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ABSTRACT. The Single Aperture Large Telescope for Universe Studies (SALTUS) is a far-infra-
red space mission concept with unprecedented spatial and spectral resolution.
SALTUS consists of a 14-m inflatable primary, providing 16x the sensitivity and
4x the angular resolution of Herschel, and two cryogenic detectors spanning
a wavelength range of 34 to 660 um and spectral resolving power of 300 — 107.
Spectroscopic observations in the far-infrared offer many unique windows into the
processes of star and planet formation. These include observations of low-energy
water transitions, the H, mass tracer HD, many CHONS constraining molecules
such as NH; and H, S, and emission lines from the phonon modes of molecular ices.
Observing these species will allow us to build a statistical sample of protoplanetary
disk masses, characterize the water snowline, identify Kuiper Belt-like debris rings
around other stars, and trace the evolution of CHONS from prestellar cores, through
to protoplanetary disks and debris disks. We detail several key star and planet
formation science goals achievable with SALTUS.
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1 Introduction

The Single Aperture Large Telescope for Universe Studies (SALTUS) is a far-infrared space mis-
sion concept proposed to NASA under the Astrophysics Probe Explorer (APEX) Announcement
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of Opportunity in November 2023. SALTUS covers the far-infrared wavelength range =30 to
700 pum, most of which is not covered by any current observatory. The design of SALTUS con-
sists of a 14-m off-axis inflatable primary aperture and two cryogenic instruments: SAFARI-Lite
and the High-Resolution Receiver (HiRX). The large aperture size allows for unprecedented
sensitivity and a spatial resolution of ~1” at 50 ym. The full technical details of the SALTUS
observatory can be found in Arenberg et al., “Design, Implementation and Performance of
the Primary Reflector for SALTUS”; Kim et al., “SALTUS Observatory Optical Design and
Performance”; and Donovan et al., “SALTUS Probe Class Space Mission: Observatory
Architecture & Mission Design,” J. Astron. Telesc. Instrum. Syst. (this issue). SAFARI-Lite
is a direct-detection grating spectrometer providing simultaneous 35 to 230 ym spectroscopy
with a resolving power of R = 300. The full technical details can be found in Roelfsema et al.,
“The SAFARI-Lite Imaging Spectrometer for the SALTUS Space Observatory,” J. Astron. Telesc.
Instrum. Syst. (this issue). HiRX is a multi-pixel, multi-band heterodyne receiver system span-
ning wavelength ranges 522 to 659 pm, 136 to 273 ym, 111.9to 112.4 ym, 63.1 to 63.4 pm, and
56.1 to 56.4 um with a resolving power of R = 1 x 10° — 1 x 107. The full technical details can
be found in Walker et al., “The High Resolution Receiver (HiRX) for the Single Aperture Large
Telescope for Universe Studies (SALTUS),” J. Astron. Telesc. Instrum. Syst. (this issue).

SALTUS bridges the gap in wavelength coverage between JWST-MIRI (4.9 — 27.9 ym) and
ALMA (320 to 8500 um). Crucially, SALTUS covers the ground state H,O and HD lines not
currently covered by any facility. While there is an overlap between HiRX Band 1 and ALMA
Band 8, the Earth’s low atmospheric transmittance at these wavelengths, particularly near the
HDO lines targeted by SALTUS makes observations from the ground difficult. The difficulties of
atmospheric transmittance can be mitigated through the use of balloon experiments such as
BLAST and GUSTO.!? However, such experiments have several notable limitations. They are
currently limited to flights in Antarctica and thus can only observe the southern sky. In addition,
the limited flight time and limited apertures preclude long integrations on faint sources. As such,
balloon experiments are best suited to surveys of large-scale structures. Targeted observations of
faint objects require a pointed observatory.

This paper provides an overview of the promise of SALTUS for understanding star and planet
formation, including molecular clouds, protostellar cores, protoplanetary disks, and debris disks.
Accompanying papers in this issue describe the plans for guaranteed-time (GTO) and guest
observing (Chin et al., “Single Aperture Large Telescope for Universe Studies (SALTUS):
Probe Mission and Science Overview,” J. Astron. Telesc. Instrum. Syst.), SALTUS’ contributions
to High-Redshift Science (Spilker et al., “Distant Galaxy Observations,” J. Astron. Telesc.
Instrum. Syst.), Milky Way and nearby galaxies science (Levy et al., “Nearby Galaxy
Observations” J. Astron. Telesc. Instrum. Syst.), and solar system observations (Anderson et al.,
“Solar System Science” J. Astron. Telesc. Instrum. Syst.). In addition, some of SALTUS’s key
science cases build on the OASIS MIDEX-class mission concept, which used a similar large
inflatable aperture for terahertz frequency observations.’

1.1 Programmatic Motivation
The SALTUS star and planet formation science programs presented here address multiple high-
priority science questions as identified by Astro2020,* detailed below.

e Question E-Qlc: How Common Is Planetary Migration, How Does It Affect the Rest of the
Planetary System, and What Are the Observable Signatures? This section of the Astro2020
report notes that C/O ratios in exoplanet atmospheres can be used to determine a planet’s
formation location relative to the snowlines in its parent disk, but only if the disk compo-
sition, particularly the location of the water snowline, is well understood. SALTUS will
provide the disk water measurements, including measurements of the water snowline loca-
tion, needed to connect atmosphere compositions to the water distribution of planet-form-
ing disks and thereby connect JWST observations of exoplanet atmospheres to a formation
time and location (Sec. 2.2).

e Question E-Q1d: How Does the Distribution of Dust and Small Bodies in Mature Systems
Connect to the Current and Past Dynamical States Within Planetary Systems? SALTUS
SAFARI-Lite will determine the occurrence of exo-Kuiper belts around the nearest 30 G
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and K stars known to host debris disks, characterizing the commonality of dust in mature
planet systems (Sec. 2.6.1).

