CHAL

UNIVERSITY OF TECHNOLOGY

Astrochemistry With the Orbiting Astronomical Satellite for Investigating
Stellar Systems

Downloaded from: https://research.chalmers.se, 2026-04-04 12:15 UTC

Citation for the original published paper (version of record):

Bergner, J., Shirley, Y., Jorgensen, J. et al (2022). Astrochemistry With the Orbiting Astronomical
Satellite for Investigating Stellar Systems. Frontiers in Astronomy and Space Sciences, 8.
http://dx.doi.org/10.3389/fspas.2021.793922

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




'." frontiers

in Astronomy and Space Sciences

ORIGINAL RESEARCH
published: 02 February 2022
doi: 10.3389/fspas.2021.793922

OPEN ACCESS

Edited by:
Ryan C. Fortenberry,
University of Miississippi, United States

Reviewed by:

Luca Fossati,

Austrian Academy of Sciences,
Austria

Nigel John Mason,

University of Kent, United Kingdom

*Correspondence:
Jennifer B. Bergner
jbergner@uchicago.edu

"NASA Sagan Fellow

Specialty section:

This article was submitted to
Astrochemistry,

a section of the journal

Frontiers in Astronomy and Space
Sciences

Received: 12 October 2021
Accepted: 09 December 2021
Published: 02 February 2022

Citation:

Bergner JB, Shirley YL, Jargensen JK,
McGuire B, Aalto S, Anderson CM,
Chin G, Gerin M, Hartogh P, Kim D,
Leisawitz D, Najita J, Schwarz KR,
Tielens AGGM, Walker CK, Wilner DJ
and Wollack EJ (2022) Astrochemistry
With the Orbiting Astronomical Satellite
for Investigating Stellar Systems.
Front, Astron. Space Sci. 8:793922.
doi: 10.3389/fspas.2021.793922

Check for
updates

Astrochemistry With the Orbiting
Astronomical Satellite for
Investigating Stellar Systems

Jennifer B. Bergner'*, Yancy L. Shirley?, Jes K. Jorgensen®, Brett McGuire*®,
Susanne Aalto®, Carrie M. Anderson’, Gordon Chin’, Maryvonne Gerin®, Paul Hartogh®,
Daewook Kim?*'°, David Leisawitz”, Joan Najita’’, Kamber R. Schwarz 2,

Alexander G. G. M. Tielens '>"*, Christopher K. Walker?, David J. Wilner™® and

Edward J. Wollack”

"University of Chicago Department of the Geophysical Sciences, Chicago, IL, United States, Department of Astronomy and
Steward Observatory, University of Arizona, Tucson, AZ, United States, °Niels Bohr Institute, University of Copenhagen,
Copenhagen, Denmark, “Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA, United States,
5National Radlio Astronomy Observatory, Charlottesville, VA, United States, ®Department of Space, Earth and Environment with
Onsala Space Observatory, Chalmers University of Technology, Géteborg, Sweden, "NASA Goddard Space Flight Center,
Greenbelt, MD, United States, 8LERMA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Université, Paris,
France, *Max Planck Institute for Solar System Research, Goettingen, Germany, "°Wyant College of Optical Sciences, University
of Arizona, Tucson, AZ, United States, '"NSF’s NOIRLab, Tucson, AZ, United States, "?Max-Planck-Institut fir Astronomie,
Heidelberg, Germany, ®Astronomy Department, University of Maryland, College Park, MD, United States, "*Leiden Observatory,
University of Leiden, Leiden, Netherlands, 5Center for Astrophysics, Harvard and Smithsonian, Cambridge, MA, United States

Chemistry along the star- and planet-formation sequence regulates how prebiotic building
blocks —carriers of the elements CHNOPS —are incorporated into nascent planetesimals
and planets. Spectral line observations across the electromagnetic spectrum are needed
to fully characterize interstellar CHNOPS chemistry, yet to date there are only limited
astrochemical constraints at THz frequencies. Here, we highlight advances to the study of
CHNOPS astrochemistry that will be possible with the Orbiting Astronomical Satellite for
Investigating Stellar Systems (OASIS). OASIS is a NASA mission concept for a space-
based observatory that will utilize an inflatable 14-m reflector along with a heterodyne
receiver system to observe at THz frequencies with unprecedented sensitivity and angular
resolution. As part of a survey of H,O and HD toward ~100 protostellar and protoplanetary
disk systems, OASIS will also obtain statistical constraints on the emission of complex
organics from protostellar hot corinos and envelopes as well as light hydrides including
NHz; and H,S toward protoplanetary disks. Line surveys of high-mass hot cores,
protostellar outflow shocks, and prestellar cores will also leverage the unique
capabilities of OASIS to probe high-excitation organics and small hydrides, as is
needed to fully understand the chemistry of these objects.

Keywords: astrochemistry, interstellar molecules, star-forming regions, far-infrared astronomy, space telescopes

1 INTRODUCTION

The elements carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur (CHNOPS) are
considered the main biogenic elements on Earth, as they are found universally in all life forms.
Studying the chemistry of these elements along the star- and planet-formation sequence provides
crucial insight into how they are incorporated into nascent planetesimals and planets (see review by
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Oberg and Bergin, 2021). Besides regulating the bulk inventories
of CHNOPS in planet-forming gas and solids, interstellar
chemistry can also convert simple CHNOPS carriers into
more complex organic molecules. If this chemically complex
material is incorporated into icy bodies such as asteroids and
comets, then it may be delivered to planetary surfaces via impact
and potentially play a role in jump-starting origins-of-life
chemistry (e.g., Rubin et al, 2019). Indeed, icy bodies within
the Solar System appear to be composed in part of material
inherited from the early stages of star formation (e.g., Alexander
et al,, 2017; Altwegg et al., 2017; Rubin et al., 2020) and are also
implicated in the delivery of volatiles to Earth’s surface (e.g.,
Alexander et al.,, 2012; Marty et al., 2017). Thus, understanding
the formation and inheritance of simple and complex CHNOPS
carriers along the star-formation sequence is a major aim of
astrochemistry.

