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APPENDIX A. FURTHER LUVOIR SCIENCE CASES

To better capture the full range of LUVOIR’s capabilities, this appendix includes short addi-
tional LUVOIR science programs contributed by the community and LUVOIR team mem-
bers. The topics range from remote sensing of solar system bodies, to exoplanet observa-
tions, to a wide range of general astrophysics studies. In some instances, the authors have
chosen to provide further details—or put their own perspective—on a case that is mentioned
in the main science chapters. These cases of varying lengths show how LUVOIR can provide
powerful science capabilities for a broad range of planetary scientists, astrobiologists, and
astrophysicists.
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A.1 Observations of Venus with LUVOIR

Giada Arney (NASA GSFC), Valeria Cottini (NASA GSFC), Shawn Domagal-Goldman (NASA
GSFC), Lori Glaze (NASA GSFC), Eric Lopez (NASA GSFC), Victoria Meadows (UW), Ravi
Kopparapu (NASA GSFC), Roser Juanola Parramon (NASA GSFC)

A.1.1 Introduction

At its closest approach, Venus is the nearest planet to Earth, yet much still remains unknown
about Earth’s twisted sister. Many important Venus science questions can be addressed with
sys-Earth telescopic observations. A sufficiently small solar elongation viewing angle for
LUVOIR (< 45°) enables such observations of Venus. This, together with a darkening neu-
tral density filter, opens the door to exciting and much needed data on the Venusian atmo-
sphere. Three interesting case studies that could be investigated with LUVOIR are described
briefly below as examples of the types of Venus science LUVOIR can make possible.

1. Observations from the JAXA Akatsuki orbiter have revealed an unusual stationary bow-
shaped wave at the Venus cloud tops (65 km) observable at multiple wavelengths from the
UV at 283 nm (corresponding to a SO, absorption band) to the longwave infrared at 8-12
microns (Fukuhara et al. 2017). Normal wind speeds at these high altitudes whip across the
planet at roughly 100 m/s, but this UV-bright, bow-shaped feature remains stationary rel-
ative to the surface far below. The center of the bow-shaped feature (Figure A-1) is located
above the western slope of equatorial highland region Aphrodite Terra, and is interpreted to
be a stationary atmospheric gravity wave associated with lower atmosphere wind flows over
the terrain. However, the propagation of such waves to the cloud tops is difficult to reconcile
with current understanding of convection in the Venus atmosphere (Seiff et al. 1985). Thus,
the dynamics of the Venus atmosphere may be more complex than previously thought.
Monitoring the temporal evolution of features such as this could provide new insights into

the physics of Venus atmosphere circulation.

10N 7 December 2015 _17:26 2. Long temporal baseline (1970s-2012)

k" monitoring of Venus across multiple Venus
missions at A= 215 and 283 nm has revealed
quasi-periodic variations in high altitude
(70 km) SO, abundance (Marcq et al. 2012)
with reported variations from ~400 ppbv to
less than 100 ppbv. This variability may be
related to poorly understood oscillations in
atmospheric circulation, and/or volcanic in-
jections of SO, into the upper atmosphere.
The amount of SO, currently in the atmo-

the Venus upper atmosphere (highlighted with Sphgr.e has been e‘stﬁlmated to be in excess of
solid white line) seen with Akatsuki above equilibrated conditions by a factor of 100,
the highland region Aphrodite Terra could implying a source (i.e. volcanism) within the
be observed with LUVOIR and shed light on past 20 million years (Bullock & Grinspoon
Venus atmospheric dynamics. Circles indicate 2001). Monitoring of SO, variations may
displaced air parcels. Credit: Fukuhura et al. therefore shed light on multiple process-
2017 es related to atmospheric dynamics and/or

Latitude
o
T

60°E 80°E 100° E 120°E 140°E
Longitude

Figure A-1. A bow-shaped UV bright wave in
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volcanic processes. Such a monitoring campaign demands a UV-enabled space-based plat-
form that can observe Venus over years or decades.