o Question E-Q3a: How Are Potentially Habitable Environments Formed? SALTUS will
answer this question by observing secondary gas in debris disks in the form of [CII] at
157 pm and [OI] at 63 and 145 um in debris disks, tracing the C/O ratio of material avail-
able for accretion onto terrestrial planets (Sec. 2.6.2).

e Question E-Q3b: What Processes Influence the Habitability of Environments? and
Question F-Q4b: What Is the Range of Physical Environments Available for Planet
Formation? SALTUS will determine the mass and temperature structure, as well as the
abundance of CHONS-bearing species, in roughly 1000 protoplanetary disks across evolu-
tionary stages (Secs. 2.1.1, 2.2, and 2.4.1).

2 Star and Planet Formation Science with SALTUS

2.1 Protoplanetary Disk Mass

One of the most fundamental properties of planet formation is the mass of a planet-forming disk,
which determines the total amount of material available to forming planets and the mechanisms
through which planets can form, e.g., through gravitational instability versus via core accretion.’
The main contributor to the disk mass is H,, which does not emit for the majority of disk regions
because the molecule has no permanent dipole moment, with large energy spacings not well
matched to the local temperatures. The ground-state transition is the quadrupole J = 2-0 with
an energy spacing of 510 K. Thus, exciting an H, molecule to the J = 2 state requires high gas
temperatures and H, emission originates only from the illuminated surface layers of the disk
within a fraction of an au of the central star. Because most of the gas is at larger radii and
is much colder, alternate tracers must be used to determine the total gas mass.

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 prob-
lematic assumptions. Uncertainties in the dust grain optical properties and the grain size distri-
bution 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. This value is
typically assumed to be 100, as has been measured in the interstellar medium (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. In addition, assuming a con-
stant gas-to-dust ratio across the disk is not appropriate because high spatial resolution obser-
vations at millimeter wavelengths demonstrate that the outer radius of the dust disk is often much
smaller than the outer radius of the gas disk.”®

The CO abundance relative to H, in the ISM is well constrained to be 5 x 107 to 2 x 1074.°
However, when converting from CO abundance to H, in a protoplanetary disk, additional cor-
rections must be made to account for the reduced abundance of CO relative to H, in the surface
layer, where CO is photo-dissociated, and near the cold midplane, where CO is frozen out onto
dust grains.'® Additional chemical reactions in the gas and on dust grains can also destroy CO."!
The resulting reduction in CO gas abundance, whatever the cause, varies not only across sources
but also as a function of radius within a single disk.'” Thus, there are large uncertainties when
converting CO flux to total gas mass.'* These uncertainties can be particularly mitigated by addi-
tional observation of N,H*, which, being destroyed by reacting with CO, is only present in the
gas when CO is not.'*!> However, this technique requires knowing the ionization state of the
protoplanetary disk, a property that remains poorly constrained for most systems.'®'® A detailed
discussion of all the common disk mass estimation techniques can be found in Ref. 13.

Given the myriad assumptions that go into each technique, it is not surprising that the two
methods of determining disk mass rarely agree. 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 (e.g., Ref. 19). However, because disks must
always be less massive than the central star to remain gravitationally stable, the contribution of
the disk to the rotation curve is small. This technique is only feasible for a small number of the
most massive disks.”
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2.1.1 Tracing mass with HD

SALTUS will use HD to measure the gas mass in hundreds of disks, establishing the variation in
this fundamental parameter across systems. Observations of the H, isotopologue HD are unique
to the far-IR, with the ground state 1-0 rotation transition at 112.07 ym (2.675 THz; SAFARI-
Lite LW Band, HiRX-Band 3) and the 2-1 transition at 56.24 ym (5.331 THz; SAFARI-Lite MW
Band, HiRX-Band 4b). HD is the main reservoir of deuterium, and its abundance relative to H,
will be close to the elemental D/H abundance; thus, HD can be used to trace disk mass while
avoiding many of the limitations of other mass tracers. For example, HD emission is not subject
to chemical processing that can change the abundances of other tracers relative to H,.>! The
HD 1-0 line is expected to remain optically thin for disks less massive than 1 x 1073 My, while
HD 2-1 remains optically thin up to 2.3 x 1072 Mg.?? Observations of only the HD 1-0 are
capable of constraining the disk mass to within a factor of 2-10 depending on disk mass, whereas
the additional observation of the HD 2-1 line decreases this uncertainty to no more than a factor
of 3.2 SALTUS HiRX is designed to observe both lines simultaneously.

There is currently no observatory capable of detecting HD. Near the end of its lifetime,
Herschel targeted HD in seven massive disk systems, resulting in three detections,® with
HD-derived disk gas masses of 30 — 210 M; (e.g., Ref. 24). Crucially, these mass measurements
revealed that both CO and H,O gas are depleted in these disks relative to the ISM.>*> SALTUS
SAFARI-Lite will measure the total gas mass in hundreds of protoplanetary systems over its
5-year baseline mission, down to masses as low as 0.1 M; (Fig. 1). When combined with obser-
vations of cold water vapor, this determines the amount of water removed from the outer disk and
transformed into water ice in the planet-forming midplane (see also Ref. 26).

Converting the HD detections into an accurate total gas mass requires knowledge of the disk
temperature structure, as HD does not emit appreciably below 20 K. The SALTUS design allows
for full spectral coverage with SAFARI-Lite or simultaneous observations in the four HiRX
bands. While integrating on the HD 1-0 and 2-1 lines in HiRX-3,4b, SALTUS is able to observe
multiple optically thick H,O and CO lines in HiRX-1,2 spanning 55 to 1729 K in excitation
energy, compared with 128.49 K for the HD J = 1 excited state. In addition, SALTUS will
observe [O I] and [C II], which trace the hotter disk surface and are important cooling lines.?"*®
These lines provide direct measurements of the gas temperature throughout the disk.

