 distribution and average physical conditions in galaxies is now a well-established 
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method.. Most studies have focused on using the two lowest CO rotational lines, whose intensities can then be converted 

into H2 mass via the so-called XCO-factor [47, 48, 49, 50]. All these studies, however, rely on the premise that CO is co-

existent with and in constant proportion to H2. In actuality, extensive observational and theoretical work has now shown 

that a CO-faint phase becomes possible for the ISM if the average metallicities are low [51] and/or if strong FUV fields 

are present [52,53]. Recent models have also shown that even high cosmic ray ionization rates, expected for example in 

starburst or AGN-dominated galaxies, can destroy CO (but not H2). This implies that even high-density solar-metallicity 

regions (where the FUV fields would not penetrate) could host large H2 gas reservoirs devoid of CO. 

Various other tracers of this CO-dark gas have been proposed, for example lines of atomic carbon [C I] [39, 54]. However, 

while the [C I] line emission may extend well beyond that of low-J CO line emission, its detection would be restricted to 

relatively low density, high temperature regimes. In general, most of the CO alternatives proposed suffer from either being 

too low in abundance or, most importantly, not truly able to trace the extent of the H2 molecule and hence the molecular 

mass of a galaxy. An obvious contestant to overcome this limitation is HD, the heavy isotope of molecular hydrogen. 

 

Figure 12. Theoretical predictions of the relative abundance of HD (by S. Viti) with respect to CO and other species as a 

function of optical depth for molecular gas at a volume density of 104 cm-3 and a metallicity of 1.0 (left) and 0.1 (right) 

Solar and a radiation field 100 times stronger than the Galactic interstellar field. From the figures one can see that between 

~ 2 and 4 mags, even for a solar metallicity, X(HD) can be > than X(CO). OASIS with its large collecting area and high 

velocity resolution opens new avenues for direct detection using lines of HD that can only be observed from space. 

 

HD forms via the direct reaction of molecular hydrogen with D+ and is mainly destroyed by photo dissociation. It is, 

therefore, a good tracer of dense molecular gas because at high extinctions (and hence at high densities) HD is well self-

shielded. The distribution of HD is expected to closely follow that of H2. Unlike H2, HD has a small dipole moment, so 

dipole transition spectral lines exist. NASA’s Far Ultraviolet Spectroscopic Explorer (FUSE) mission detected HD in the 

Large Magellanic Cloud [55] and tentatively showed that indeed HD does trace H2. Chemical models of dense molecular 

clouds also show that, above two magnitudes, HD is more abundant by ~ two orders of magnitude with respect to CO 

(Figure 12). 

So far, detecting HD has been a challenge because the lowest transition of HD (J = 1–0) emits in a wavelength range where 

the dust continuum is bright and the Earth’s atmospheric opacity is high (Figure 2). OASIS with its large collecting area 

and high velocity resolution opens new avenues for direct detection using lines of HD that can only be observed from 

space. 

2.1.7 OASIS will characterize the evolution of C,N,O and star formation in dusty galaxies from z=0 out to z=0.8 

With OASIS we will follow the trail of water to probe the evolution of hidden black holes and star formation in U/LIRGs, 

nearby starbursts and AGN and in local low metallicity galaxies, and out to intermediate redshift luminous dusty galaxies. 

The large collecting area of OASIS also allows for complementary and ground-breaking studies of luminous fine-structure 

(FS) lines of oxygen, carbon and nitrogen lines in intermediate redshift galaxies. 
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Most of the elements we see around us today – carbon, nitrogen, oxygen – were formed in massive stars and released into 

the ISM at the end of the stellar life cycle.  The abundance of metals in a galaxy is a key signature of the galaxy’s past 

history. Gas-phase metallicities represent a direct measure of gas enrichment due to stellar nucleosynthesis and subsequent 

dispersion of metals in the ISM through stellar winds, supernovae, gas inflow/outflow and, the merger history of a galaxy. 

Therefore, through the determination of metallicities we are able to place constraints on the star formation (SF) and 

intergalactic accretion histories of galaxies, and consequently, to constrain models of galaxy formation and evolution. The 

standard methods to derive gas-phase metallicities are based on UV and optical transitions and are, therefore, susceptible 

to dust extinction. Such methods are thus not suitable for determining the metallicities of dust-obscured galaxies such as 

U/LIRGs. Since a large part of the star forming activity in the Universe occurs in dust-obscured environments, extinction-

free metallicity diagnostics are crucial. Far-infrared FS lines provide an alternative way of determining metallicities, 

avoiding the problem of extinction and uncertain extinction corrrections that plague UV/optical measurements. The FIR 

regime contains many FS emission lines from various ions and excitation levels that can be used to estimate metallicities 

in dust-obscured galaxies. Lines such as [O III] 52 & 88 μm, [N III] 57 μm, [N II] 122 & 205 μm arise in H II regions 

while [C II] 158 μm and [O I] 63 & 146 μm lines arise in photo-dissociation regions (PDRs). Lines originating in H II 

regions probe the ionised component of the ISM and are better suited as tracers of gas phase metallicities as they reflect 

the metallicity of the gas out of which stars are being formed. 

 

Figure 13. Left:  Metallicity estimates for local U/LIRGs (reprinted from [56]); Right: the Star Formation Rate Density of 

the Universe (SFRD) of the Universe (reprinted from [57]). The shaded region denotes the redshift range probed by OASIS. 

The redshift range 0 <z <2 is crucial because this is where a significant change in the SFRD occurs. With OASIS we will 

have the ability to measure FS lines in a large sample (~100) of intermediate redshift galaxies probing the last 5 billion years 

of the Universe when the SF activity slowly decreased to reach the levels we see today. 

 

 

Pereira-Santaella et al. [56] used combinations of lines ratios of far-infrared FS lines to probe gas-phase metallicities in 

dusty galaxies (Figure 13, left panel). They found that the most sensitive far-IR line ratios to measure metallicities are 

those involving the [O III] 52 μm, 88 μm and [N III] 57 μm lines. These FS line ratios produce robust metallicities even 

in the presence of an AGN and are insensitive to changes in the age of the ionizing stellar population. The [OIII] 88 

μm/[NII] 122 μm ratio is also suitable to determine the gas phase metallicity [58]. 

Far-infrared FS lines have been observed in local galaxies with ISO and Herschel [38, 59, 60, 61]. For distant galaxies 

(z>2) many FIR FS transitions move into the observed submillimeter regime and are now accessible with ALMA [62]. 

However, there is a considerable gap in redshifts between observations of far-infrared FS lines in nearby galaxies with 

Herschel and detections of FS lines in distant (z >2) galaxies with ALMA. The redshift range 0 <z <2 is crucial because 

this is where a significant change in the Star Formation Rate Density (SFRD) of the Universe occurs. Indeed, as shown in 

Figure 13 (right panel), the SFRD of the Universe increases dramatically from the present day to z~1 at which point it 

reaches a peak out to about 3 < z <4 [57, 63]. 

With OASIS we will have the ability to measure FS lines in a large sample (~100) of intermediate redshift galaxies probing 

the last 5 billion years of the Universe when the SF activity slowly decreased to reach the levels we see today. OASIS is 

	
	

Proc. of SPIE Vol. 11820  118200O-18
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Oct 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

the only facility that can access FS lines in the intermediate redshift Universe and probe the ISM of galaxies at an epoch 

when galaxies wind down the intense SF activity of the cosmic noon to reach the lower SF levels predominant today. In 

addition, observations of FS lines during that epoch will allow us to chart the metal content of intermediate redshift 

galaxies and link the local and high-z galaxy populations. OASIS will detect [C II] 158 μm, [O I] 146 μm, and [N II] 122 

μm lines for galaxies in the redshift range 0.11< z <0.7. Additionally, [C II], [O I] 146 μm, [N II] 122 μm, and [O III] 88 

μm lines will be detected for galaxies in the range 0.54 < z <0.7. 