3. Besides SO,, sseveral other trace gases can be observed in the Venus spectrum, provid-
ing insights into chemical, dynamical, and photochemical processes that occur on Venus.
For example, significant and surprising variability has been observed in the abundances and
distributions of trace gases in the Venusian sub-cloud atmosphere (Arney et al. 2014). These
variations hint at poorly understood chemical and physical mechanisms operating in the
lower atmosphere. They also suggest the presence of H,SO, virga events (rain that evapo-
rates before reaching the surface). Between 1-2.5 pm, one can observe upwelling thermal
radiation from the sub-cloud (0-45 km) atmosphere on the Venus nightside. This enables
deep-atmosphere observations of HDO, H,O, SO,, HCI, CO, and OCS, which have been
observed to vary both spatially and temporally on poorly constrained timescales.

Because exo-Venus planets may be one of the most common types of exoplanets (Kane
et al. 2014), better understanding the planet next door will enable us to better interpret ob-
servations of exo-Venus worlds.

A.1.2 The role of LUVOIR
Currently, there is no planned NASA mission to Venus. Periodic monitoring of Venus over
long time baselines can reveal important information about variations in atmospheric spe-
cies that may constrain theories of dynamical, chemical, and geophysical processes occur-
ring on Venus. LUVOIR-A can point to a minimum solar elongation angle of 33°, which is
small enough to enable observations of Venus at even less than its maximum elongation.
Observations towards crescent phase will enable observations of nigthtside thermal radia-
tion upwelling from below the cloud deck. Certain UV observations (e.g., of high altitude
SO, variations and of the “bow” shaped feature) require a space-based observatory, as they
cannot be performed from the ground.

LUVOIR could achieve extremely good spatial resolution on Venus. Figure A-2 shows a
view of Venus from the Akatsuki orbiter at ~2 um showing variations in opacity of the lower

Figure A-2. A view of Venus from JAXA’s Akatsuki. LUVOIR-A would obtain comparable spatial
resolution. Credit: R. Juanola Parramon (NASA GSFC)/Damia Bouic/|JAXA Akatsuki
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Program at a Glance

Science goal: Obtain high spatial and high spectral resolution data of Venus at UV-VIS-
NIR wavelengths to monitor for atmospheric variability possibly related to atmospheric
dynamics, chemistry, and/or volcanic activity.

Program details: Venus will have an angular diameter ~30” at maximum solar elongation,
and its day-side magnitudes are: U =-2.79,V =-3.68, B =-4.38, R =-4.95, | =-5.08, Rc
=-4.73, lc =-5.04.

Instrument(s) + configuration(s): ECLIPS and LUMOS could be used to obtain medium
to very high-resolution spectra. LUMOS can fit Venus in its FOV; ECLIPS would require
mosiacing. HDI can obtain extremely high spatial resolution images from the UV to NIR.

Key observation requirements: Observations of Venus will require neutral density filters
and the ability to observe at a sufficiently small solar elongation angle (< 45°). This is
compatible with the design of the notional LUVOIR-A.

cloud deck on the planet’s nightside. LUVOIR-A (B) could achieve a spatial resolution of
30 (56) km/resolution element at this wavelength when the planet is at quadrature, and 7
(15) km/resolution element at 550 nm. The Venus Monitoring Camera aboard ESA’s Venus
Express orbiter could obtain 0.2-45 km/pixel depending on how far the spacecraft was from
the planet (Markiewicz et al. 2007). LUVOIR allows for orbiter-quality monitoring of Venus.