The Orbiting Astronomical Satellite for Investigating Stellar
Systems (OASIS) observatory is a NASA Medium Explorer
(MIDEX) space mission concept designed to “follow the water
trail” from galaxies to oceans, by covering key rotational lines of
H,O and HD at submillimeter wavelengths with unprecedented
sensitivity and angular resolution (Arenberg et al,, 2021). With its
broad frequency coverage and tunability between 455 and
4,745 GHz, OASIS will also cover multitudes of spectral lines
from CHNOPS carriers. As much of our current understanding
of astrochemical complexity is based on observations at millimeter
wavelengths (McGuire, 2018), OASIS will open a new window for
studying the volatile chemistry along the star- and planet-
formation sequence. In particular, OASIS will transform our
understanding of the astrochemistry of hydrides (e.g, NH,,
CH,, and OH,) and high-excitation lines of organic molecules.

In this work, our aim is to highlight knowledge gaps that
OASIS will uniquely fill in our understanding of organic/prebiotic
astrochemistry. For a discussion of HD and H,O science
applications, we refer the reader to Walker et al. (2021). Section
2 presents a brief overview of the optical and technical capabilities of
OASIS, how it compares to other state-of-the-art observing facilities,
and the galactic star-forming regions it will observe. In Section 3, we
describe how OASIS’s unique observational capabilities will advance
the study of CHNOPS astrochemistry along the star- and planet-
formation sequence, from prestellar cores to protoplanetary disks.
Section 4 presents our summary and conclusions.

2 OASIS OVERVIEW

The OASIS mission concept is detailed in Walker et al. (2021).
Here, we present a brief overview of the mission features most
salient to the astrochemistry science use cases.

2.1 Technical Specifications

OASIS is a space-based observatory, which will be in a Sun-Earth
L1 halo orbit. In the current design, OASIS utilizes an inflatable
14-m reflector, followed by aberration corrector optics achieving
diffraction-limited optical performance, coupled to a state-of-the-
art terahertz (THz) heterodyne receiver system (Takashima et al.,
2021). This enables high sensitivity and high spectral resolving
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power (> 10%) observations between 455 and 4,745 GHz (660 and
63 um wavelengths). Table 1 summarizes the key performance
characteristics of the OASIS receivers. If selected, OASIS will
launch by no later than December of 2028 at a total mission cost
cap of $300 million, excluding launch costs.

2.2 Complementarity to Other Facilities
Figure 1 shows a comparison of the line sensitivity, spectral
resolution, and angular resolution that OASIS will achieve,
compared to those of other previous, existing, and future
observational facilities. The spectral line sensitivity of OASIS is
comparable to that of the state-of-the-art facilities ALMA and
JWST and >10x better than Herschel or SOFIA. The spectral
resolving power of OASIS, particularly the high-resolution chirp
transform spectrometer (CTS) mode of Band 1, is comparable to
that of SOFIA, ALMA, and Herschel. Notably, OASIS will provide
two to three orders of magnitude higher spectral resolving power
than JWST’s NIRSPEC and MIRI instruments, allowing for
detailed kinematic studies. Last, OASIS will provide nearly an
order of magnitude improvement in spatial resolution compared
to previous and existing far-infrared telescopes (“cold” Spitzer,
SOFIA, and Herschel). Also note that while ALMA is able to cover
frequencies as high as 950 GHz, such observations require
exceptional observing conditions and are not practical for
extended surveys. As a space-based facility, OASIS will readily
access these wavelengths.

OASIS also has spectral coverage overlapping with the Origins
Space Telescope, a potential future facility—class mission. As
proposed, Origins is a 5.9-m cryogenic telescope with three
scientific instruments operating in the wavelength range
2.8-588 um (Leisawitz et al, 2021). The Origins Survey
Spectrometer (OSS) would make far-IR  spectroscopic
measurements with a maximum spectral resolving power R ~
3 x 10° (Bradford et al, 2021). A fourth instrument, the
Heterodyne Receiver for Origins (HERO), was also studied as a
way to provide higher spectral resolving power than OSS
~10°—107; (Wiedner et al, 2021). However, HERO was not
included in the baseline mission concept because heterodyne
detection, limited by receiver quantum noise, does not require a
very cold (4.5 K) telescope such as Origins. OASIS will accomplish
Origins/HERO science in a much less expensive mission.

In summary, OASIS will outperform other far-infrared facilities
(Herschel, SOFIA) and complement near/mid-infrared (JWST)
and (sub-) millimeter (ALMA) facilities as well as the future
mid-/far-infrared Origins Space Telescope. These capabilities
will make OASIS a powerful instrument for astrochemical
studies in star- and planet-forming regions. In Section 3, we
provide more detailed discussions of OASIS performance
relative to other observatories in the context of specific science
use cases.

2.3 Observations of Galactic Star-Forming
Regions

As part of its aim to “follow the water trail,” OASIS will observe
galaxies, nearby star-forming regions, and Solar System bodies.
Here, we focus on science applications in galactic star-forming
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TABLE 1 | OASIS receiver overview.
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- Band 1 Band 2 Band 3 Band 4
Frequency range (GHz) 455-575 1,097-2,196 2,475-2,875 4,734-4,745
Beam size® (") 10.3 3.2 2.0 1.1
Maximum IF bandwidth (GHz) 4/1° 3.5 3.5 3.5
Velocity resolution (km s~ 3.1/0.03° 1.0 0.6 0.4
50 sensitivity® in 1 h (Jy beam™ km s7") 0.9 15 1.6 3.4
“Diffraction-limited
bTwo values are shown corresponding to medium or high spectral resolution modes
°Representative value within the band
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FIGURE 1 | Comparison of (A) spectral line sensitivity, (B) spectral resolving power, and (C) angular resolution of OASIS with other state-of-the-art telescopes.

regions. OASIS will observe various classes of objects along the
star-formation sequence: prestellar cores, low- and high-mass
protostars, and protoplanetary disks. In particular, disk systems
will be a key focus of the OASIS mission, with the goal of
measuring the H,O content and HD-derived disk mass toward
>100 sources spanning young embedded disks (Class 0/I)
through evolved protoplanetary disks (Class II). Hereafter, we
refer to this 100-object sample as the OASIS disk survey.
Measurements of the HD and H®O lines in OASIS Bands 3
and 4 require long integrations (12h). Given the large
simultaneous bandwidths and independent tunability of the
four OASIS bands (Table 1), broad spectral regions in Bands
1 and 2 can be scanned at the same time. Indeed, OASIS Band 1
(455-575 GHz) can be fully covered in 12 1-h tunings to the
sensitivity shown in Figure 1A. For Band 2 (1,100-2,200 GHz),
84 GHz of the 1.1 THz band can be covered in similar 1-h
tunings. This extensive spectral coverage will contain
multitudes of lines of simple and complex CHNOPS carriers.