LIRGS and U/LIRGs are a dominant component of the co-moving SFRD between 0.5< z <1, so their properties may give 

clues to the drivers behind the dramatic rise in SFRD at z < 1. Herschel observations of statistically complete samples of 

intermediate redshift U/LIRGs seem to have shed interesting light on the physical processes that dominate cooling in 

galaxies near and far. Several studies examined the reliability of FS lines, and in particular of the [C II] 158 μm line, as 

star formation rate indicators [64, 65, 66]. As discussed recently by Dwek and Arendt [67] the [C II] line may suffer from 

issues in tracing SF in the innermost regions of ULIRGs, but is still a key probe of the global dusty star formation in 

luminous galaxies. If we are to fully understand the use of FS lines as star forming rate indicators in the distant Universe 

then it is essential to trace their evolution from present day until redshift 2. OASIS observations of atomic FS lines, and 

the vital water-molecule transitions, complement each other as essential tracers of the activity and evolution of U/LIRGs, 

starbursts, AGN, and low-metallicity galaxies. 

 

Contributing authors: S. Aalto, A.A Stark, D. Rigopoulou, S. Viti, L. K., Hunt, and C. Battersby.
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2.2 OASIS Objective 2: Following the path of water to understand its role in planetary system formation 

2.2.1 The role of water in protoplanetary disk evolution and planet formation 

Water is key to the emergence of life on Earth. The origin of this water is, however, heavily debated. Water may have been 

acquired either through the accretion of volatile-rich planetesimals from the colder regions of the Earth’s embryonic 

feeding zone during its build up [68,69], or water may have been delivered to the Earth by the capture of pebbles drifting 

through the inner solar system on their journey to the Sun [70], or the addition of water may have been a late veneer 

acquired via impacts of asteroids or comets after planet formation was mostly complete [71,72]. Understanding the 

distribution of water in protoplanetary disk systems, the processes that regulate its abundance and its evolution, as well as 

its relationship to the properties of the dust in these disks and the forming planets therein is therefore a key question within 

astrophysics. OASIS will measure the water content of a broad sample of protoplanetary disks whose structure and 

properties will have been characterized by ALMA and JWST. The high spectral resolution will allow OASIS to investigate 

the spatial distribution of water through Doppler tomography using a set of carefully selected lines that probe the wide 

range of physical conditions inherent to protoplanetary disks. The observed sample of disks will include systems spanning 

a wide range of ages to measure the time evolution of the water content of protoplanetary disks and trace its role in ongoing 

planet formation. 

Low mass star formation starts with the gravitational collapse of a molecular cloud core to a central protostellar object, 

which, because of angular momentum conservation, is surrounded by an accretion disk. This system is embedded in an 

envelope of infalling material [73]. Several stages can be discerned in the subsequent evolution [74]. During the earliest 

phases – the Class 0 phase –, the protostellar object is deeply embedded in the envelope and still actively accreting mass 

at a high rate from the envelope through the disk. Some of the accretion energy is converted into a stellar jet and/or disk 

wind dispersing the reservoir of material in the envelope.  As the envelope mass decreases due to ongoing accretion and 

dispersal by stellar wind, the object will enter the Class I phase, typically after some 100,000–200,000 years. During this 

late accretion phase, the envelope mass will continue to decrease and eventually the system will enter the Class II phase 

of an optically visible classical T Tauri star. It is during the Class I and Class II phases that planet formation is thought to 

occur. Finally, as accretion onto the central star drops and the gas disk dissipates, the system transitions to the Class III 

phase of a weak line T Tauri star, harboring a nascent planetary systems. 

Water greatly increases the solid mass available for planet formation when fully condensed in icy form, and therefore the 

efficiency of planet formation, in the core accretion picture [75]. Icy grains are expected to settle out of the atmospheres 

of protoplanetary disks and collide, growing into larger solids. The layer of water ice increases the sticking efficiency of 

colliding grains, thus enhancing grain growth. As these icy grains settle, they remove water from the disk surface, 

dehydrating the atmosphere [76,77,78,79] (Figure 14). 

The growing solids migrate inward, enhancing the solid surface density at smaller radii, thereby triggering the formation 

of planetesimals---the building blocks of planets---via, e.g., the streaming instability. The growth and accumulation of icy 

planetesimals beyond the snow line---the locus where water transitions from icy to gaseous form---fuels the formation of 

planets: ice giants, gas giants, and even terrestrial-sized icy planets. These planets can migrate inward, within the water 

snow line, to the habitable zone, bringing along with them their own supply of water. The compact millimeter continuum 

emission of most protoplanetary disks [80], along with the recognition that many exoplanetary systems are much more 

compact than our own Solar System and incorporate large solid masses at small orbital distances [81], may reflect the 

outcome of the inward migration process of both dust grains and planets. In contrast to this formation pathway, other 

planets may form "dry" within the snow line, without built-in water reservoirs.  Icy planetesimals from beyond the snow 

line (i.e., comets and asteroids) that are “leftover” from the planet formation process may later bombard these planets and 

deliver water and prebiotic molecules to their surfaces, fostering their habitability. 

OASIS offers the opportunity to test the above expectations and measure the progress of disks along these pathways for 

planet formation, by measuring the distribution of total gas mass and water abundance in disk atmospheres over a range 

of disk radii. Previous work with the Herschel Space Telescope has revealed tantalizing, but tentative and limited evidence 

in support of this picture. The Herschel WISH program found that gaseous water emission from protoplanetary disks was 

difficult to detect [82,83]. The large number of water emission upper limits from WISH may imply that the formation of 

large solids and the accompanying dehydration and migration process is well advanced in protoplanetary disks.  OASIS 

will confirm and quantify the extent of this process with higher sensitivity observations. 

One possible interpretation of the low WISH fluxes is that the atmosphere of the outer gaseous disk is highly dehydrated 

and water is only present in the atmosphere over the compact range of disk radii that produces the millimeter continuum 
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emission, i.e., that there is ready exchange between the gas and solid phases of water, with the latter traced by the disk 

continuum emission. If so, the radial range of gaseous water emission will match the radial range of disk continuum 

emission and reflect the inward radial migration of icy solids that fuels planetesimal and planet formation. We can test this 

hypothesis with the spectrally resolved line profiles that will be obtained by OASIS 

An alternative interpretation of the low WISH fluxes is that the water in the disk atmosphere has a small filling factor, 

possibly because it is concentrated in rings similar to those found for the continuum emission from disks [80,84]. While 

rings in the disk continuum emission can arise from a wide range of phenomena---including those involving planets from 

Neptune mass to super-Jovian mass, or no planets at all---rings in the gaseous disk would point to the presence of giant 

planets which are capable of dynamically sculpting the gaseous disk.  Thus, spectrally resolved OASIS water line profiles 

(which trace the radius from which the emission originates) and ALMA images of CO emission (or other tracers) can 

reveal the masses and orbital radii of any forming planets. 

Finally, and most importantly, with OASIS we will be able to constrain the extent to which water has been concentrated 

into icy planet-building solids, answering questions raised by the WISH results. These materials are difficult to measure 

directly, because most of the water ice resides in the cold disk midplane and is locked up in solids the size of pebbles or 

larger. Solids that large will not produce a significant spectroscopic signature in the infrared. They are, moreover, too cold 

to emit in the phonon modes (at 45 μm and 62 μm), and because they do not overlap significantly along the line of sight 

to the near- to mid-infrared continuum (3-15 μm), they will also not produce shorter wavelength absorption features (at 

3 μm, 6.2 μm, and 11.5 μm). As a result, these solids are effectively “hidden” in the disk midplane. Furthermore, when icy 

solids grow beyond centimeter size, they are difficult to detect at any wavelength. 