A.1.3 The science program
Venus is significantly brighter than other sources LUVOIR will observe (m = -4.4 on the
dayside), necessitating neutral density filters to view this interesting target. To underscore
this point, the brightest source the online LUMOS ETC includes has an AB magnitude of
15, and the brightest source included for HDI is magnitude 20. Venus is an extremely bright
target for LUVOIR. However, LUVOIR is also considering observations of Jupiter, which has
m, =-2.7, so Venus is comparable to other bright solar system targets under consideration.
The angular diameter of Venus is ~ 30” when the planet is close to maximum elongation.
The LUVOIR-A LUMOS spectrometer currently has a wavelength range 100-400 nm, and
it may be extended to 1000 nm. LUMOS has several available resolutions (R = 500, 16000,
63200, 100000), enabling moderate and very high-resolution spectroscopy. For compar-
ison, previous observations probing isotopes in the Venus atmosphere have used R = 10°
(Krasnopolsky et al 2010), while measurement of gas species in the nightside thermal win-
dows can be accomplished with R = 2000 (Arney et al 2014), so the range of resolutions
used by LUVOIR are useful for a variety of science. The LUMOS field-of-view (FOV) is
2’ x 2', so Venus fits comfortably within it. LUVOIR-A HDI has a FOV of 2" x 3’, which also
allows for full views of Venus in a single frame.

References
Arney, G., Meadows, V., Crisp, D., et al. 2014, ] Geophys Res Planets, 119, 1860
Bullock, M., & Grinspoon, D. 2001, Icarus, 150, 19
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Fukuhara, T., Futaguchi, M., Hashimoto, G. L., et al. 2017, Nat Geosci, 10, 85

Kane, S. R., Kopparapu, R. K., & Domagal-Goldman, S. D. 2014, Astrophys /, 794, L5
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A.2 Geology and surface processes in the solar system
Noah Petro (NASA Goddard Space Flight Center)

A.2.1 Introduction

All solid objects in the Solar System undergo regular variations due to internal and external
forces. However, we know now that these variations can cause measureable changes to the
surface and exosphere of small, airless, bodies. The large moons of Jupiter and Saturn, for
example, experience tidal heating that can trigger geysers or possibly volcanic eruptions.
However, in order to measure these events requires nearly constant monitoring of an ob-
ject over multiple hours or even days, so that the full range of variation in surface proper-
ties (surface temperature changes, albedo and/or compositional changes) can be measured.
Spectral measurements of the erupted material (either volcanic or via geyser, see Figure A-3)
and comparison to the surface will provide important constraints on compositional varia-
tions of the source regions of these moons. Additionally, watching an entire eruption and
being able to characterize any compositional changes that occur will provide insights into
the mechanism by which these eruptions occur.

Sept. 19, 1997

| xfvarog

J@meé&.. l'E"QQ? T o

Pillan—
June 28, 1997 July 22, 1997 Volcano

Figure A-3. Galileo (June/28/1997: daylight and eclipse, Nov/8/1997, Sep/19/1997) and HST
(July/22/1997) observations of the eruptions on lo. Montage by Jason Perry
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Program at a Glance

Science goal: Planetary observations to identify surface and environmental changes on the
moons of Jupiter and Saturn.

Program details: Observing silicate and icy bodies extensively (over days and possibly
weeks) allows for the identification of changes, for example, volcanic or eruptive activity
on outer Solar System moons. Measurements into thermal bands will support observations
of lo’s volcanic activity.

Instrument(s) + configuration(s): HDI

Key observation requirements: Imaging at 0.5-3.5 um;several meter-km spatial resolu-
tion. Observations of the moons of Jupiter and Saturn require tracking and high-precision
pointing.

A.2.2 The role of LUVOIR

A highly capable observatory in space provides an excellent opportunity to make high-res-
olution (spatial, spectral, and temporal) observations of planetary bodies. Any of the obser-
vations listed above could be the focus of one or more dedicated missions to those bodies.
LUVOIR could fulfill, complement, or supplement any mission objectives for a mission to
those bodies.

A.2.3 The science program

Observations of the moons of Saturn and Jupiter would require planning for optimal viewing
of their transits about their planet. Imaging with HDI would be useful for characterizing the
composition of these moons and to identify activity there. Ideally, wavelengths should go
beyond 3 pm for water observations (longer for thermal observations).