The high spectral resolution of HiRX can then be used to map emissions to different physical
locations in the disk using a technique known as Doppler tomography or tomographic mapping.
Because disk rotation follows a Keplerian velocity profile, the radius at which gas emission orig-
inates can be determined from the line profile. Thus, high spectral resolution observations of
molecular lines in disks can be used to determine the radial location of the emission without

10 18¢

Flux (W m~2)
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SAFARI-Lite (50 in1 h
10~* 1073 1072 107! 107* 10°® 1072 107!
Mgisk (Mg) Mg (Mg)

Fig. 1 Model predictions of disk gas (D = 140 pc), as a function of HD line flux. The width of the
blue band represents the range of model results for different disk structures. The three red points
represent the only known HD detections from Herschel-PACS. SALTUS SAFARI-Lite will make
observations for the full range of fluxes plotted, with 50, 1-h sensitivities between 0.5 and
2x 1072 Wm= across the four bands. SALTUS HiRX will be sensitive enough to provide
high spectral resolution observations, with 5¢, 1-h sensitivities >5 x 10~'® Wm=2 in J = 2-1 and
>2x 107 Wm2 in J = 1-0. Figure modified from Ref. 22.
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Fig. 2 A simulated disk-integrated spectrum of HD 1-0 for a 10~3 M, disk at a distance of 140 pc,
inclined by 45 deg. The spectral resolution is Av = 0.9 kms~'. Disk emission is Doppler shifted
due to Keplerian rotation. Emission with a high-velocity offset from the line center originates from
small radii, whereas emission close to the systemic velocity originates from large radii. The HiRX
high spectral resolution enables differentiation between emissions from different radii in proto-
planetary disks.

having to spatially resolve the disk. As shown in Fig. 2, the velocity offset for emission origi-
nating in the inner disk is of order several km s~! assuming a disk inclination of 45 deg, whereas
in the outer disk, the velocity offset is much smaller. The velocity resolution (Av) of SALTUS
HiRX is <1 kms™', sufficient to distinguish emission originating in the inner versus outer disk.

Taking the expected HD fluxes and line-to-continuum values into account from Fig. 1,%
SAFARI-Lite measures the J = 1-0 and 2-1 lines at the 5¢ level in 1 h for the limits provided
in Fig. 1, enabling reliable disk gas mass estimates. For a survey of disk mass across systems,
which requires only the total HD flux, spectrally unresolved observations with SAFARI-Lite
are able to quickly build a catalog of HD detections. The expected continuum flux from a
3 X 107 M, disk at 140 pc, where many young stars are found, is 0.02 Jy.2 SNR of 300 requires
a sensitivity of 66 pJy at 112 um, the wavelength of the HD 1-0 transition. Based on the modeled
grating sensitivity of SAFARI-Lite (Roelfsema et al., this issue), this can be achieved in less
than an hour on the source. SAFARI-Lite’s greater sensitivity at 54 um, the wavelength of the
HD 2-1 transition, achieves SNR 300 in even less time. Using the sample collected by Ref. 29,
roughly 300 disks will be detected in HD by SALTUS SAFARI-Lite in less than 1 h, including
~200 disks where HD 2-1 is optically thin and an additional ~50 where both transitions are
optically thin.

For a subset of the brightest disks, HiRX spectrally resolves the strong HD lines at a
1 kms~! velocity resolution to measure the line profile in detail and use Doppler tomography
to constrain the disk structures. As shown in Fig. 2, the velocity offset for emission originating in
the inner disk is of order several kms~! assuming a disk inclination of 45 deg, whereas in the
outer disk, the velocity offset is much smaller. The velocity resolution of SALTUS HiRX is
<1 kms™!, sufficient to distinguish emission originating in the inner versus outer disk. As
an example, TW Hya, with a disk mass of 0.025 M, and a nearly face-on inclination has a peak
HD 1-0 flux of 0.49 Jy when placed at a distance of 140 pc.>* SALTUS HiRX Band 3 yields a 5¢
detection at Ay = 1 kms~! in 20 h. More inclined disks will have more flux in the line wings,
as the observed velocity offset is directly proportional to sin(i). Based on dust mass
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measurements and assuming a gas-to-dust ratio of 100, we expect to achieve equivalent or greater
signal-to-noise on at least 15 disks within 140 pc.?’ We can expect to observe five targets per year
in the tomographic mode if we allocate 100 h per year to these observations. These deep HiIRX
observations of sources spanning several arcseconds in the sky will also provide constraints on
the spatial extent of the line emission for these disks, important for validating the models used for
interpretation of surveys. In total, SALTUS will obtain the disk gas masses in hundreds of proto-
planetary systems during its nominal 5-year mission without the need for ancillary data.

2.2 Spatial Distribution of Water in Protoplanetary Disks

SALTUS will be the first mission with the sensitivity to measure the distribution and physical
properties of water in a large sample of protoplanetary disks. These measurements are key for
understanding planet formation and how terrestrial planets acquire water. The SALTUS instru-
ments are designed to probe both the gas and the solid H,O reservoirs and relate them to the
characteristics of the central protostar (luminosity, spectral type) and of the planet-forming
disk (evolutionary state, mass, structure, temperature). The large frequency range of HiRX and
SAFARI-Lite provides access to many H,O lines with a wide range of excitation energies, tracing
the cold-to-warm water vapor in disks, addressing Decadal Questions E-Q1lc, E-Q3b, and F-Q4b.