Although cold, planet-building water ice is difficult to measure directly, we can infer its mass indirectly, by measuring the 

total disk gas mass and comparing it with the gaseous water vapor content of the disk. The total mass of water in the disk, 

in both icy and gaseous form, is expected to be approximately 0.2% of the total gas mass. By measuring the difference 

between the expected total water mass and that of the measured water vapor, we can infer the mass in water ice. By further 

comparing the inferred total mass of water ice with the observed mass in small pebbles, as measured by the millimeter 

continuum emission of disks, we can infer the mass of water ice that has been converted into larger, planet-building solids 

that are unobservable directly. 

The limited number of cold water vapor detections in protoplanetary disks to date are biased toward the most massive 

systems [82,85,86]. However, protoplanetary disks span a large range of masses and radial extent, with the average disk 

far more compact than those typically studied. Additional properties such as the spectral type of the central star, the stellar 

accretion rate, and whether the star is part of a multi-star system, can influence the water abundance and distribution. The 

large collecting area of OASIS allows for the first ever statistical study of water in protoplanetary disks spanning a large 

range of physical properties. Measurements of the water vapor abundance, distribution, and the total disk mass, when 

performed for a large sample of disks spanning a range of evolutionary ages, will chart out the evolution of the gaseous 

water content of disks and their progress toward planet building. In many instances the sources will be spatially unresolved, 

with spectral line profiles providing unique information regarding spatial origin.  However, in a handful of disks OASIS 

will be able to spatially resolve the cold water vapor distribution for the first time. 

With the high sensitivity of OASIS, we may also be able to measure the location of the midplane water snow line in disks. 

In the Solar System, the snow line divides the terrestrial and giant planets, with all of the large planets, the gas and ice 

giants, located beyond the snow line. Current planet formation models predict that most planets form beyond the snow 

line (gas giants, ice giants, and possibly smaller planets) and may subsequently undergo radial migration and dynamical 

scattering [87,88]. Small water-rich bodies from beyond the snow line (icy asteroids and comets) are the expected source 

of water for dry planets that form within the snow line (e.g., Earth). Measurements of the location of the snow line in disks, 

when compared with exoplanet demographics (orbital radii as a function of mass) will assess the role of the midplane 

snow line in determining the architecture of planetary systems, as well as illuminate the extent to which other processes 

alter exoplanetary orbital radii. 

These lines of inquiry bear on major questions identified in the Astro2010 Panel Report on Planetary Systems and Star 

Formation, such as “How do circumstellar disks evolve and form planetary systems?” (p. 152) and “What is the nature of 

the planet-forming environment?” (p. 175). The observations also directly address specific needs identified in the 2013 

NASA Astrophysics Roadmap “Enduring Visions, Daring Quests”, which calls for investigations into “where the most 

basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before they become incorporated 

into asteroids and comets.” They address the “need to directly detect water in protoplanetary disks and map its locations” 
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and enact the recommendation that “By studying star systems at different evolutionary stages, we should be able to 

determine how the distribution of water evolves with time.” 

OASIS will obtain spectra for protoplanetary disks in nearby star-forming regions spanning a range in evolutionary stage 

(Class I, II, and flat spectrum sources), disk continuum flux, and stellar accretion rate. The measured line profiles of water 

and its isotopes, HD, and other gas tracers, will chart out the evolution in the water vapor distribution and gas content of 

disks, from which we will infer their progress toward planet building. The observations will also measure the location of 

the midplane water snow line in a subset of disks. 

In its first 6 months, OASIS will carry out sensitive spectral scans across all four bands of approximately 12 disks that are 

representative of the entire sample, quantifying their spectral properties and making any needed modifications to the survey 

strategy; it will also observe an additional 50 or more disks in specific, well-chosen wavelength settings. Over the entire 

1-year mission, OASIS will obtain similar observations of many more disks, including ~20 Class I sources with weak 

molecular envelopes and ~100 Class II and flat spectrum sources. 

2.2.2 OASIS will measure the water abundance in protoplanetary disks across evolutionary stages 

The abundance and distribution of water during planet formation remains poorly constrained, with few detections of water 

vapor in disks beyond the mid-infrared, which probes only the very surface region of the disk (its atmosphere) within the 

snow line. OASIS will measure the disk water content at larger radii, as well as the least probed lines originating from near 

the snowline, potentially closer to the midplane, where most of the mass is located, than those accessible with JWST. With 

its large collecting area, OASIS will be far more sensitive than Herschel to the cold-to-warm water vapor in the disk 

atmosphere beyond 1 au, or roughly the water snowline (Figure 14). Using the optically thin H2
18O emission lines, OASIS 

will measure water vapor abundances for disks ranging in age from less than 1 million years to greater than 10 million 

years. The large spectral range allows OASIS to measure water lines spanning a wide range of excitation energies, from 

53 to 1729 K, and probe both warm (100-400 K) water vapor near the snowline and cold (<100 K) water vapor in the outer 

disk. Crucially, OASIS will observe the ground state ortho and para water lines, which cannot be observed with any other 

facility When combined with near-IR detections of hot water vapor in the inner disk atmosphere from JWST, these 

measurements will provide a complete census of the water vapor in disks. 
 

When combined with its measurements of total gas mass (see Section 2.2.4) OASIS will determine the fraction of the total 

water content that is in the form of water ice. These results will provide important constraints on the role of water ice in 

grain growth and on the solid water reservoir available to forming comets and planets. 

2.2.3 OASIS will map the distribution of water vapor in protoplanetary disks across evolutionary stages 

As stated in the Astrophysics Roadmap, mapping the location of water in protoplanetary disks is crucial for understanding 

the transport of water during planet formation. Because disk rotation follows a Keplerian velocity profile, the radius at 

which gas emission originates changes the shape of the spectral line profile. The resulting Keplerian broadening of the 

spectral line profile dominates over other contributions to the line width, such as thermal and turbulent broadening. Thus, 

high spectral resolution observations of molecular lines in disks can be used to determine the radial location of the emission 

without having to spatially resolve the disk, a technique known as tomographic mapping. As shown in Figure 15, the 

velocity offset for emission originating in the inner disk is of order several km s-1, assuming a disk inclination of 

45 degrees, while in the outer disk the velocity offset is much smaller. The spectral resolution of OASIS is <1 km s-1 (Table 

2), which is easily able to spectrally resolve emission originating in the inner versus outer disk. 
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Figure 14. Top: Model broadband water vapor spectrum for a protoplanetary disk. While near IR facilities such as JWST are 

able to observe high excitation energy water lines, originating from hot (> 500 K) gas, OASIS will be sensitive to the ground 

state ortho and para water lines, which originate primarily from the cold gas at large radii. Bottom: Cartoon cross section of a 

protoplanetary disk. In the inner disk and the upper layers of the outer disk water is in the gas phase. In the cool, outer regions 

of the disk, water is frozen out as ice on the surface of dust grains. The transition between water existing primarily in the gas 

versus the ice is called the water snowline. The midplane water snowline, where planet formation occurs, is thought to be 

located between the gas giant and terrestrial planet forming regions. Credit: Klaus Pontoppidan/Goddard Space Flight Center 

OASIS will use tomographic mapping to determine the radial distribution of water vapor in the brightest protoplanetary 

disks. These measurements will determine if water vapor is returning to the gas with the inward drift of icy dust grains, 

enriching the water content of the terrestrial planet forming region. Additionally, OASIS will probe the location of the 

water snowline by observing multiple water lines with high (~1000 K) upper state energies, which models predict to emit 

primarily from inside the water snowline [88,89]. Tomographic mapping will determine the location of the water snowline 

in systems with a wide range of disk mass and stellar spectral type. These measurements can then be compared to the 

distribution of rocky and gaseous exoplanets, to assess if the midplane snowline plays a role in the architecture of planetary 

systems [91,92]. 
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Figure 15. Flux normalized, disk integrated spectra from a protoplanetary disk model inclined 45 degrees from face on, 

around a 0.8 solar mass star, and at 0.9 km s-1 spectral resolution. The ground state o-H2O 11,0 -10,1 emission (blue, Eu = 

61 K) originates primarily from the cold outer disk, and thus has a small velocity offset and a centrally peaked spectral line. 