The LUVOIR Final Report A-7
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A.3 Imaging the unseen northern hemispheres of the large moons of Uranus and
Triton

Richard Cartwright (SETI Institute)

A.3.1 Introduction

The satellite systems of Uranus and Neptune are relatively unexplored compared to the
moons of Jupiter and Saturn, which have been visited by orbiting spacecrafts and multi-
ple spacecraft flybys. Consequently, the processes modifying the surface compositions of
the Uranian and Neptunian moons are still poorly understood. The spatially-resolved data
collected by Voyager 2 of the five large moons of Uranus and the large Neptunian moon
Triton almost exclusively sampled their southern latitudes. Furthermore, the instrument
suite onboard Voyager 2 did not include a near-infrared (NIR) spectrometer, and no spatial-
ly-resolved NIR spectra of these moons exists. Very few ultraviolet (UV) observations have
been made of these moons (none of which were spatially-resolved), limiting our ability to
investigate the importance of UV and charged particle irradiation of their surfaces. Thus,
the limited spatial extent and limited wavelength coverage of previous observations greatly
diminishes our ability to constrain the processes modifying the surfaces of these satellites.

A.3.2 The role of LUVOIR

Observations made using the HDI instrument (~0.2-2.5 um) onboard LUVOIR would dra-
matically improve our understanding of these satellite systems, providing spatially-resolved
data over a wide wavelength range (with either the A or B architectures).

A.3.3 The science program
We propose to observe the leading and trailing hemispheres of the tidally-locked Uranian
satellites Miranda, Ariel, Umbriel, Titania, and Oberon, and the Neptunian moons Proteus
and Triton with HDI (we also propose to collect two observations of the non-tidally-locked
Neptunian satellite Nereid). Properties of these worlds are provided in Table A-1. Based on
the available online tools, HDI (UVIS and IR channels) can easily achieve signal-to-noise
(SNR) > 100 for these eight moons (V g ~13.5-20) in ~10 s or less of integration time per
filter, per target. The proposed grism for HDI might require ~30 to 600 s of integration time
per target, depending on the wavelength range covered by the grism. We provide a conser-
vative estimate of 8 hours of total observing time to observe the leading and trailing hemi-
spheres of all seven tidally-locked moons (and two observations of Nereid) with HDI (12
m aperture). The proposed field of view for HDI (2" x 3’) is wide enough to allow multiple
moons to be imaged at the same time. With savvy scheduling, all five Uranian moons can fit
in the FOV of HDI and be imaged simultaneously, and at Neptune, both Triton and Proteus
can be imaged in the same frame by HDI. Thus, depending on the final design of HDI (grism
settings and the number of narrow filters spanning ~0.2 to 2. 5 um), and the scheduling
constraints of these proposed observations, the total amount of observing time required for
this project could decrease substantially.

These observations are accomplishable in 16 pointings to image each moon twice using
the HDI UVIS and IR detectors. Sufficient data can be obtained in a set of 10 exposures
per pointing, collected in a dithering pattern, with exposure lengths of ~5 to 30 s in length

A-8 The LUVOIR Final Report
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Table A-1. Observation requirements for detecting key atmospheric features that constrain the
presence of liquid surface water on rocky exoplanets.

Planetary System  Satellite Vmag  Mean Orbital Radius  *Max. Elongtion Angular Diameter

(km) (arcsec.) (arcsec.)

Uranus Miranda 16.5 130,000 9.0 0.03
Ariel 14.4 191,000 14.0 0.08

Umbriel 15.1 266,000 16.5 0.08

Titania 14.0 436,000 32.0 0.11

Oberon 14.2 584,000 42.0 0.11

Neptune Proteus 19.8 118,000 5.5 0.02
Triton 13.5 355,000 17.0 0.13

Nereid 19.2 5,514,000 457.0 0.02

*Max elongation values are for a ground-based facility observing these moons in 2018.

Program at a Glance

Science goal: To study surfaces of satellites of Uranus and Neptune.