3 CHNOPS ASTROCHEMISTRY WITH
OASIS

Here, we highlight impactful astrochemical contributions that
OASIS will make with Band 1 and Band 2 observations of various
dense star-forming regions. We begin with objects targeted by the
OASIS disk survey: Class II disks (Section 3.1) and Class 0/1
protostars (Section 3.2). We next consider additional star-
forming regions where line surveys with OASIS will provide
novel constraints on the chemistry and physics: protostellar

outflows (Section 3.3), high-mass hot cores (Section 3.4), and
prestellar cores (Section 3.5).

3.1 Protoplanetary Disks (Class Il)

Given the small angular scales and cold temperatures of mature
(Class II) disks, the detection of complex molecules > 6 atoms is
challenging even at lower frequencies (e.g., Oberg et al., 2015;
Walsh et al., 2016). Smaller molecules are, therefore, essential
probes of the physics and chemistry in disks and by extension the
physics and chemistry associated with planet formation. While
molecules observable at millimeter wavelengths have been
extensively studied in disks, there are almost no constraints on
the inventories of light hydrides in disks, many of which are
observable only at sub-millimeter/FIR wavelengths. Coverage of
these lines with OASIS (Figure 2) will thus provide a novel and
highly complementary avenue for exploring the volatile
chemistry in disks. Here, we highlight the light hydride science
that we expect to be most impactful for studies of disk chemistry.

3.1.1 NH3 and lts Isotopologues

Of the light hydrides covered by OASIS Bands 1 and 2 (Figure 2),
perhaps the most exciting science will be enabled by observations
of NHj;. Indeed, the N budget in disks is poorly constrained given
that the dominant N carrier, N,, cannot be observed. Ice
spectroscopy toward low-mass protostars, the evolutionary
progenitors of disks, has revealed that NH; is an important N
carrier in the ice, with a relative abundance of ~5% with respect to
H,O compared to < 1% in nitriles, or XCN (Oberg et al., 2011a).
However, while nitriles are commonly detected toward disks (e.g.
Dutrey et al, 1997; Oberg et al., 2015; Guzman et al., 2017;
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FIGURE 2 | Summary of the frequencies and upper-state energies of selected N, C, S, and P hydrides with transitions observable by OASIS Bands 1 and 2. Only
lines with Einstein coefficients >10~* s~ and upper-state energies <200 K are included.

Bergner et al., 2019b; van Terwisga et al., 2019), to date NH; has
been detected toward just two disks. NH; was first detected
toward the nearby TW Hya disk, via the 572 GHz transition
of 0-NH; observed by Herschel (Salinas et al., 2016). More
recently, NH; was detected toward the embedded (Class I)
disk GV Tau N at mid-IR wavelengths, tracing hot emission
from the inner ~au (Najita et al., 2021).

Bands 1 and 2 of OASIS will cover multiple strong transitions
tracing cool NH; (upper state energies from 27 to 170 K). While
the 572 GHz NHj line toward TW Hya was detected with low
SNR with Herschel, the same flux is over an order of magnitude
above the OASIS 50 detection threshold. To further assess the
prospects of detecting NH; with OASIS, we created a toy disk
model based on TW Hya. We adopt a physical structure based on
the models of Cleeves et al. (2015), Zhang et al. (2017), and Huang
et al. (2018). Informed by the constraints on o-NHj; from Salinas
etal. (2016), we assume a power-law abundance profile X(r) = 8 x
107" (r/100au). We assume a freeze-out temperature of 65K
(e.g., Kruczkiewicz et al.,, 2021), below which we attenuated the
NH; abundance by two orders of magnitude. We use RADMC-
3D (Dullemond et al., 2012) to simulate fluxes of the three o-NHj3
lines observable by OASIS and recover a comparable flux of the
572 GHz transition compared to the Herschel observations of
TW Hya. We emphasize that this is a toy model that reproduces
the observations with a reasonable physical and chemical
structure, but other distributions of NH; in TW Hya are of
course possible.

® 60 pc — OASIS 50

® 120 pc + TW Hya

® 200 pc
& -
I O
E 10—18; )
= | o
Sl ° .
= 10719 @ O —
Q E —
= L o
:[Z? 10_20; o

0.5 1.0 1.5

Frequency (THz)

FIGURE 3 | Simulated 0-NHg line fluxes for a TW Hya-like disk at 60,

120, and 200 pc. Horizontal bars represent the OASIS 50 detection threshold
for each line. The 572 GHz o-NHj flux observed by Salinas et al. (2016) is
shown with a “+”.

Figure 3 shows the predicted o-NHj fluxes for three distances
representative of the source targets in the OASIS disk survey. For
relatively nearby sources ( < 200 pc), we expect to detect all three
0-NHj lines at high SNR. For distant sources ~200 pc, we should
still detect both Band 2 transitions at moderate SNR. While some
sources may have intrinsically lower fluxes than our toy model
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due to, for e.g., lower gas-phase NH; abundances or different
temperature/density structures, it is reasonable in a sample of
~100 to expect that multiple NHj3 lines will be detected toward
numerous disks in the OASIS survey.