The o-H2O 63,4-54,1 emission (red, Eu = 933.7 K) originates primarily from the hot inner disk, resulting in a double peaked 

spectrum. OASIS will use these differences in the spectral line profile to determine the emitting region for each spectral line. 

 

2.2.4 Measuring Gas Mass 

Protoplanetary disks — the sites for planet formation — will evolve in mass and size as more mass is accreted from the 

surrounding core, as angular momentum redistribution within the disk allows accretion onto the central star, and as disk 

winds return material to the molecular cloud. The disk gas mass is a fundamental property of the disk that regulates its 

dynamical evolution and its chemical composition. The disk mass also controls the formation of planets through, e.g., 

coagulation of small dust grains into pebbles that settle to the midplane where planetesimal formation can ensue and 

gravitational instability of the gas disk leading to a local concentration of mass. Observations reveal a general trend of gas 

rich disks at early evolutionary stages, with gas-to-dust ratios of ~100, as seen in the ISM. Over time, the gas mass drops 

and the gas-to-dust ratio increases until the dust mass exceeds the gas mass, known as the debris disk phase. However, the 

factors (e.g., disk characteristics, disk age, molecular cloud environment) that control this evolution are not well 

understood. 

Crucially for tracing the water, knowledge of the total disk mass is required to determine the total water (gas+ice) 

abundance, as chemical abundances are normalized to the hydrogen content. The column density of water vapor can be 

determined directly from observations of optically thin emission lines, however ice abundances derived from observations 

of broadband spectral features are rife with uncertainties [93]. An accurate determination of the disk mass is therefore 

needed to determine how much of the water vapor supplied to the disk has been converted to ice. 

The main contributor to the disk gas mass is H2, which does not emit for the majority of regions in the disk because the 

molecule has no permanent dipole moment and has large energy spacings that are not matched with the local temperatures. 

The ground-state transition is therefore the quadrupole J = 2-0 transition with an energy spacing of 510 K. Thus, exciting 

an H2 molecule to the J = 2 state requires high gas temperatures. H2 emission therefore originates only from the illuminated 
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surface layers of the disk within a fraction of an au of the central star. Most of the gas is at larger radii and is much colder. 

To determine the total gas mass then, alternative tracers must be used. 

By far the most commonly used gas mass tracers in protoplanetary disks are continuum emission from dust and 

emission from rotational transitions of CO. Each method relies on different assumptions. The uncertainties in using 

dust emission to determine gas mass fall into two categories: assumptions in converting from dust emission to dust 

mass, and in converting from dust mass to gas mass. Even when the full infrared spectral energy distribution is 

available, uncertainties in the dust grain optical properties and the grain size distribution lead to significant 

uncertainty in the derived dust mass from observed emission. Then, to convert from dust mass to gas mass, a gas-

to-dust mass ratio must be assumed. Typically, this value is taken to be 100, as has been measured in the ISM. 

However, several factors can change this ratio in disks, including loss of gas due to disk winds and accretion onto 

the central star, which will decrease the gas-to-dust ratio, and growth of dust grains beyond cm sizes, at which point 

the dust emission is no longer observable. This will increase the gas-to-dust ratio. 

   

Figure 16. Cartoon scale weighting a protoplanetary disk against a stack of gas giant planets. Credit: Robert Hurt/ JPL 

IPAC. 

Additionally, assuming a constant gas-to-dust ratio is not appropriate. As dust grains grow in size they decouple from the 

gas, experiencing a headwind which results in a loss of angular momentum and inward radial drift. High spatial resolution 

observations at millimeter wavelengths demonstrate that the outer radius of the dust disk is often much smaller than the 

outer radius of the gas disk [94, 95]. 

The CO abundance relative to H2 in the ISM is well constrained to be 5 × 10−5 to 2 × 10−4 [96]. However, when 

converting from CO abundance to H2 in a protoplanetary disk additional corrections must be made to account for the 

reduced abundance of CO relative to H2 in the surface layer, where CO is photodissociated, and near the cold midplane, 

where CO is frozen out onto dust grains [97]. Chemical reactions within the disk also destroy CO [98]. This reduction in 

the CO gas abundance varies from disk to disk and as a function of location within a single disk [99], introducing large 

uncertainties when converting to total gas mass. 

Given the myriad assumptions that go into each technique, it is not surprising that the two methods of determining gas 

mass rarely agree (Figure 17). In fact, most observed disks appear to have significantly less gas than expected from the 

dust when using CO as the mass probe. Alternative mass probes, preferably requiring fewer assumptions, are needed to 

determine the true disk gas mass. One possibility is to use the disk rotation curve to constrain the enclosed mass. This 
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technique has recently been demonstrated for a disk with a large total mass of 0.08±0.04 solar masses [100]. However, 

because disks must always be less massive than the central star in order to remain gravitationally stable, the contribution 

of the disk to the rotation curve is small. Thus, this technique is only feasible for a small number of the most massive disks. 

As an exciting new option, the H2 isotopologue HD can be used to trace disk mass while avoiding many of the limitations 

of other mass tracers. The HD abundance relative to H2 is well constrained. HD emission is optically thin and not subject 

to the chemical processing that can change the CO abundance relative to H2 [96]. However, accurate determination of the 

gas mass still requires knowledge of the disk temperature structure, as HD does not emit appreciably below 20 K. 

 

Figure 17. Gas masses derived from millimeter continuum emission versus gas masses derived from rotational CO 

transitions for the same systems. The dashed line indicates agreement between the two methods. The CO derived and dust 

derived gas masses rarely agree, with CO mass estimates usually lower than those based on dust. Additionally, there is a 

large scatter in the difference between CO and dust-based mass measurements, suggesting that the amount of CO and/or 

dust processing varies from source to source. The grey shaded region shows the mass range OASIS will be sensitive to, 

assuming a 5 sigma detection on the integrated spectrum with 24 hours on source integration. Conversion from gas mass to 

HD J=1-0 flux based on HD emission models from [101]. Data from [102, 103, 104, 105]. 

Near the end of its lifetime, Herschel targeted HD in seven systems, resulting in three detections [105,106]. These were 

all massive disks, with the HD-derived gas masses of ~30-210 MJ. Crucially, these mass measurements reveal that both 

CO and H2O gas are depleted in these disks relative to the ISM [107, 108]. No current observatory is capable of detecting 

HD. OASIS will measure the total gas mass in ~100 protoplanetary systems, down to masses as low as 0.1 MJ. When 

combined with OASIS observations of cold water vapor, this determines the amount of water removed from the outer disk 

and placed into water ice in the planet forming midplane. 