The first part of this program focuses on water vapor. Herschel revealed tantalizing but
tentative and limited evidence of water removal from the surface layers of outer disks.’%*!
SALTUS’s large improvement in sensitivity relative to Herschel makes observations of water
in disks routine and enables a complete survey of water in all protoplanetary disks within
200 pc. This large number of observations will allow SALTUS users to conclusively identify
trends between the distribution of water in disks and other properties, e.g., dust disk size and
the presence of substructure.*

Question E-Qlc from the 2020 decedal asks: “How common is planetary migration, how
does it affect the rest of the planetary system, and what are the observable signatures?”” The
composition of a planet’s atmosphere is related to the composition of the disk where and when
it accreted its material and can be used to determine if a planet could have formed at its current
location or must have migrated. The chemical composition of the disk at a given location evolves
over time due to both chemical and dynamical processes.** Current observational studies aim to
use atmospheric C/O to differentiate between early and late migration of Hot Jupiters.*> Models
of how migration changes C/O in a planet’s atmosphere make simplifying assumptions for
C/O in the disk.** The main volatile oxygen reservoir in disks, water, is virtually unconstrained
by observations. JWST is already significantly improving our understanding of water in the
mid-IR.*>~** However, as noted by Decadal Question E-Q1c, additional longer wavelength obser-
vations of cooler regions of the disk are needed to understand disk composition. HiIRX will map
the radial distribution of cold water vapor in hundreds of protoplanetary disks. These disks will
span a wide range of stellar mass and mass accretion rate, disk dust mass, and disk radial extent,
and span multiple star-forming regions, covering a variety of evolutionary stages®” HiRX will
observe the cold water vapor (not probed by JWST) by targeting the ground state ortho and para
transitions (Fig. 3), allowing users to collect statistics on the cold water abundance in disks across
evolutionary stages. Figure 3 shows the model far-IR spectrum of a protoplanetary disk at a
distance of 160 pc. The lines have been scaled to match the H,O lines detected in TW Hya
by Herschel, as well as the HD line, if that disk was at a distance of 160 pc.”** Comparison
to models shows the cold H,O in TW Hya to be depleted by about a factor of 100.°
SAFARI-Lite can detect a 0.5 x 1072 to 2 x 1072° Wm~2 line at 5¢ with 1 h of integration
time, depending on the band. Thus, surveys of water in star-forming regions at 160 pc, such
as Taurus and Lupus, will be able to detect cold H,O vapor in many systems. SALTUS will
provide the disk water measurements needed to connect JWST observations of exoplanet atmos-
pheres to a formation time and location.

SALTUS will tomographically map the water vapor distribution toward a wide variety of
disks, answering the question “Where is the water?” Mapping the location of water in proto-
planetary disks is crucial for understanding the transport of water during planet formation.*
Current planet formation models predict that most planets form beyond the snowline (gas/ice
giants and possibly smaller planets) and then experience radial migration and dynamical
scattering.*’ Confirming this prediction requires observational constraints on the water snowline
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Fig. 3 The HiRX and SAFARI-Lite instruments will measure the gaseous emission spectrum of
planet-forming disks, thereby determining unambiguously the disk gas mass, the water content,
and the HDO/H,O abundance ratios; all critical aspects of disk/planet formation models. Model
emission lines are for TW Hya, a water-depleted disk, scaled to a distance of 160 pc, adapted from
Ref. 39. The far-IR provides access to low energy transitions that probe the cold, outer parts of
the disk of the planet-forming reservoir.

location as functions of, e.g., disk mass, stellar mass, and evolutionary state, to compare with the
orbital radii of exoplanets in mature systems.

The ice snowline, the H,O desorption front located at ~150 to 170 K in the disk, controls the
radial distribution of the C/O ratio in the gas and solid phase,** implying that the spectral char-
acteristics of planets are linked to their formation location. Water on terrestrial planets that
formed within the snow line (including Earth) is thought to have been at least partially delivered
by comet and asteroid impacts originating from cold disk reservoirs beyond the snow line.*! As
the mass of solids is expected to be the largest near the snow line, the formation of giant planets,
such as Jupiter, is generally linked to the location of the snow line in the solar nebula. Giant
planet formation may be aided by the increased “stickiness” of H,O ice grains relative to
minerals, which greatly enhances the coagulation of small dust grains*’—the first step in planet
formation—in the colder regions of these disks.

SALTUS will probe the midplane water snowline location by observing multiple high upper-
state energy (E, ~ 1000 K) water lines, which emit mostly from inside the midplane water
snowline.* Using tomographic mapping, SALTUS will determine if water is returning to the
gas with the inward drift of icy dust grains, enriching the water content of the terrestrial
planet-forming region. By contrast, JWST primarily probes higher energy emission lines, with
upper-state energies of several hundred to over a thousand Kelvin.**3® In addition, the dust con-
tinuum in the inner disk at mid-IR wavelengths is optically thick, such that the H,O emission
observable by JWST originates near the disk surface.** In the far-IR, the optically thick dust layer
is deeper in the disk, and the lower upper state energy of the water lines probe deeper in the disk,
(z/rof 0.1 — 0.2 au for a typical T-Tauri disk**). However, the midplane remains optically thick.
Due to dust optical depth, this problem cannot be overcome by observing rarer H,O isotopo-
logues. Direct measurements of the water emitting radius via tomographic mapping provide an
upper limit on the midplane snowline location, which can be further refined using models of the
disk temperature structure.”® In addition, some models predict efficient vertical mixing of gas at
small radii.*>* This results in a nearly vertical water snow surface, meaning the snowline directly
probed by SALTUS observations is equivalent to the midplane snowline location. SALTUS will
make the first measurements of the disk midplane water snowline location in non-outbursting