Excitingly, detection of multiple lines with OASIS will allow
for the first excitation analysis of NH; in the outer disk.
Additionally, the high spectral resolution provided by OASIS
will enable a kinematic analysis of the NHj line profiles in sources
with high SNR, providing constraints on the spatial origin of
emission. Auxiliary constraints on the disk structures, provided
by the OASIS observations of CO isotopologues and HD and
H,0, will permit robust NH; abundance retrievals. The NH;/
H,O abundance ratio is of particular interest, as it can be directly
compared with the ratio measured in comets to provide insights
into how N is inherited by Solar System bodies.

While we focused our toy model on o-NH; for simplicity,
OASIS will also cover six transitions of p-NH; with comparable
line intensities to the modeled o-NHj; transitions. While the
statistical NH; ortho-to-para ratio (OPR) is 1, values <1 and
> 1 have been found in various interstellar environments, and are
thought to correspond to the formation in the gas-phase vs. grain
surface, respectively (e.g., Umemoto et al., 1999; Persson et al.,
2012; Faure et al., 2013). Even for a high OPR (~2), we expect to
detect multiple p-NHj lines toward nearby disks. Thus, OASIS
will measure the OPR in NHj;, another quantity which can be
directly compared to interstellar measurements to gain insight
into the formation and inheritance of NH; in planet-forming
disks. OASIS will also cover transitions of smaller nitrogen
hydrides (NH and NH,; Figure 2), which if detected would
provide further constraints on the N budget in disks.
Moreover, probing these small N hydride radicals would
elucidate the role that gas-phase radical chemistry plays in
incorporating N into larger species.

Numerous transitions of NHj isotopologues (e.g., ’NH; and
NH,D) are also observable by OASIS, raising the possibility of
measuring isotopic fractionation levels in NH;. The case of I5NH,
is particularly interesting since, to date, the "*N/'°N ratio in disks
has only been measured via nitriles (i.e., CN and HCN; Guzman
etal, 2017; Hily-Blant et al., 2017), which form through a distinct
chemistry compared to NH; (e.g., Visser et al., 2018). "NH;
transitions are close in frequency, upper-state energy, and
intrinsic line strength to the analogous NH; transitions
(Figure 2). Detection of these lines will likely be challenging:
based on our predicted o-NHj line fluxes and given that the "*N/
5N ratio measured in disk nitriles is >100, ">NH; would not be
detected toward TW Hya. Still, given the large number of disks in
the OASIS survey, a detection of '>’NHj is plausible and would be
of high impact.

3.1.2 Other Light Hydride Science

Another promising avenue for disk science with OASIS is S
hydrides. Sulfur is commonly very depleted from the gas in
dense star-forming regions, though several S carriers (CS, SO,
H,S, and H,CS) have now been detected in disks (Dutrey et al.,
1997; Guilloteau et al., 2013; Phuong et al.,, 2018; Le Gal et al,,
2019). H,S was only recently detected in Class II disks: first
toward GG Tau A (Phuong et al,, 2018), followed by UY Aur

Astrochemistry With OASIS

(Riviere-Marichalar et al., 2021). Toward other well-known
disks, deep searches for H,S have only produced upper limits
(Dutrey et al, 2011). To date, only the 1;¢-1p; line
(168.73 GHz) has been targeted, which is readily observable
by using ground-based telescopes but also intrinsically quite
weak compared to the higher frequency lines covered by OASIS.
The H,S lines at 1865.6 and 1,281.7 GHz appear particularly
promising for detection in disks with OASIS, particularly if the
emission originates in a somewhat warm environment. For
instance, assuming a comparable source-average column
density (1.3 x 10'>cm™) and emitting area (~ 3" radius) to
GG Tau A, we expect to detect these lines given a rotational
temperature 235 K. With warmer temperatures, closer/larger
sources, or higher H,S column densities, seven additional H,S
lines in OASIS Bands 1 and 2 (E, 79-168 K) will also become
good candidates for detection, enabling a multiline excitation
analysis.

It is important to highlight that H,S is the dominant sulfur
carrier in cometary comae (Calmonte et al., 2016). The lack of
constraints on H,S abundances and distributions in
protoplanetary disks has made it challenging to contextualize
these measurements of cometary sulfur chemistry. By providing
constraints or strong upper limits on the H,S inventory in a
physically diverse sample of ~100 disks, OASIS will greatly
advance our understanding of the volatile sulfur reservoir in
planet-forming disks and our own Solar System.

CH™ was previously detected toward one disk with Herschel
and was found to probe warm emission from the disk surface and
inner rim (Thi et al., 2011). Prospects for detecting other light
carbon hydrides (CH and CH,) in disks are unclear given that
there is no precedent in the literature. Similarly, the unsaturated
nitrogen and sulfur hydrides (NH, NH,, and SH) have not been
previously observed toward disks. OASIS will cover numerous
strong lines of each of these molecules (Figure 2), so it remains a
possible avenue of discovery science. If detected, these lines would
provide yet further constraints on the volatile C/N/S chemistry in
disks. We note that phosphorus has yet to be detected in any form
in a disk, and so the detection prospects for phosphorus hydrides
are even less certain.

3.2 Low-Mass Protostars (Class 0/1)

3.2.1 Hot Corino Emission

A subset of low-mass protostars exhibits a rich gas-phase
organic chemistry near the protostellar core and have been
termed “hot corinos” in analogy to the high-mass hot cores
described in Section 3.4 (Cazaux et al., 2003; Bottinelli et al.,
2004). Because this chemical richness originates from the
sublimation of icy molecules, the inventory of organic
molecules in the gas should reflect, at least in part, the
composition of the parent ices (e.g., Garrod and Widicus
Weaver, 2013).

Within the protostellar environment, a hot corino occupies a
similar spatial scale as the nascent protoplanetary disk (e.g.,
Maury et al., 2014; Maret et al, 2020). Constraints on the
organic inventories in hot corinos, therefore, provide a view of
the complex organic material that is present in the ices where disk
formation, and ultimately planet/planetesimal formation, is
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taking place. Indeed, similarities in the organic compositions of
hot corinos compared to cometary ices support the idea that
comets formed at least in part from the icy material with a pre/
protostellar origin (Drozdovskaya et al, 2019). Moreover,
probing isotopic fractionation levels in these organics provides
powerful constraints on their formation conditions (e.g., Coutens
et al., 2016; Jorgensen et al., 2018). This is key to determining
where along the star-formation sequence organic complexity is
built up.