2.2.5 OASIS will measure disk gas mass in a wide range of protoplanetary systems 

The high sensitivity of OASIS will allow us to detect HD at a 5 sigma level in disks down to 0.1 Jupiter masses with 12 

hours on source, based on model fluxes [98]. This is a factor of 300 more sensitive than what was achieved by Herschel.  
Converting the HD detections into an accurate total gas mass requires knowledge of the disk temperature structure. The 

design of OASIS allows for simultaneous observations in the four bands. Thus, while integrating on HD, OASIS will be 

able to observe multiple H2
16O and 12CO lines spanning 55-1729 K in excitation energy, compared to 128.49 for the HD 

J=1 excited state. These optically thick lines will provide direct measurements of the gas temperature throughout the disk. 

With OASIS’s high spectral resolution, doppler tomography can then be used to map temperatures to a physical radius in 

the disk. Thus, OASIS observations can be used to obtain measurements of the disk gas masses without the need for 

ancillary data. 

At 2.675 THz, the frequency of the HD J =1-0 line, the diffraction-limited beam size of OASIS is ~1.6”. The largest 

protoplanetary disks have gas disks which subtend up to 8” on the sky. Thus, OASIS will be able to spatially map the  HD 
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emission in protoplanetary disks for the first time. In unresolved disks with strong HD detections, doppler tomography of 

the HD spectral line can be used to similar effect. When paired with temperature maps based on H2O and CO, this will 

greatly improve constraints on the temperature of the HD emission and thus result in greater precision when determining 

the disk gas mass. Additionally, we will be able to map H2 surface density profiles from the HD emission line profile — 

this is completely unique information. Accurate surface density profiles are important for determining dynamics in 

protoplanetary disks, particularly in the most massive systems, where local over-densities can drive instability, ultimately 

leading to the formation of massive planets. The gas masses derived from HD will then be combined with the water vapor 

abundances from H2
18O to determine the total (gas+ice) water content of protoplanetary disks. 

2.2.6 Astrochemistry with OASIS 

With its broad frequency coverage and tunability, OASIS will cover multitudes of spectral lines from molecular carriers of 

the main biogenic elements, CHNOPS. In particular, the unprecedented spatial resolution and sensitivity at THz 

wavelengths will transform our understanding of the astrochemistry of light hydrides (e.g., CHx, NHx) and high-excitation 

organic molecules. The former is critical for understanding how chemical complexity is built up along the star-formation 

sequence. The latter is required to assemble a complete picture of the physics and chemistry in hot or shocked interstellar 

regions. 

In the 2010 Astronomy & Astrophysics Decadal Review [109], ‘The Chemistry of the Universe’ is listed as a Frontier of 

Knowledge: 

“Study at ever more powerful spectral and spatial resolution of astrophysical environments in which organic molecules occur 

and evolve is necessary to trace the full potential of organic chemistry to produce molecules of relevance to life, through as 

much of the galaxy as is possible. Such environments include the interstellar medium, molecular clouds, protoplanetary disks, 

transition and debris disks, and especially planetary atmospheres.” 

The OASIS mission directly responds to this goal. First, it will provide spectral coverage of volatile/organic molecule 

transitions ‘for free’ alongside the planned observations of H2O and HD in ~100 protostellar disk systems, enabling robust 

statistical studies of CHNOPS chemistry in disks. Of particular impact, OASIS will cover multiple strong transitions tracing 

cool NH3 (upper state energies from 27-170K in OASIS Bands 1 and 2), providing much-needed constraints on the nitrogen 

budget beyond the snowline in disks. NH3 was detected towards just a single protoplanetary disk with Herschel [110], so 

there is great potential for discovery science given the significant improvements in sensitivity and spatial resolution offered 

by OASIS Another promising target in disks is H2S, which has multiple lines spanning upper-state energies of ~22-166K 

within OASIS Bands 1 and 2. Sulfur is commonly very depleted from the gas in dense star-forming regions, but H2S was 

recently detected towards a massive protoplanetary disk [111]. Robust statistics on the occurrence and abundances of H2S 

in a physically diverse disk sample would provide valuable constraints on the sulfur chemistry in protostars and disks. 

Line surveys of additional interstellar environments will provide legacy data sets for the astrochemistry community.  In 

particular, light hydrides and/or high-excitation organics are expected to be key players in the chemistry of photon-

dominated regions [e.g. 112,113], massive hot cores [114,115], diffuse clouds [116,117], and protostellar outflows [118].   

OASIS will offer huge improvements in sensitivity and spatial resolution compared to existing observations of these classes 

of molecules taken with Herschel and SOFIA.  Studying the chemistry in these regions allows us to test general principles 

of how chemical complexity is built up, and how chemistry responds to extreme physical conditions present along certain 

phases of star and planet formation. 

In summary, our understanding of the astrochemistry of prebiotic molecules and their precursors will be greatly expanded 

by OASIS It will provide (i) statistical constraints on chemical inventories in protoplanetary disks, with areas of particular 

impact including the nitrogen and sulfur budgets in disks, and (ii) legacy surveys of interstellar regions for which coverage 

of light hydride and/or high-excitation organic lines are needed to fully understand the chemistry and physics. 

Contributing authors: Kamber Schwarz, Jenny Bergner, Yancey Shirely, Joan Najita, Xander Teilens, John 

Carr, Ted Bergin, David Wilner, Dave Leisawitz. 
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2.3 OASIS Objective 3: Following the path of water to the solar system 

While water is crucial for the emergence of life as we know it, there remain many unresolved questions, for example: How 

has water evolved from galaxies to protoplanetary disks to our solar system? The OASIS mission will make significant 

progress towards resolving this question, reinforced by its overarching mission goal, 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, OASIS Science Objective 3 will: Characterize the delivery of water to the solar system by investigating its 

known water reservoirs. The OASIS Science Objective 3 measurements will answer fundamental, high-priority science 

questions that stem from both the Astrophysics Decadal Survey [New Worlds, New Horizons in Astronomy and 

Astrophysics in the decade 2012-2021 [109] and the 2013 NASA Roadmap [Enduring Quests Daring Visions: NASA 

Astrophysics in the Next Three Decades]. Specifically, Science Objective 3 will address crucial science questions such as: 

Where does Earth’s water come from? This is a key question cited by the Astrophysics Roadmap. 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 by measuring the HDO/H2O ratio in both Oort Cloud 

Comets (OCCs) and Jupiter Family Comets (JFCs). 

The Roadmap also advocates completing the reconnaissance of gas giants, terrestrial planets, and Ocean Worlds. OASIS 

will make significant progress towards this since it will measure H2O abundances 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. Additionally, OASIS will measure the abundance of H2O and HDO in the atmosphere of Venus to better 

understand how its atmosphere has 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 water) has altered the Saturnian environment. Titan, another Ocean World, and the largest satellite 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 Titan’s vertical 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 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 

observations of the Moon, including the south polar region, which is the 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 

measuring Venus’ D/H, OASIS will observe numerous sulfur compounds, and it will confirm (or refute) the controversial 

detection of PH3. 

In addition to addressing key science questions stated in the NASA Roadmap, OASIS solar system science is also 

responsive to the Astrophysics Decadal Survey, which cites the following science frontier questions related to origins: 

What was it about the Sun’s nascent environment or its formation that determined the final properties of our solar system 

versus that of other planetary systems? How much gas and dust was left over for planet formation? OASIS will address 

these questions by measuring the HD/H2 ratios in Jupiter, Saturn, Uranus, and Neptune, and these measurements will 

provide valuable constraints to planetary formation models. This effort will go a long way towards answering the planet 

formation questions raised by the Decadal Survey. 