J. Astron. Telesc. Instrum. Syst. 042307-7 Oct-Dec 2024 o Vol. 10(4)



Schwarz et al.: Star and planet formation with the Singlé Aperture Large Te;léscope. b

-9
7x10 £ Spectrum from the Infrared Space Observatory SWS+LWS
6x10°F 3

— x e
X 5x10°F M |ce{r0ck—4 3
£ bl ice/rock=0.4
> 4x10°° E ice/rock=0.04 3
Z E ) , 3
L 3x10°F ‘ 3
-~ : ¢ S
2x10°F o %‘\ 3
E }?‘.-"-" % 3

-9 E 7 " . . flac 3

1x10 :;}"*""Spltzer IRS CALTUS SAFARlite Herschel=PACS W

20 30 40 50 60 70 80
Wavelength (um)

Fig. 4 The far-IR spectrum of the Herbig star, HD 142527, measured by ISO/SWS+LWS and
Herschel/PACS (red points), reveals the presence of the lattice modes of crystalline H,O ice
at 43 and 62 um.*® This is compared with emission models at different ice/rock ratios (gray lines).
The tell-tale signature of crystalline water ice is recognizable to ice/rock ratios as small as 0.1. For
comparison, the estimated ice/rock ratio in the solar nebula during planet formation is 1-2.

disks, an important landmark in the core accretion picture. SALTUS enables us to assess the role
of the water snowline in determining the architecture of planetary systems (i.e., Refs. 47 and 48),
and the extent to which processes (e.g., migration, dynamical scattering) alter exoplanetary
orbital radii; this addresses Decadal Question E-Qlc.

The second part of the program will target water ice directly. Water ice is the most abundant
non-refractory solid-state component of planet-forming disks, locking up a major fraction of the
elemental oxygen. The water ice distribution in protoplanetary disks is of fundamental impor-
tance for our understanding of planet formation and their characteristics. As a result of its simul-
taneous spectral coverage of the full 34 to 230 um range and its high sensitivity, SAFARI-Lite is
uniquely suited to study emission in the diagnostic lattice modes of ices in protoplanetary disks
(Fig. 4), providing temperature, mass, and structure of the emitting ices. Previous far-IR space
missions (Spitzer, Herschel, 1SO) lacked the wavelength coverage or sensitivity for a systematic
study of far-IR ices, especially in planet-forming disks. While the NIRSpec and MIRI instru-
ments on JWST cover the near- and mid-IR region, home to ice fundamental modes, these shorter
wavelengths require a very favorable viewing angle—almost edge-on—and cannot perform a
systematic study of the role of ices in planet-forming disks. Further, because these features are
seen in absorption, they provide only a lower limit on the absorbing column, as a photon’s path as
it is scattered through the disk is uncertain.’*° The far-IR features have the advantage of being
seen in emission and are therefore not subject to the same constraints due to viewing angle and
scattering.

The large wavelength coverage and moderate spectral resolution of SAFARI-Lite are well
matched to the expected profile variations in the lattice modes of H,O ice, measuring the temper-
ature history of the ice grains. This is linked to a physical location through models of disk temper-
ature structure, constrained by the H,O gas observations. The gas and solid reservoirs interact
through sublimation and condensation as icy grains drift inwards from the cold outer disk to the
warm inner disk and through turbulent cycling between the colder mid-plane and the warmer disk
photosphere. SALTUS will quantify the mass of the gaseous H,O and ice reservoirs in a large
sample of protostellar and protoplanetary sources, assess the interrelationship of these reservoirs,
and connect them to the physical characteristics of the stars and their disks and thereby address
the importance of the physical processes that link them.

2.3 Water in Prestellar Cores

Prestellar cores are the gravitationally bound phase of star formation immediately prior to the
protostar formation,’'~>* with cold (T < 10 K), dense (n > 10° cm~>) central regions that are
well shielded from the surrounding interstellar radiation field. During this phase, the initial
chemical conditions are set for the disk and subsequent planet formation. The direct chemical
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inheritance from the prestellar phase to the protostellar disk has been established, e.g., reflected
in the D/H ratio from ALMA observations of deuterated water.>*

Although most of the water in prestellar cores resides in the solid state on the dust grain icy
surfaces,” photodesorption by UV photons can liberate water molecules into the gas phase at
abundances that are typically <10~ with respect to H,.%® Two main sources of UV photons exist:
the surrounding interstellar radiation field is the dominant heating component of dust grains®’
and a low-intensity UV radiation field from H, excitation due to collisions with electrons that
come from cosmic ray ionizations of H, and He.®

The 1,5 — 1y, ground state rotational transition of ortho-H,O at 538.2 ym (557 GHz; HiRX
1) can be observed in absorption against the continuum of the prestellar core.*® 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.’® 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 (G;), and a constraint on Gy is needed to determine the dust temper-
ature and the gas temperature profiles in the outer part of prestellar cores.®® Accurate temperature
profiles are crucial for radiative transfer modeling of molecular emission and absorption
observed toward prestellar cores, and SALTUS water vapor observations of prestellar cores will
play an important role in constraining the temperature profile in the outer part of the cores.