The archetypical hot corino source IRAS 16293-2422 (hereafter
IRAS 16293) was observed as part of the Herschel key project
CHESS (Ceccarelli et al., 2010). In the 555-636 GHz range,
comparable to OASIS Band 1, numerous lines of small organics
(e.g., HCN, H,CO, and CH;0H) were detected. However, neither
rarer isotopologues of CH;OH nor organics larger than CH;OH
were detected. With a beam size around 35" at these frequencies
and a hot corino emitting size of 0.5”, these observations suffered a
beam dilution factor of nearly 5,000. Thus, previous submillimeter
and THz observations of hot corinos offered virtually no
constraints on the organic molecule emission.

The smaller beam size of OASIS (~ 10" at Band 1) will provide
a huge improvement in this regard. In Figure 4A, we show
predicted spectra of four common oxygen-bearing organics
toward IRAS 16293, generated using the physical and chemical
model constrained by the ALMA-PILS survey (Jorgensen et al.,
2016). Although the OASIS beam will still be larger than the
source size, thousands of organic molecule transitions will be
detected at high SNR. Coverage of numerous lines per molecule
will permit a detailed analysis of their excitation conditions.
Moreover, with dozens of protostellar targets, the OASIS
mission will deliver demographic constraints on the complex
organic inventories across hot corinos.

3.2.2 Organics in Protostellar Envelopes
Not all Class 0/I protostars are hosts to hot corino emission, yet
due to non-thermal desorption mechanisms, protostellar

envelopes still host detectable abundances of gas-phase
emission from organic molecules (e.g., Oberg et al, 2011b;
Bergner et al, 2017). Figure 4B shows simulated spectra
assuming the same chemical model as the hot corino IRAS
16293 but adopting abundances scaled down by two orders of
magnitude and a cool (30 K) gas temperature. For this simulation,
we assume that the emission fills the OASIS beam, as is
appropriate for a protostellar envelope. Multitudes of
transitions are detectable by OASIS, with even higher SNR
compared to those by hot corinos due to the larger emitting
area. Interferometers are not well suited for probing this diffuse
envelope emission since they are mainly sensitive to emission on
smaller spatial scales and resolve out emission on larger scales.
OASIS, therefore, offers a unique advantage for studying the
emission of non-thermally desorbed molecules in lukewarm
(~30K) protostellar envelopes of Class 0/I sources. These
constraints will provide novel insights into how organic
complexity evolves during the epoch when dust and gas of the
cold envelope collapse toward the central protostar and can help
benchmark chemical models of such evolution (e.g., Garrod and
Herbst, 2006). This avenue is also highly complementary to
forthcoming JWST ice observations: ice maps constructed
from observations of extincted background stars will probe
similar spatial scales, enabling direct comparisons between the
ice and gas compositions of the envelope (e.g., Perotti et al., 2020,
2021).

3.2.3 Deuterium Fractionation

In both hot corino and non-hot corino sources, OASIS should
have sufficient sensitivity to detect deuterated isotopologues of
common complex organics. Figure 5 shows the simulated spectra
for singly and doubly deuterated dimethyl ether (CH;0CH3) and
singly deuterated ethanol (C,HsOH), assuming the same hot
corino and envelope conditions as for Figure 4. For clarity,
different isotopomers are combined to produce a single
spectrum for each substituted molecule. While deuterated
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FIGURE 5 | Simulated spectra of deuterated O-bearing organics in OASIS Band 1. Physical models are based on a hot corino (A) and protostellar envelope (B). In
both panels, the 5¢ detection threshold for a 1-h integration of OASIS Band 1 is shown as a gray shaded region.

ethanol lines are only slightly above the detection threshold in the
hot corino simulation, both singly and doubly deuterated
dimethyl ethers should be readily detectable. The envelope
scenario is even more promising, with all three molecules
exhibiting numerous lines well above the detection threshold.

3.2.4 Comparison to ALMA

It is important to consider how the performance of OASIS will
compare to ALMA, the current state-of-the-art facility for
studying complex chemistry in hot corinos. Given its sub-
arcsecond spatial resolution, ALMA is better beam-matched to
hot corinos than OASIS and is capable of detecting lower
abundance species such as even larger molecules (e.g.,
glycolaldehyde; Jorgensen et al., 2016) and rarer isotopologues
(Coutens et al., 20165 Jorgensen et al., 2018). Still, OASIS has
several unique advantages. 1) Bandwidth: In order to obtain
sufficient SNR on the HD line in Band 3, OASIS will observe
many sources for ~12 h. Because Bands 1 and 2 are independently
tunable, simultaneous spectral scans can cover up to 200 GHz in
bandwidth assuming 1h per scan. This spectral coverage is far
beyond what is practically achievable with ALMA and will
provide a detailed and unbiased picture of the inventories and
excitation conditions of moderately abundant complex organics.
2) Source statistics: The OASIS mission will observe numerous
Class 0/I protostars as part of its baseline mission. While surveys
of organic chemistry in low-mass protostars are beginning to be
undertaken with ALMA and NOEMA (e.g., Bergner et al., 2019a;
Belloche et al., 2020; Yang et al., 2021), our understanding of the
chemical demographics in these objects is still in its infancy.
Given also that ALMA is heavily over-subscribed, OASIS will
provide much-needed statistical constraints on the complex
chemistry in Class 0/ protostars. 3) Maximum resolvable
scale: As noted previously, due to its larger beam size, OASIS
will be able to probe organic molecule emission originating in the
diffuse envelope of protostars, to which ALMA observations are
not sensitive. This will provide novel constraints on chemical

evolution during protostellar infall. 4) Far-IR spectral coverage:
While ALMA can access far-IR wavelengths with Bands 8-10,
these observations require exceptional weather conditions. By
contrast, there are no obstacles for observing at these wavelengths
using a space telescope. Higher frequency observations generally
cover lines with higher upper-state energies and are thus well
suited for studying the hot emission originating close to a
protostar. Additionally, for some molecules, the spectral
intensity will peak in the far-IR under hot corino conditions.
We highlight the case of E-C-cyanomethanamine, a HCN dimer
implicated in prebiotic chemical schemes: at a temperature of
100 K, the strongest spectral lines occur around 900-1,000 GHz
(Melosso et al., 2018). Thus, coverage at THz frequencies may be
uniquely suited for detecting certain organics compared to lower-
frequency observations.