Solar system science is critical to the OASIS mission goal as it will focus on the origin and the chemical and physical 

evolution of water delivered to objects within a planetary system. This, coupled with OASIS’ high spectral resolution, large 

aperture that enables high sensitivity and high spatial resolution, and its large spectral grasp spanning the submillimeter to 

far-IR regimes that are largely inaccessible from the ground, will significantly improve upon the accuracy of present-day 

D/H ratio measurements in both H2 and H2O. This will be accomplished by observing approximately two dozen solar 

system objects over the OASIS 1-year baseline mission. The following subsections expand on the justification for 

conducting highly unique, compelling, and cutting-edge solar system science with OASIS. 
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2.3.1 Why 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 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 formation 

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 [119, 

120]. The D/H ratios in the water measured for molecular clouds and protostellar envelopes are approximately 10-2 and 

10-3, respectively [121, 122]. As demonstrated in Figure 18, this is an enrichment of 2 to 3 orders of magnitude over the 

D/H ratio of protosolar hydrogen (2.1 x 10-5; [123]) and in the local interstellar medium (1.6 x 10-5; [124]). 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 18 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 H2 for the Giant Planets, the ISM, and 

the protosolar nebula. 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 nucleosynthesis combined with stellar astration [125, 126, 127]. 

However, the formation process for water requires chemical reactions on interstellar ice grain surfaces at very low 

temperatures (e.g., ~10 K), with highly efficient formation of deuterated water being demonstrated experimentally [128]. 

In spite of this distinction between hydrogen and water, the range of D/H observed within each class of object in Figure 

18 suggests a commensurate range of formative conditions. 

Given that D/H ratios in water measured for molecular clouds and protostellar envelopes are about 10 to 100 times higher, 

respectively [121, 122], than VSMOW, 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 evolutionary 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 x 10-3), to the [unknown] value of mature protoplanetary disks, to values 

in the present-day solar system. 

 

Figure 18. OASIS will measure the HDO/H2O abundance ratio in a representative sample of protoplanetary disks and solar 

system objects, as well as the HD abundance in the Giants Planets, in which the latter measures the major reservoir of 

elemental deuterium. D/H ratios for various classes of interstellar and solar system objects are shown. The left ordinate 

reflects the “cometary” notation for the D/H value in water, which is ½ the value of HDO/H2O. This is only reflected in the 

values shown for comets, Enceladus, Earth’s oceans (VSMOW), and carbonaceous meteorites. The values for the star-

forming regions (Outer Envelopes, Hot Cores, and Hot Corinos), however, reflect the actual HDO/H2O abundance ratios. 

Regardless of notation, the D/H in water and the HDO/H2O values demonstrate that this [minor] reservoir of deuterium is 

highly fractionated, as low temperature chemistry greatly enhances small zero-point energy differences between 
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isotopologues favoring the deuterated species. The right ordinate 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. HDO and HD are the two main reservoirs for deuterium fractionation. 

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 section 2.3.2). Figure 

adapted from [129, 130, 131], with additional inputs from [4, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 

144, 145, 146, 147, 148, 149, 150]. 

Figure 19 illustrates how the origin of water in our solar system may be traced through measurement 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 Figure 1 in [149]), within a few hundred years, gaseous water equilibrates 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 density 

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 Figure 19. 

Obtaining the most robust value for cometary D/H requires measuring the water production 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 result, 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 insufficient signal-to-noise ratio; see [134,135, 136]). 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 Figure 18). For this reason, a self-consistent dataset has been obtained for only two comets, using the HIFI 

spectrometer on Herschel: the HDO 509 GHz line was detected quasi-simultaneously with the H2
18O 547 GHz and the 

H2
16O 557 GHz lines in one JFC (103P; [129]) and in one OCC (C/2009 P1 (Garradd); [133]). With SOFIA, only a tentative 

(3.1σ) detection of the HDO 509 GHz line was achieved, albeit near-simultaneously with the H2
18O 547 GHz line, in JFC 

46P [137]. This paucity of D/H measurements in cometary water will be overcome with OASIS. 

 

Figure 19. Illustration of the formation of a D/H gradient with heliocentric distance. Arrows symbolize motions of gas 

(reprinted from [150]). OASIS will permit probing conditions across this gradient. 

Vertical mixing of ice grains to the photosphere of the disk becomes very important. The key process is mixing of ice 

grains to the surface of the disk where photodesorption and photochemistry produces atomic oxygen. This atomic oxygen 

is then transported downwards again where chemistry reforms it into H2O and HDO on ice grain surfaces but with much 

reduced deuterium fractionation (see for example [151]). This locates the region where chemistry in the solar nebula can 

affect the HDO/H2O ratio out to some 50 AU on a timescale of 1 Myr. And, 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 
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in the average HDO/H2O ratio (increasing with radius from the central star) and a temporal evolution set by the strength 

of mixing and chemical timescales involved (decreasing with time). 

While Jupiter and Saturn’s atmospheric HD/H2 ratio (within existing uncertainties) reflect the protosolar nebula value 

[123, 152], the HD/H2 ratios in the Ice Giants (Uranus and Neptune) will be more fractionated [153], reflecting the high 

ice mass and the importance of these equilibration reactions [151]. 

While pebbles drifting inward from the cold outer ranges of the solar nebula will contribute 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 mixing 

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. And OASIS, with its dedicated solar system and protoplanetary disk 

observing program to determine HDO/H2O ratios, is optimized to study these processes in detail. 

OASIS will measure this time evolution of the D/H ratio in water and hydrogen by probing a variety of solar system objects, 

ranging from comets to moons to planets. Collectively, these measurements provide deep insight into the earliest stages 

of planetesimal formation in the nascent solar system. 

2.3.2 OASIS will measure the HDO abundance in comets 

Since comets are generally considered the most primitive bodies in the solar system, comprised of icy planetesimals left 

over from planet formation, they are ideal objects to constrain the origin and thermal evolution of water in the solar nebula. 

As with other classes of objects represented in Figure 18, the D/H values in water for comets show an intrinsic dispersion 

that is larger than the uncertainties associated with the individual measurements, which for comets 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 may not be the driving 

factor for these observed differences in the D/H values in water. The large spread of values for D/H in water suggests that 

location in the solar system may not be the key parameter in determining the D/H value in water, although uncertainties 

due to the technique used could also factor in. Rather, the water D/H value may be controlled by both the radial location 

where the solar system body was formed as well as when the material was isolated from the vertical mixing to the disk 

photosphere, thus driving the D/H exchange with the gas (see discussion above in Section 2.3.1). 

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 [134, 135, 136], through 

its rotational lines at 241 GHz [131] and 465 GHz [132, 154], and indirectly via detection of OD [155] or D-Lyman-α 

(with HST; [156]). The HDO 509 GHz line was searched for once from the ground, but not detected [157]. 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/C.G.), during the Giotto and Rosetta space missions, 

respectively [158, 159]. As a result, 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 (Figure 18). 

Due to atmospheric opacity, direct ground-based observations of H2
16O 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 [160, 161], and references 

therein). Also owing to atmospheric opacity, neither has cometary H2
16O nor H2

18O been detected in the radio from the 

ground (and accessible lines are too weak). 

Figure 20 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 representative gas rotational temperature. OASIS will observe up to 5 

different lines of HDO, with near simultaneous observations of H2
16O and its H2

18O and H2
17O isotopologues — these last 

two are needed to address opacity issues in H2
16O lines in more productive comets – to establish precise production rates 

for both HDO and H2O, and hence D/H ratios. OASIS will therefore not only greatly increase both the number of comets 

and the number of water isotopologue lines measured, but will also provide a unique set of measurements using a single 

observing platform and set of instruments, thereby greatly reducing sources of systematic error associated with previous 

work represented in Figure 18. 
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Figure 20. Rotational diagram based on a full non-LTE model simulation for OASIS observations targeting cometary HDO 

lines at 465, 509, 491, 1278 and 1625 GHz (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. 