2.4 Astrochemistry: CHONS From Cores to Disks
Hot cores are hot molecular line emission regions within massive star-forming regions, typically
characterized by high temperatures (100 s of K) and densities (~107 cm=2).%! Originally iden-
tified from the detection of hot NH; toward Orion-KL,%> hot cores were subsequently found to
host an incredibly rich gas-phase organic chemistry.%® Ice mantles are the main sites of astro-
chemical complex organic molecule formation, and ice sublimation is the source of the chemical
complexity detected in hot cores.®** Observing molecular line emission from hot cores provides
powerful constraints on their physical and chemical conditions.®

SALTUS’s high sensitivity at far-IR wavelengths will open a new window into studying
complex organic molecules in hot cores. Figure 5 illustrates how a massive star-forming region
can appear line-poor with Herschel but harbor hundreds of spectral lines when observed with a
higher sensitivity and resolution observatory (ALMA Band 10). The ALMA observations in
Fig. 5 have a spectral resolution of 0.5 kms~!. Similarly, SALTUS’s HiRX instrument will have
a sub-kms™! resolution, e.g., 0.66 km/s in HiRX Band 2, allowing us to identify individual
lines, even in crowded spectral regions. We similarly expect higher line densities of organics
with SALTUS compared with Herschel. While the sensitivity increase with SALTUS will be more
modest than with ALMA, we note that ALMA Band 9 and 10 observations require exceptional
weather conditions and do not extend to wavelengths shortward of 315 um, whereas SALTUS
will provide access to wavelengths as short as 34 ym.
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Fig. 5 Comparison of observations of the high-mass star formation region NGC 6334l taken
with ALMA (red) and Herschel (black and inverted). The inset shows the beam size for Herschel,
ALMA, and SALTUS overlayed on a methyl formate intensity map of the region. The effects of
beam dilution will be much less severe with SALTUS than with Herschel. Figure adapted from
Refs. 67 and 68.
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While many complex organics can be detected at longer wavelengths, there are several
advantages to obtaining far-IR observations. First, the lines covered by SALTUS typically probe
higher upper-state energies than millimeter-wavelength lines, which can better constrain exci-
tation conditions. This is especially important for high-mass hot cores, in which organics often
have excitation temperatures of a few 100 K.®7° 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 (see also Ref. 67).

The early Class 0 and I stages of low-mass protostellar evolution, characterized by an infal-
ling envelope of gas and dust, are often accompanied by 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 alter the local chemistry through heating
and grain sputtering. In some “chemically rich” outflows, the gas-phase abundances of molecules
associated with the ice phase (H,CO, CH3;0H, and CH;OCHO) are enhanced due to shock-
induced ice sputtering.”'~"* Thus, these chemically rich outflows offer a valuable window to
probe the organic composition of interstellar ices. Moreover, studies of outflow shock physics
and chemistry inform our 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.”” The 471 to 540 um spectrum contained emission lines from
high-excitation transitions of grain chemistry tracers such as NH;, H,CO, and CH;0H.”® An
excitation analysis revealed that these lines 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 towards outflow shocks can
help link these different emission regimes and disentangle how the shock chemistry and physics
progress (Fig. 6). These insights can in turn be used to refine models of shock astrochemistry,
which are needed to connect observed gas-phase abundances to the underlying grain
compositions.”®

Finally, chemically rich outflow shocks are the only low-mass star-forming regions where
phosphorus carriers have been detected.”*” In shock chemistry models, PH; and smaller P-bear-
ing hydrides are predicted to be at least as abundant as the P carriers PN and PO.3! PH; has only
one strong transition observable longward of 600 ym and remains undetected in star-forming
regions. SALTUS’s broad spectral coverage measurements allow for a more complete inventory
of the volatile phosphorus carriers in star-forming regions.

2.4.1 Astrochemistry: CHONS in disks

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 submillimeter/far-IR wavelengths. Perhaps the most exciting observations of
light hydrides enabled by SALTUS are observations of NH3. Indeed, the N budget in disks is
poorly constrained given that the dominant N carrier, N,, cannot be directly observed in the gas.
Ice spectroscopy towards low-mass protostars, the evolutionary progenitors of disks, has revealed
that NHj3 is an important N carrier in the ice, with relative abundances of ~5% with respect to
H,O compared with <1% in nitriles, or XCN.%? While nitriles are commonly detected towards
disks (e.g., Refs. 83—-87), NH; has only been detected toward two disks. The 524.1 ym transition
of 0-NH; was first detected by Herschel toward the nearby TW Hya disk,*® and NH; was also
detected towards the embedded (Class I) disk GV Tau N at mid-IR wavelengths tracing hot
emission from the inner few au.*” HiRX Bands 1 and 2 will cover multiple strong transitions
tracing cool NH; (upper state energies 27 to 170 K). The ngVLA will also be able to observe low
energy NH; (upper state energies 23 to 64 K), probing coldv NH;.*° If, similar to cold water, the
abundance of cold NHj is low in disks, the ngVLA will detect NH; in few disks. SALTUS is
sensitive to strong NHj transitions with upper state energies of 150 K and will probe the warm
inner disk where NHj ice has been released into the gas.

SALTUS observations of multiple NH; lines will allow for the first NH; excitation analysis
in the outer disk. In addition, SALTUS’s high spectral resolution will enable a kinematic analysis
of the NHj line profiles in sources with high SNR, providing constraints on the spatial origin of
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Fig. 6 Observations of an outflow from a low-mass protostar. Top left: H,O distribution as mea-
sured by Herschelin the 24, — 14 transition. Top center: SiO contours overlayed on the H,O map.
Top right: Pure rotational H, emission from the S(2) transition. Bottom left: Blue-shifted outflow
lobe in CO J = 2-1. Bottom right: Blow up of the B1 shock at 1” spatial resolution in acetaldehyde
with HDCO contours (left) and methyl cyanide with methanol contours (right). At high spatial res-
olution, the outflow resolved into many small dense clumps with very distinct and highly variable
chemical composition. Figure from Ref. 77.

the emission and the location of the NH; snowline. Auxiliary constraints on the disk structures,
provided by SALTUS observations of CO isotopologues, HD, and H,O, 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.