3.3 Protostellar Outflows
The early (Class 0 and Class I) stages of low-mass protostellar
evolution are often accompanied by the launching of an outflow,
which promotes accretion onto the protostar by carrying away
angular momentum. Encounters between the outflow and the
ambient envelope material produce shocks, which can
dramatically alter the local chemistry through heating and
grain sputtering. In some “chemically rich” outflows, the gas-
phase abundances of molecules normally associated with the ice
phase (H,CO, CH3;0H, and CH3;0CHO) are enhanced by orders
of magnitude due to shock-induced ice sputtering (e.g., Garay
et al,, 1998; Codella and Bachiller, 1999; Requena-Torres et al.,
2007; Arce et al., 2008). Thus, as for hot cores and hot corinos,
chemically rich outflows offer a valuable window to probe the
organic composition of interstellar ices. Moreover, studies of
outflow shock physics and chemistry inform
understanding of the same processes that take place on
smaller, disk-forming scales within the protostellar core.

The archetypical chemically rich outflow shock, L1157-B1, was
observed as part of the Herschel CHESS survey (Ceccarelli et al.,

our
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2010). The 555-636 GHz spectrum contained emission lines from
high-excitation transitions of grain tracers such as NH;, H,CO, and
CH;0H (Codella et al., 2010). An excitation analysis of these lines
revealed that they emit with temperatures >200 K, intermediate
between the cold emission observed by longer wavelength
transitions and the very hot gas traced by H, emission. Thus,
observations of higher excitation organics toward outflow shocks
can help to link these different emission regimes and disentangle
how the shock chemistry and physics progresses. These insights
can in turn be used to tune models of shock astrochemistry, which
are needed to connect observed gas-phase abundances to the
underlying grain compositions (e.g., Burkhardt et al., 2019).

Herschel observations as part of the WISH program also
provided detailed constraints on the physics and chemistry
toward numerous star-forming regions including protostellar
outflows (van Dishoeck et al., 2011). While H,O chemistry is
not our focus, it is worth highlighting that WISH obtained
extensive constraints on the abundances and origin (e.g., ice
sputtering vs. gas-phase chemistry) of H,O within outflows
(van Dishoeck et al., 2021). Additionally, light hydride lines
measured through the WISH program provided powerful
constraints on the UV and X-ray fields around young
protostars and the physics of shock propagation (Benz et al,
2016).

OASIS will offer several improvements for observations of
outflows compared to Herschel (Figure 1). The improved OASIS
sensitivity raises the possibility of detecting more complex species
toward chemically rich shocks and characterizing their excitation
in detail. With higher angular resolution, the OASIS beam will
encompass a smaller range of physical environments within the
outflow, leading to less spectral blending of different shock
components. Last, the high-resolution mode of OASIS Band 1
has a higher spectral resolution than that of Herschel, allowing
different velocity components within the outflow to be clearly
distinguished. Thus, we expect significant improvements in the
shock chemistry and physics that can be probed with OASIS
compared to Herschel. While ALMA similarly offers
improvements in sensitivity and spectral/spatial resolution
compared to Herschel, the higher frequencies covered by
OASIS are better suited for accessing the warm post-shocked
material compared to ALMA.

It is also worth noting that chemically rich outflow shocks are,
to date, the only low-mass star forming regions where
phosphorus carriers have been detected (Yamaguchi et al,
2011; Bergner et al, 2019¢). In shock chemistry models, PH;
and smaller P hydrides are predicted to be at least as abundant as
the detected P carriers PN and PO (Jiménez-Serra et al., 2018).
However, PH; has only one strong transition observable below
500 GHz and has yet to be detected in a star-forming region.
OASIS will cover multiple strong lines of P hydrides (Figure 2),
opening the door for obtaining a more complete inventory of the
volatile phosphorus carriers in star-forming regions.

3.4 High-Mass Hot Cores

The regions of hot molecular line emission within massive star-
forming regions are termed hot cores. These regions are typically
characterized by high temperatures (hundreds of K) and densities
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(~10” cm™?) (van der Tak et al., 2000). Originally identified based
on the detection of hot NH; toward Orion-KL (Morris et al.,
1980), hot cores were subsequently found to host an incredibly
rich gas-phase organic chemistry (Blake et al., 1987). Ice mantles
are the main sites of astrochemical complex organic molecule
formation, and sublimation of these ices is responsible for the
wealth of chemical complexity detected in hot cores (e.g., Garrod
and Herbst, 2006; Herbst and van Dishoeck, 2009). The
molecular line emission in hot cores provides powerful
constraints on both the physical and chemical conditions in
these regions (see, for e.g, Garrod and Widicus Weaver,
2013). With a rich organic chemistry, high temperatures, and
large emitting areas, high-mass hot cores represent ideal targets to
exploit the unique capabilities of OASIS.

Pioneering work in the submillimeter study of high-mass hot
cores was performed by the Herschel observations of EXtra-
Ordinary Sources (HEXOS) guaranteed-time program. HEXOS
targeted Orion KL and Sgr B2 (N + M) with >1THz in
bandwidths from ~480-1900 GHz, with a spectral resolution
around 1 MHz (Bergin et al., 2010). The HEXOS program
illustrates the power of wide-bandwidth, unbiased spectral
scans at THz wavelengths for probing both the physics and
chemistry associated with high-mass star formation. Analyses
of the submillimeter line emission and absorption generated
novel constraints on the physical structure and kinematics of
Orion KL and Sgr B2, including infall and stellar feedback in Sgr
B2(M) (Rolffs et al., 2010), the kinematics and energetics of
outflowing material in Orion KL (Phillips et al., 2010), the
thermal structure and heating source in Orion KL (Wang
et al,, 2011), and the gas density and luminosity source within
the Orion KL core (Crockett et al., 2014a).