 

In the OASIS 1-year baseline mission, we estimate 8 – 10 comets will be observed. Figure 21 (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 (including Venus near maximum elongation; see 

section 2.3.4.2). We also estimate 5 – 6 OCCs becoming available for study (Figure 21, 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., [162]). 

Additionally, analysis of debiased data from the NEOWISE prime-mission survey [163] 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 [164]. Given 

the high sensitivity of OASIS, in our estimate of 5 – 6 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). 

   

Figure 21. Left: Observing circumstances for 4 JFCs during the OASIS 1-year baseline mission (2029-2030), showing 

expected radio Figure-of-Merit 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 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. 
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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 system reservoirs, the scattered Kuiper disk (principal source of JFCs) and Oort cloud (principal source 

of OCCs). Figure 22 shows a simulation of a comet with the OASIS Bands 1 and 2. Through comparison with D/H in 

Earth’s oceans (VSMOW; see Figure 18), 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, measurement of water and its isotopologues 

from ground-based observations is extremely challenging due to severe extinction 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, 

H2
16O, H2

18O and H2
17O 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 490 GHz. 

With its combination of high spectral resolution, high sensitivity, and large spectral grasp enabling near simultaneous 

observations of multiple HDO and H2O lines, OASIS will accurately measure D/H in water in 8 - 10 comets over the 

OASIS 1-year baseline mission, to investigate the fractionation of water in the proto-planetary nebula. 

 

Figure 22. Simulated spectrum of a typical comet observed with OASIS in Bands 1 (upper panel) and 2 (lower panel). The 

water isotopes are identified and highlighted in thicker lines (light to dark blue). Yellow (green) rectangles show examples of 

simultaneously encompassed (tunable) frequencies combined in Bands 1 and 2, based on two instrument settings (yellow: 490 

and 1099 GHz with one setting; green: 552 and 1277 GHz with a second setting), demonstrating that OASIS will measure 

HDO, H2
16O, H2

18O and H2
17O near-simultaneously. 
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2.3.3 Giant Planetary Systems 

2.3.3.1 OASIS will measure the water abundance in Enceladus’ 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 reservoir, which expels hundreds of kilograms of water vapor every second 

into space through four 2-km wide cracks near its S. polar region [165, 166, 167]. 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 [168] for more details). Both Saturn’s E-ring and torus are visible in Figure 

23. 

 

Figure 23. 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 [168]. Image Credit: NASA/JPL/Space Science Institute. 

The HIFI instrument on Herschel discovered the Enceladus water torus by measuring the spatial variation of H2O at 

1670 GHz [168]. Water was observed in absorption against the disk of Saturn and in emission away from Saturn. The 

spatial resolution of Herschel at 1670 GHz was 12.6''. OASIS will measure this same transition with a spatial resolution of 

2'' at 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 and H2
18O to derive isotopic ratios. Since water originates from a subsurface liquid reservoir, these measurements 

will provide a rare opportunity to probe conditions in the interior of Enceladus. Due to the small angular size of Enceladus 

(0.07''), observing it directly 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''). 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 2.9−0.7
+1.5 x 10-4 [169], an enhancement of 1.9 times that in Earth’s oceans (see Figure 18). Until another planetary 

flight mission is sent back to the Saturn System to study Enceladus, OASIS’ high sensitivity is capable of building on both 

the Cassini and Herschel science discoveries. 

With its high spectral resolution and high sensitivity, OASIS will make history by spatially mapping Enceladus’ torus, to 

determine the abundance of water and directly target its emitting isotopologues. This will enable exploring — in detail — 

its physical conditions. 

2.3.3.2 OASIS will measure the HD abundance in the Giant Planet Atmospheres 

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 

Tenuous water torus 

Enceladus + E-ring 
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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 Section 2.3.3.4), 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 discussed in Section 2.3.3.4. 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. 

In the core accretion scenario for Giant Planets formation [170], highly D-enriched primordial ices formed the planet 

massive cores onto which the surrounding protosolar 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 ([123] – see Figure 18). For Saturn, however, the measured D/H in 

hydrogen is smaller than in Jupiter [152], 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 [153]. 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 [153]. There are various scenarios that could constrain the 

precise formation position of the Ice Giants with respect to the various snowlines (e.g., [171, 172]). 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 reason 

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 comets (in water), which are assembled from planetesimals 

that survived planet formation. OASIS will also measure D/H in methane (CH3D/CH4) in the Ice Giants to further 

investigate fractionation of deuterium at low temperatures. 

Herschel/PACS did not have sufficient spectral resolution to resolve the narrow 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 deriving 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 

Figure 24. HD is expected to be well mixed, but 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 done for CO and the deep O/H ratio in Neptune [173, 174]. We will thus better constrain the deep 

tropospheric D/H ratio which is needed to constrain formation processes. 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 absorption component of the HD line. OASIS will also have improved spatial resolution (1.4'' at 2.7 THz) 

with respect to Herschel (~10'') and ISO (~20''). OASIS will be able to resolve the disks of all of the four Giant Planets, 

thereby improving our knowledge of D/H. 
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Figure 24. OASIS will use its high spectral resolution to improve the accuracy of D/H in the outer planets. Herschel/PACS 

(black curve) detected a weak HD absorption line on Neptune at a resolving power of 950 [153]. OASIS (red curve) will 

measure this same feature at more than 100 times this resolution, revealing both stratospheric emission and tropospheric 

absorption. Resolving the full line shape is critical to determining accurate D/H ratios. (SSB stands for single side band). 

OASIS’ high spectral resolution, high spatial resolution, and high sensitivity will significantly improve the accuracy of 

D/H measurements in the Giant Planets. OASIS will be able to measure temperature in Band 2 and HD in Band 3 

simultaneously. It will resolve the broad HD absorption line and the narrow emission core, thereby improving the accuracy 

of known D/H ratios. 

2.3.3.3 OASIS will constrain the origin of the atmospheres of the Galilean moons and Triton 

The Hubble Space Telescope detected transient H2O plumes at Europa in the UV, which were tentatively confirmed with 

ground-based facilities [175] and from a reanalysis of Galileo data [176]. Based on the water vapor abundance reported 

by [175], had the Herschel HIFI team been given the observing time on Europa, the HIFI instrument would have easily 

detected its H2O plumes. And, with 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 found thin spatially variable H2O atmospheres at Ganymede and Callisto [177]. It is therefore unknown which 

process is responsible for maintaining these atmospheres among sputtering, sublimation, hydrothermal activity, or 

interacting with the icy dust environment of Jupiter. 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 and set the stage for the JUICE mission [178, 179]. 

Voyager 2 detected plumes rising from the surface of Neptune’s largest moon, Triton [180, 181]. 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 surface 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. OASIS 

observations will set the stage for in-depth remote sensing and in situ measurements to be carried out by a Neptune-Triton 

orbiter set for launch in the early 2030s (depending on the outcome of NASA’s Planetary Decadal Survey and the selection 

of either a Flagship or New Frontiers-class mission to the Neptune system). 

