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Introduction: A pressing goal of astronomy and
planetary science today is to understand how the plan-
ets formed and evolved, not only in our Solar System,
but also around other stars. An important aspect of this
is to understand how planetary atmospheres evolve,
especially on Earth-like extra-solar planets, which Ve-
nus is a key archetype. This is clearly illustrated by the
divergent evolutionary paths that Venus and Earth
have taken. Venus was thought to once have a substan-
tial amount of liquid water on its surface that eventual-
ly evaporated and escaped into space. A critical meas-
urement for this deduction is the D/H ratio, which can
be made by measuring H;O and HDO in the Venus
atmosphere. This can only truly be done in space or in
the air.

We present initial spectra and spatial maps
taken by NASA’s Stratospheric Observatory For Infra-
red Astronomy (SOFIA) in January 2017, at altitudes
of between 39K and 41K ft, over two nights, using the
EXES high resolution, mid-infrared spectrograph, of
H,0, HDO and SO, at 7.4 pm. These data will help us
understand the loss rates of D/H, as well as the evolu-
tion of H,O which is a critical component of the
H,S0,4.H,0 cloud system on Venus.

phere. For all these reasons, measurement of Venus’s
tenuous H,O and its variability is critical for atmos-
pheric evolution and dynamics. However, there are
conflicting measurements on the spatial variability of
cloud-top H,O from NASA’s Pioneer Venus Orbiter
and the Soviet’s Venera-15 spacecraft during the
1980’s era.

Venus Express: The arrival of ESA’s Venus Ex-
press spacecraft around Venus, which ended its mis-
sion in 2015, significantly increased our knowledge of
the atmosphere. Vertical profiling of HDO and H,0O
was conducted. The SPICAV-SOIR spectrometer
(R~20,000) with a limb pointing geometry allowed [6]
to measure three vertical profiles of both H,O (3832
cm™) and HDO (2722 cm™) from 70 — 100 km in the
initial year of the VEX mission. They found the D/H
ratio were enriched by 150 compared to telluric value,
and a significant depletion region of H,O at 80 —
90km. Subsequent work [7] using the same technique
but with more data showed the D/H ratio was 240 + 25
times the terrestrial ocean value, 1.5 times higher than
previous values. These are spatially inhomogeneous
vertical profiles, however.

Infrared Telescope Faculty (IRTF): The difficulty
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Imaging / photometry of planets (A/0A.<500)

« Studies of atmospheric morphology
« Surface and aerosols/cloud investigations

: requires relatively simpler instrumentation.

extreme competition from orbiters and
space telescopes.

High-resolution spectroscopy (A/6A>10, OOO)

« Atmospheric composition (e.g.,
trace gases, isotopes) studies.

i? . - ,~.». WA
« Kinematics and profiling by excitation i "\ m LA T
i

. prime for ground-based and SOFIA,
instruments too bulky and complex for space.
complex instrumentation, data
interpretation and relatively smaller community.
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“Methane on Mars, as a proxy for activity Water isotopic ratios — Tracing a wet past
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Identification of isotopic D/H anomalies on

] i : Mars (2.7 to 3.3 um)
Discovery of methane on Mars with NASA-IRTF and Keck at 3.3 um ' Villanueva. et al. 2015. Science. 2015

Mumma, Villanueva, et al. , Science, 2009
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Vertical retrievals of water and. its D/H — ExoMars/TGO
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First direct detection of water on Europa amid:

a quiescent state (many non-detections)
Paganini, Villanueva, et al., Nature Astr., 2020 — Keck at 3.1 um
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Infrared probing of ocean worlds is powerful
e.g., Villanueva / Hammel / Milam et al, JWST-GTO program
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Ultra-cold (50K)

Contrast 109

UV and O/IR insts.




Spectral irradiance [mJy]

Where is SOFIA’s niche in this context?

AJWST type observatory (50K)
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A LUVOIR type observatory (270K)
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Where is SOFIA’s niche in this context?

AJWST type observatory (50K)
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An Origins (OST) type observatory (5K)
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Where i's'SOFIA’s' niche in this context?
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Where is SOFIA’s niche in this context? |
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Warmer SOFIA struggles in the 2 to 20 um when compared to
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‘Where is'SOFIA’S hiche in this context?
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Where is SOFIA’s niche in this context?

Sub mm/THz (100 to 1000 um, or <3 THz) - .
~» SOFIA provides access to H,0, OH, other key species and their isotopologues which are
| blocked from ground-based observatories (e.q., ALMA)

 Thisis a sweet spot for SOFIA (e.g., 4GREAT, upGREAT)

* Limited spatial resolution and accessible lines may restrict the possible science cases.

Far-Infrared (20 to 100 um) —

» Thisareais only accessible from space, yet typically at modest resolutlons

*  High-resolution spectroscopy (e.g., HIRMES) would provide unprecedented access to
new science (e.g., gPAHs, complex organics).

*  Asdemonstrated by Cassini/CIRS (7 to 1000 um) for Titan this is a key spectral region
to perform detailed molecular characterizations.

e  (ST/SPICA would provide unprecedented access to this region, yet in >15-20 years.



Where is SOFIA’s niche in this context?
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| v Mid-Infrared (5 to 20 um) - Strong competition from JWST in the near future

SOFIA provides sensitivity to water and its isotopologues, not accessible from ground.

This is the prime region of PAHs and many key molecular and solid state features.
‘Strong competition by colder JWST, with orders of magnitude better sensitivity, yet

high-resolution spectroscopy (e.g., EXES) will remain competitive.

Near-Infrared (2 to 5 um) -

The 2-5 um region targets the CH stretch (most hydrocarbons), water, CO and 0,
(only accessible from space). It is sensitive to strong molecular lines in absorption and
In emission. | '

Greater sensitivity from space and better spatial resolution from ground (A0) and
ELTs make this a tough spectral region to compete for SOFIA.
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Where is SOFIA’s niche in this context?

| v Optical and up to IR K-band (0.3 to 2 um) -

~»  PROs: Perhaps the biggest astronomical.community. A
*  Extreme competition in sensitivity from space (HST, JWST, LUVOIR) and spatial
resolution from ground and AO systems. No notable gains w.r.t. to ground.

UV - Competition from HST and LUVOIR in the future

*  Modest gains in sensitivity w.r.t. to ground-based

* Thereisno planned big observatory to probe the UV beyond HST
e UV probing requires special optical coatings.

Main SOFIA’s niche: high-resolution spectroscopy (I/dI>10,000) beyond 10 microns. Modest science cases for terrestrial
planets, but plenty for organic rich bodies (e.q., comets, ocean worlds, Titan, disks)
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