HEXOS provided a similar wealth of insight into the chemistry
of simple molecules during high-mass star formation, including
constraints on H,O deuteration levels (Bergin et al., 2010), the
H,0 abundance and ortho-to-para ratio (Melnick et al., 2010),
and the CO, abundance as traced by HOCO™ (Neill et al., 2014).
Additionally, many of the thousands of lines detected in the
HEXOS scans correspond to complex organic molecules.
Coverage of lines with a wide range in upper-state energies
allowed unprecedented constraints on the column densities
and excitation conditions of dozens of organic molecules
toward Orion KL and Sgr B2 (Crockett et al.,, 2010, 2014b;
Neill et al., 2014). Intriguingly, HEXOS revealed a chemical
differentiation in the complex organic inventories between
Orion KL and Sgr B2(N), which could arise from evolutionary
differences between the high-mass hot cores (Neill et al., 2014).
This underscores the potential for such surveys to probe
demographics in high-mass star formation.

While Herschel greatly expanded our understanding of high-mass
hot cores, there is an ample room for improvement with OASIS.
Notably, the OASIS beam will be nearly a factor of four smaller than
the Herschel beam at a given frequency, mitigating loss of sensitivity
due to beam dilution. For instance, in OASIS Bands 1 and 2, the
OASIS beam will be 10.3 and 3.2" compared to 40.4 and 12.8" in the
corresponding Herschel bands, respectively. Depending on the
emitting source size, this could translate to a factor of up to 16
higher line sensitivity with OASIS compared to Herschel.
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FIGURE 6 | Spectra of the high-mass star-forming region NGC 6334 as observed by ALMA (red) compared to that of Herschel (black, inverted). Inset shows the
Herschel, ALMA, and OASIS Band 1 and Band 2 beam sizes overlaid on the source structure, as traced by methyl formate emission. Figure adapted from McGuire et al.
(2018).

OASIS’s improved line sensitivity at THz wavelengths will
open a new window into studying complex organic molecules in
hot cores. Figure 6, adapted from McGuire et al. (2018), clearly
illustrates how a massive star-forming region can appear line-
poor when observed by Herschel but harbor hundreds of spectral
lines when observed with a higher sensitivity and higher
resolution observatory, in this case ALMA Band 10. With
OASIS, we similarly expect higher line densities of organic
molecules than Herschel. While the increase in sensitivity will
be more modest with OASIS compared to ALMA, we note that
Band 9 and 10 observations with ALMA require exceptional
weather conditions and also do not extend to frequencies higher
than 950 GHz, whereas OASIS will provide weather-independent
access to wavelengths up to 3.6 THz.

While many complex organics can be detected via lines at
lower frequencies, there are several advantages to obtaining
observations at far-IR wavelengths. First, the lines covered by
OASIS typically probe higher upper-state energies than
millimeter-wavelength lines, which can provide a powerful
lever arm for constraining excitation conditions. This is
especially important for high-mass hot cores, in which
organics often have excitation temperatures of a few hundred
K (e.g., Crockett et al., 2014b; Neill et al., 2014). Good constraints
on organic molecule excitation temperatures are required to
interpret the physical conditions of the emitting regions as
well as the chemical relationships between different classes of
molecules. Also, as noted in Section 3.2.4, observations at higher
frequencies may enable the detection of organic molecules with
intensity peaks in the far-IR.

3.5 Prestellar Cores

Prestellar cores are the gravitationally bound phase of star
formation immediately prior to the formation of a protostar
(Bergin and Tafalla, 2007; André et al., 2014). OASIS will provide
a unique opportunity to probe transitions that are difficult or
impossible to observe from the ground in prestellar cores. It is
during this phase that the initial conditions are set for the

chemistry of the disk and subsequent planet formation. The
direct chemical inheritance from the prestellar phase to the
protostellar disk has been established, for instance reflected in
the D/H ratio from ALMA observations of deuterated water
(Jensen et al., 2021).

The central region of a prestellar core is a cold (Tx < 10 K),
dense (n > 10° cm™>) environment that is well shielded from the
surrounding interstellar radiation field (Ay > 10 mag). Many
molecules, such as CO, deplete onto dust grains at these densities
and temperatures (Willacy et al., 1998; Bacmann et al., 2002)
eliminating them as probes of these regions. Deuterium
fractionation of molecules via reactions with H,D* becomes
important (Millar et al, 1989; Roberts et al, 2003). The
ground state rotational transitions of para-H,D" (1.370 THz)
and ortho-D,H" (1.477 THz) are within OASIS Band 2; however,
these lines are extremely difficult to detect toward prestellar cores
due to the large energy difference between rotational energy levels
(i.e., E,/k = 65.7 K for the upper energy level of the 1.370 THz
10,100, transition of para-H,D"). NH,D is an excellent tracer of
these coldest, densest regions of prestellar cores where deuterium
fractionation enhances (NH,D)/(NH;) by more than four orders
of magnitude above the ISM D/H ratio (Tiné et al., 2000;
Ceccarelli et al., 2014; Harju et al.,, 2017). OASIS will observe
the high critical density (n.; > 107 cm™) transitions of NH,D
that probe the very centers of the cores where a disk will
eventually form. In Band 1, the 1, ,—00 ground state rotation-
inversion transitions of both ortho and para spin-species of
NH,D are observable at 470 and 494 GHz, respectively
(Figure 2). These transitions may be used in combination
with the 86 and 110 GHz transitions, which are observable
from the ground, to constrain the physical conditions of the
innermost regions. The 86/470 line ratio of ortho-NH,D is very
sensitive to the temperature in the center of the core for n (H,) >
10° cm™3 (Figure 7). Observations of the 470 GHz transition are
difficult from the ground because the atmospheric transmission is
less than 25% with 1 mm of water vapor at a high altitude site, and
subthermal energy level populations result in a low-excitation
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temperature and therefore weak lines. The detectability of these
lines from space was demonstrated with Herschel observations of
the prestellar cores IRAS16293E and L1544 (Bacmann et al,
2012). The OASIS beam will better couple to the source emission
for high critical density lines in prestellar cores than the Herschel
beam permitting surveys of the densest prestellar cores in nearby
molecular clouds.