2.3.3.4 OASIS will constrain the external sources of water 

Stratospheric water on Jupiter was first detected from the Kuiper Airborne Observatory immediately following the impact 

of comet Shoemaker-Levy 9 (SL9) [182]. Shortly thereafter, H2O was observed in emission by ISO at millibar levels in 

the stratospheres of all four Giant Planets and Titan [183, 184]. For the Giant Planets, trace amounts of water were observed 

in emission at millibar levels in these atmospheres. Water originating from the deep atmosphere is frozen out at the 
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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 ~0.3 ppb in Titan’s stratosphere [185]. 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 the CIRS far-IR [185] and Herschel 

[186] observations, 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 Saturn’s largest moon Titan. OASIS will be able to assess the relative contributions of interplanetary dust, icy rings 

and moons, and large comet impacts by measuring the variation with latitude of H2O transitions at 1.670 and 3.691 THz, 

and at spatial resolutions of 2.3 and 1.0'', respectively. The former transition is 100 times stronger than the latter at 150 K, 

while the 3.691 THz line offers better spatial resolution. The smaller beam size (1.0'') 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 H2
18O transition at 1.656 

THz, thereby providing important isotopic information about the impactors. 

 

Figure 25. 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, using the radiative transfer model described in [6]. OASIS’ 

beam size is ~2'' at these frequencies so Titan’s disk (0.8'') is spatially unresolved. Spectral resolution is 3.5 MHz. 

In addition to H2O, OASIS will also measure CH4 and CH3D in Titan 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 [187, 188, 189, 190, 191]). OASIS will measure CH4 and CH3D 

above Titan’s cold trap, well above all the tropospheric CH4 weather cycles. Figure 25 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 [192]. Cassini/CIRS measurements of 

H2O at the poles of Saturn indicate that there is a smaller component due to IDP [193]. Cassini in situ observations revealed 

an infall of gases including H2O from Saturn’s D-ring confined to within 8° of the Equator [194]. 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 sensitivity and a large improvement in spatial 

resolution (1.0-2.3'' vs. 9.4'' for PACS) will allow OASIS to refine and extend these pioneering measurements. 

                                                 
1 Saturn’s North Pole will be in polar night and thus not observable during the OASIS 1-year baseline mission. 
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Figure 26 shows synthetic spectra of H2O emission at 1.670 THz and at 3.691 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, while 

the optically thin 3.691-THz feature is sensitive to the total column of H2O above the condensation level. 

 

Figure 26. Simulations of the disk-center stratospheric H2O emission at 1.670 THz (Band 2) and 3.691 THz (Band 4) for 

Jupiter, Saturn, Uranus, and Neptune. SSB stands for Single Side Band.) 

Spectrally resolved line profiles will 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 Shoemaker-Levy 9 (SL9), rather than IDP, was 

the principal source of water [195]. 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. 

2.3.4 Inner Solar System 

2.3.4.1 Ceres and the Moon 

The presence and abundance of water in asteroids is relevant to many areas of research, ranging 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 [196]. Later observations of hazes by the DAWN camera 

however suggest sublimation of water ice over the Occator crater that likely originated from areas beyond the snow line 

[197]. The initial HIFI observations of Ceres provided ambiguous results with 4s 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 observations, 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 Ceres and also asteroid-

related research. For example, water emissions may also be found in other asteroids and 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 [198, 199] due to the limited sensitivity of existing facilities 

including Herschel/HIFI. 

The abundance of water on the Moon is of interest both scientifically and for in situ resource 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 [200], where neutron flux spectra were interpreted as providing evidence 

for hydrogen in the form of water ice at the lunar poles. Direct evidence for hydration on the lunar surface was detected 

by the Moon Mineralogy Mapper on the Chandrayaan-1 orbiter [201], by the EPOXI mission during a lunar flyby [202], 

and by Cassini/VIMS during its lunar flyby en route to Saturn [203]. These 3-mm 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 [204]. Recently, observations conducted 
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from SOFIA detected H2O in the regolith at 6 microns at high lunar latitudes [205]. Water generated from meteoroid 

impacts is expected to form an H2O exosphere [206]. The Neutral Mass Spectrometer on the Lunar Atmosphere and Dust 

Environment Explorer detected exospheric H2O liberated by meteoroid impacts [207]. The density and spatial variation of 

the lunar exosphere is unknown. The unique vantage point of OASIS at the L1 Lagrange 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. 

2.3.4.2 Venus 

The upper atmosphere of Venus exhibits large variability in H2O on time scales of days [208] to months [209]. 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 [210, 211]. This has been interpreted as evidence for the loss of a global water ocean 

due to mass-selective atmospheric escape [210, 213], with important implications for past habitability [213]. The most 

detailed study of D/H was performed using the Solar Occultation Infrared spectrometer on the Venus Express mission 

[211, 214]. 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 

[211]. The solar occultation geometry 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 reactions with sulfur compounds [208]. Figure 27 shows a radiative transfer 

simulation of Venus’ middle atmosphere for the 110-101 transitions of HDO at 509 GHz, H2
18O at 548 GHz, H2

17O at 552 

GHz, and H2
16O at 557 GHz. HDO and H2

17O were simulated at 100 kHz, which is made possible with OASIS’ Chirp 

Transform Spectrometer. While Figure 27 shows water transitions only in Band 1, numerous transitions exist in Band 2 

and Band 4, which also provides higher spatial resolution. 

 

Figure 27. Venus radiative transfer simulations of its disk-center middle atmospheric emission of HDO at 509 GHz (110-

101), H2
18O at 548 GHz (110-101), H2

17O at 552 GHz (110-101), H2
16O at 557 GHz (110-101), with an O3 feature and numerous 

SO2 features in the spectral vicinities. Simulations utilized the radiative transfer model described in [6]. OASIS’ beam size 

is ~8'' in Band 1. HDO and H2
17O were simulated at a spectral resolution of 100 kHz, while H2

18O and H2
16O were at 

3.5 MHz. 

Sulfur compounds are of interest not only for understanding the clouds, but as tracers of either ongoing volcanism [215], 

or, alternatively, episodic exchanges with the sulfur-rich lower atmosphere [216]. Thus, it is important to measure SO2, 

SO, OCS, and H2S to understand these processes [217, 218]. A detailed study of Venus Express observations of SO2on 

Venus indicate large variability and an unknown source of sulfur (other than SO2 and SO) between 70 and 100 km [219]. 

Recently, ALMA and JCMT observations of Venus led to the unexpected detection of PH3, which was cited as a potential 

biosignature [220]. Supporting, but not conclusive, evidence for PH3 was provided by a new study of Pioneer Venus 

Neutral Mass Spectrometer data [221], although this PH3 detection has been disputed by several re-analyses of the 

submillimeter data [222, 223, 224] and by its absence in infrared spectra [225, 226]. As indicated in Figure 28 with OASIS’ 

large spectral grasp in Bands 1 and 2, a total of 5 transitions of PH3 are possible (one is Band 1 and 4 in Band 2) at 534 

GHz, 1333 GHz, 1598 GHz, 1863 GHz, and 2128 GHz. In view of its significance to both astrobiology and to our 

understanding of Venus, OASIS will be able to confirm (or refute) the controversial detection of PH3. 
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Figure 28. Venus radiative transfer simulations of its disk-center middle atmospheric emission of PH3 at 534 GHz, 

1333 GHz, 1598 GHz, 1863 GHz, and 2128 GHz. Simulations utilized the radiative transfer model described in [6], 

assuming a PH3 abundance of 10 ppb. OASIS’ beam size is ~8'' in Band 1 and ~2'' in Band 2. PH3 in Band 1was simulated 

at a spectral resolution of 100 kHz, while the 4 transitions in Band 2 were at 3.5 MHz. 

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 understanding 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. 

Contributing authors: Carrie M. Anderson, Michael A. DiSanti, Gordon L. Bjoraker, Nicolas Biver, Thibault 

Cavalié, Paul Hartogh, Alexander Tielens, and Gordon Chin. 
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