Another promising avenue for disk science with SALTUS is S-bearing 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 been detected in disks.”'™* H,S was only recently detected in
Class II disks: first toward GG Tau A, followed by UY Aur and AB Aur.”>*® Toward other
well-known disks, deep searches for H,S have only produced upper limits.”" To date, only the
119 — 1o; line at 168.73 GHz has been targeted, which is readily observable by ground-based
telescopes but also intrinsically weak compared with the higher-frequency lines covered by
SALTUS. The H,S lines at 160.7 and 233.9 ym appear particularly promising for detection
in disks with SALTUS, particularly if the emission originates in a somewhat warm environment.

In addition to the H,O ice phonon modes discussed above, SAFARI-Lite’s broadband cover-
age spanning 30 to 230 um will cover unique spectral signatures from a large number of volatile
ice species, most notably N,, O,, CO,, CO, CH;0H, CH,, H,S, NH;, and HCN. The uniqueness
of the lattice modes enables us to clearly distinguish between the amorphous and crystalline ice
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phases, opening up a window to phase transition temperatures, which ultimately informs the
thermal evolution of the ice. Ice lattice modes are also the best viable way to determine the
presence of homo-nuclear molecules such as O, and N,, whose fundamental modes are IR inac-
tive. The possibility to quantify the abundance of N, ice in protoplanetary disks is particularly
interesting as N, is likely a major carrier of nitrogen.””%

2.5 D/H Ratios as a Probe of Interstellar Heritage

Water is a key ingredient in the emergence of life and is, therefore, a key aspect in the assessment
of the habitability of (exo)planets. Yet, the origin and delivery of water to habitable planets and
notably Earth remains unclear. Terrestrial water could have been delivered by water-rich aste-
roids driven by the migration of Jupiter in the solar nebula and/or by the late heavy bombardment
during a solar system-wide rearrangement.*'”” Outgassing from the deep mantel likely also
contributed to Earth’s surface water.'”” The enhanced D/H ratio in standard mean ocean water
(SMOW) of 1.5 x 10~*!1°! relative to the interstellar elemental D/H ratio (1.5 x 10~5; Ref. 102)
provides support for this view as deuterium fractionation is a chemical signature indicating that
a fraction of water formed under cold conditions, likely at the surface of interstellar grains
(Fig. 7).!%

This anomaly would reflect the effects of chemistry at low temperatures in cold prestellar
cores where the small zero-point energy difference between D- and H-bearing species can create
large deuterium fractionations.'**!>” However, the observed D/H ratio in deeply embedded pro-
tostars (hot corinos)—tracing the inherited water content—is higher than the D/H ratio in Earth’s
water (VSMOW) by factors of 2 to 6 (purple symbols in Fig. 7). Hence, chemical processing
must have occurred in warm gas, reducing the deuterium fractionation. Likely, this reprocessing
of the water occurred in the warm surface layers of protoplanetary disks—on a disk-wide scale—
where radiation from the young star photo-desorbs H,O from preexisting ices and reforms water
through gas phase reactions. The variation in measured D/H ratios for various astronomical
objects provides important clues to the formation conditions at different locations in nascent
planetary systems. SALTUS will help to unravel the following questions: What is the HDO/H,O
ratio in protoplanetary disks and how does that depend on the characteristics of the protostar,
the conditions in the protoplanetary disk, and the molecular core environment? What processes
play a role in the water cycle of protoplanetary disks?

SALTUS will detect deuterated isotopologues of complex organics in hot corino and non-hot
corino sources. While a 1-h HiRX integration will provide >5¢ detections of single deuterated
CH;0CHj;, double deuterated CH30OCHj;, and single deuterated C,HsOH in hot corinos,
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Fig. 7 Measured D/H ratios in various Galactic and solar system sources. D/H values are based
on measurements of HDO and H,O (left axis) for all objects with the exception of the solar system
gas giants, the protosolar nebula, and the ISM, where the D/H values are based on HD/H,. D/H
from HD/H, trace the dominant reservoir of deuterium, whereas H,O-based measurements pro-
vide insight into the chemical history of H,O. The D/H ratio of Earth’s water, as measured by
VSMOW is shown by the navy rectangle. Figure patterned after,'® in turn adapted from
Refs. 104-106. Values are taken from Refs. 56 and 107-125.
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Fig. 8 Predicted HDO line emission in TW Hya, based on the best fit physical/chemical disk model
of Ref. 24 and assuming HDO/H,O = 2 x 1073,

a 10-min integration will yield a robust detection of the strongest lines of deuterated molecules in
protostellar envelopes.

The D/H ratio in protoplanetary disks has been probed primarily through trace species such
as DCO* and DCN.'?#130 ALMA observations have constrained the D/H ratio in water for one
disk, V883 Ori, based on detections of HDO and H1*O at 200 GHz.'"” In this system, the D/H
ratio was found to be similar to that for water in the ISM. However, V883 Ori is an exceptionally
warm disk currently undergoing an accretion burst, thus increasing the observable water column.
The main isotopologues of water are difficult to observe from ground-based facilities, even at
high altitude, though H°O was recently detected in the young HL Tau disk."*' Such observa-
tories are often limited to the much weaker H18O lines, which are still impacted by the low
atmospheric transmission at the relevant frequencies.'”® We identify the strongest transitions
of HDO using the physical/chemical disk model of Ref. 24 (Fig. 8). This model of the nearby
disk TW Hya reproduces the resolved ALMA observations of multiple CO transitions as well as
the total HD 1-0 flux from Herschel, and the upper limits on the HDO 225 GHz line from the
submillimeter array (SMA).”!*> The strongest HDO transitions in protoplanetary disks are at
71.4 ym and inaccessible from the ground. These observations will provide the link between
water in the ISM to water in planetary systems, providing a definitive answer to whether water
on terrestrial planets is commonly inherited from the ISM.