Water observations of prestellar cores with OASIS will also
play an important role in constraining the temperature profile in
the outer part of the cores. Most of the water in a prestellar core is
found in the solid state on the icy surfaces of dust grains (Bergin
and Snell, 2002). However, photodesorption by UV photons can
liberate some water molecules into the gas phase at abundances
that are typically <107 with respect to H, (van Dishoeck et al.,
2021). There are two main sources of UV photons in prestellar
cores. The surrounding interstellar radiation field is the dominant
heating component of dust grains in the core (Evans et al., 2001).
There is also a low-intensity UV radiation field from excitation of
H, due to collisions with electrons that come from cosmic ray
ionizations of H, and He (Prasad and Tarafdar, 1983). The
1,0-1o1 557 GHz ground state rotational transition of ortho-
H,O can be observed in absorption against the continuum of the
prestellar core (van Dishoeck et al., 2021). The line can also be
seen in emission if the central density of the prestellar cores is
>107 cm™3, although only a few prestellar cores are known that
have this extreme central density (Caselli et al., 2012). The gas
phase water in the outer part of the core at low Ay has a
photodesorption rate that depends on the strength of the
interstellar radiation field (Gy). A constraint on G, is needed
to determine the dust temperature and the gas temperature
profiles in the outer part of prestellar cores (Young et al,
2004). Accurate temperature profiles are crucial for radiative
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transfer modeling of molecular emission and absorption
observed toward prestellar cores.

OASIS observations of light hydride molecules will also play
an important role in constraining the kinematics of prestellar
cores. The dynamical motions onto and within a prestellar core
are difficult to constrain with current observational techniques.
The density profile of a hydrostatic core is very similar to the
density profile of a collapsing core until very late in the collapse
history (Myers, 2005). Optically thick emission lines, such as
HCN 1-0, can probe the internal kinematics through blue
asymmetric self-absorbed emission profiles. The creation of
this line profile requires very specific kinematic and
molecular excitation conditions along the line of sight that
are often difficult to achieve. Surveys searching for blue
asymmetric line profiles generally find only a small fraction
of prestellar cores with this signature (Sohn et al., 2007;
Campbell et al, 2016; Seo et al, 2019). An alternative
strategy is to observe red-shifted absorption lines from
molecules that trace the outer portions of the core and
compare to the velocities of emission lines that probe the
inner regions of the core. This will be possible with OASIS
observations of light hydride molecules and their deuterated
isotopologues as well as with observations of H,O. Tracers that
have a wide range of critical densities probe the kinematics at
different depths in the core. An example of this technique was
demonstrated with Herschel observations of the ground state
rotational transitions of ND (in emission) and NH (in
absorption) toward the prestellar core IRAS 16293E
(Bacmann et al., 2016).

4 SUMMARY AND CONCLUSION

The OASIS observatory isa NASA MIDEX space mission concept
designed to observe at THz frequencies with unprecedented
sensitivity and angular resolution. Compared to other state-of-
the-art telescopes, OASIS will outperform other far-IR
observatories (Herschel and SOFIA) and complement near/
mid-IR (JWST) and (sub-) millimeter (ALMA) facilities. With
its unique capacity to probe light hydrides and high-excitation
organic lines, OASIS will open a new window for studying
organic/prebiotic astrochemistry along the star- and planet-
formation sequence. Key science use cases include:

1 OASIS will cover multiple strong transitions of NH; and H,S,
both of which are expected to be important volatiles in disks
but are detected in only two sources to date. With ~100 source
targets in the OASIS disk survey, OASIS will provide statistical
constraints on the NH; and H,S content in disks. It will also
enable, for the first time, analyses of the excitation conditions,
ortho-to-para ratios, and isotopic fractionation levels of these
molecules in disks.

2. With broad spectral scans, OASIS will provide a detailed and
unbiased view of the organic inventories and excitation
conditions of hot corinos, lukewarm protostellar envelopes,
protostellar outflows, and hot cores. Compared to ALMA,
OASIS offers important advantages in its capacity to cover
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wide spectral bandwidths, to obtain robust source statistics, to
sample diffuse large-scale emission, and to access high-
excitation lines in the far-infrared.

3. OASIS coverage of light hydrides will provide novel
constraints on the physical conditions in the dense inner
regions of prestellar cores, thus probing the initial
conditions of protostellar and disk physics and chemistry.

Importantly, these efforts directly address high-priority
science questions posed by the 2020 Decadal Survey (National
Academies of Sciences, E., and Medicine, 2021), including: How
are potentially habitable environments formed (E-Q3a)? And,
what generates the observed chemical complexity of molecular
gas (F-Q2¢)?

Auxiliary laboratory efforts in THz spectroscopy will be
critical for maximizing the scientific output of OASIS.
Indeed, ~10% of lines in the Herschel spectra of Sgr B2(N)
and Orion-KL were unidentified (Crockett et al., 2014b; Neill
et al,, 2014). The spectral line properties of many interstellar
molecules are not well characterized above ~300 GHz, and some
classes of molecules (e.g., isotopologues, vibrationally excited
states, and unstable molecules) are particularly under-studied,
though there are promising avenues for filling in these gaps
(Widicus Weaver, 2019). Along with laboratory efforts,
astrochemical modeling will greatly enrich the interpretation
of OASIS observations. We expect OASIS to be particularly
powerful for testing various mechanisms for ice-phase organic
molecule production (e.g, Garrod & Herbst, 2006;
Shingledecker et al., 2018; Jin & Garrod, 2020; Simons et al.,
2020; Carder et al., 2021) given the detailed constraints on
organic molecule inventories, abundances, and excitation
conditions that will be obtained for low- and high-mass
protostars and outflow shocks.

In summary, light hydrides and high-excitation organics are
key players in the chemistry at various stages throughout the
entire star- and planet-formation sequence. Our current
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