2.6 Debris Disks

The debris disk phase follows the protoplanetary disk phase. Debris disks are gas-poor, with
broad disks or rings of second-generation dust thought to be influenced by the presence of
planets (e.g., Ref. 133). Debris disk observations allow us to study populations of small bodies
around other stars and infer the presence of planets that otherwise evade detection.'**!%
They also provide insight into the composition of solid bodies in other planetary systems. '3
Debris disks may play a role in planet formation because of the gas (with total masses up to
~1M,,) that is now observed in these disks (e.g., Ref. 138). Indeed, this gas could spread and
accrete onto planets, thus changing their initial atmospheric compositions between 10 and
100 Myr."*? This secondary gas component may also be important to understand our own
Solar System and find out whether the Kuiper belt can still release gas today or whether it may
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have contained gas in its youth.'*" If this gas could get accrete onto the giants, it may explain,
e.g., the high metallicity of Uranus and Neptune.'* SALTUS has the potential to observe Kuiper
Belt analogs, which is necessary to be able to explore these questions.

2.6.1 Kuiper belt analogues

Debris disks with the same intrinsic luminosity as the Solar System’s Kuiper Belt have yet to be
observed.'*! These exo-Kuiper Belts have typical temperatures of ~50 K, corresponding to a
black-body emission peak in the far-IR. Updating sensitivity estimates from the original
SPICA SAFARI'* to SALTUS’s SAFARI-Lite, SALTUS will reach the 5¢ sensitivity threshold
to detect exo-Kuiper belts around the nearest 30 G and K stars with known debris disks in 1 h of
integration. SALTUS can determine the frequency of exo-Kuiper Belts, characterizing how
common dust is in mature planetary systems, thus addressing Decadal Question E-Q1d. In addi-
tion, the angular resolution of SALTUS should enable mapping of the dust in some of these
systems, thereby serving as a Rosetta Stone between the far-IR and longer wavelength obser-
vations of ALMA. It is possible that the massive exo-Kuiper belts detected to date prevent the
development of life in the habitable zone due to an excessively high bombardment rate. In this
case, targeting systems with belts similar to ours (i.e., with low masses) could help optimize the
search for life on another planet.

2.6.2 Gas in debris disks

SALTUS can observe the gas content in debris disks, which are expected to contain detectable
levels of carbon and oxygen; based on the gas production model developed by Refs. 142 and 143.
These observations, focusing on ionized carbon and neutral oxygen, will complement those
made by ALMA, which targets CO and neutral carbon.'**!* By doing so, SALTUS can gather
valuable information about the carbon ionization fraction, a crucial factor in understanding the
dynamics of gas, including determining the dominant mechanism of angular momentum trans-
port. Possibilities include magneto-rotational instability (MRI),'*® or MHD winds, or even some
hydrodynamic instabilities such as vertical shear instability (VSI) or Rossby Wave Instability
(RWI).'*” These different mechanisms operate at different ionization fractions and densities and
depend on the magnetic field configuration as well. Only new data for a large variety of systems
will allow us to pinpoint the dominant mechanism. One can also use the spatial information
(extracted from high spectral resolution) to rule out some mechanisms, as for instance, MHD
winds are expected to only produce viscous expansion inwards. By contrast, turbulence will also
allow the gas to extend further outward than its production source.

The low surface density in debris disks allows penetration of high photon flux from the
central star, converting molecules such as CO, CO,, and H,O into ionized atomic carbon and
oxygen via photodissociation and photoionization. By targeting [CII] and [OI] in the far-IR,
SALTUS users gain insights into the initial species released from planetesimals by examining
the C/O ratio, e.g., to investigate whether CO, CO,, or H,O is released, which could have strong
connections with TNOs in the Solar System for which we can now probe the composition with
the JWST.'*® These observations provide a comprehensive understanding of the gas disk com-
position at different radii from the central star. The accretion of carbon and oxygen by young
planets may play a pivotal role in the formation of the building blocks of life!**! or affect the
temperature through greenhouse effects, thus influencing their habitability. Currently, debris disk
studies have been mainly with A stars.”® SALTUS has the sensitivity to detect [CII] and [OI] in the
more common FGK stars. These observations determine the C/O ratio across spectral type during
the late stages of planet formation, when volatile gasses are delivered to terrestrial planets, and
address Decadal Question E-Q3a “How are potentially habitable environments formed?”
SALTUS can particularly look at this question around solar mass stars.

3 Summary

The far-IR regime covers many unique tracers of star and planet formation, such as the ground
state transitions of H,O and HD, and emission features from ice phonon modes. With its
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unprecedented sensitivity and resolution, SALTUS is designed to leverage these tracers to address
many of the high-priority questions identified by Astro2020.* We have detailed how SALTUS
will use HD 1-0 and 2-1, tracing gas mass, along with multiple optically thick H,O and CO lines,
tracing temperature, to measure the gas mass of hundreds of protoplanetary disks. Using the high
spectral resolution HiRX instrument, SALTUS will map the abundance and distribution of H,O
vapor in disks, whereas the SAFARI-Lite instrument will observe H,O ice phonon modes, yield-
ing H,O ice abundances. SALTUS also covers many transitions from carbon, hydrogen, oxygen,
nitrogen, and sulfur (CHONS) bearing molecules. SALTUS can carry out sensitive surveys of
chemical complexity across evolutionary stages from prestellar cores to disks, as well as trace the
formation history of water by measuring D/H ratios. At the debris disk stage, SALTUS is able to
measure carbon-to-oxygen ratios via observations of [CII] and [OI], as well as determine the
frequency of Kuiper Belt analogs around G and K stars. In conclusion, SALTUS will open a
new window into our understanding of star and planet formation.
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