Program details: Imaging of icy moon surfaces, with time separated imaging to study the
leading and trailing hemispheres. Exposures are 5-30 s in length.

Instrument(s) + configuration(s): HDI imaging (+ grism spectroscopy). HDI FOV (2" x 3')
wide enough to enable observations of multiple moons at once.

Key observation requirements: 0.2-2.5 pm; SNR > 100s.

per exposure (approximately up to 10x longer if using the grism mode), depending on the
brightness of the target. Repeated observations (two total) will allow us to image both the
leading and training hemispheres of these moons, which may have different compositions.
The length of time separation between these observations will vary depending on the target’s
orbital period.

The LUVOIR Final Report A-9
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A.4 Ocean worlds science with LUVOIR
Marc Neveu (NASA GSFC/U of MD College Park)

A.4.1 Introduction
Ocean worlds in the solar system, defined as bodies with a current local or global liquid
ocean (Hendrix, Hurford et al. 2019) may harbor life beyond Earth. There is strong evidence
for subsurface oceans and/or related surface activity on Jupiter’s moons Europa, Ganymede,
and Callisto (Khurana et al. 1998; Kivelson et al. 2000, 2002), Saturn’s moons Enceladus
(e.g. Porco et al. 2006) and Titan (less et al. 2012), and Neptune’s moon Triton (Smith et al.
1989). Enceladus’ plume is sourced from a global ocean (Thomas et al. 2016) at conditions
compatible with life (Sekine et al. 2015), providing energy and bioessential element sources
(Waite et al. 2017; Postberg et al. 2018). Europa too may be intermittently erupting water
to space (Roth et al. 2014; Sparks et al. 2016, 2017; Jia et al., 2018). Titan is a world of two
oceans: surface light hydrocarbons and subsurface water. Indirect evidence indicates that
Pluto and Saturn’s moon Dione too may have a deep ocean (Nimmo et al. 2016; Beuthe
et al. 2016), and that the last pockets of briny water may be freezing on Ceres (Neveu and
Desch 2015). There may be many more in the solar system, yet to be investigated.

The solar system community has developed a NASA Roadmap to Ocean Worlds (Hendrix,
Hurford et al. 2019) that outlines milestones in assessing the potential for ocean worlds to
host life (Figure A-4). Ideally, these goals would be addressed by robotic exploration at each

SCIENCE GOALS

SEARCH

IDENTIFY OCEAN WORLDS CHARACTERIZE OCEANS ASSESS HABITABILITY FOR LIFE

-----

------------- . SOLID FOUNDATION

SIC FOUNDATION

Figure A-4. Science goals for ocean world exploration. White lines across milestones depict
the state of knowledge from past exploration by the Cassini, Galileo, Voyager, Dawn, and New
Horizons spacecrafts (from top to bottom). The upcoming missions Europa Clipper (NASA)

to Europa and JUICE (ESA) to Ganymede will make further progress, but there is a need for a
higher cadence of observations of many more worlds that requires complementary telescopic
observations. Modified from Hendrix, Hurford et al. (2019).
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CONFIRMED OCEAN WODRLDS WO )5 CREDIBLE POSSIBILITIES
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Figure A-5. “Confirmed” ocean worlds, “candidates,” and “credible possibilities” (Hendrix, Hurford
et al. 2019), with Earth limb at top for scale. For each, a spacecraft image (or for KBOs, a disk of
approximate albedo/color) has been downgraded to the spatial resolution of 15-m LUVOIR-A at
500 nm, assuming 2 pixels per resolution element.

world. However, the sheer number of targets (Figure A-5) and need for monitoring at prac-
tical timescales of days to decades makes complementary telescopic observations essential.
Two Roadmap questions could be addressed in unique ways by LUVOIR:

1. Is there a sufficient energy source to support a persistent ocean? The Roadmap’s first
goal, to identify the ocean worlds of the solar system, requires targeting many dwarf
planets and moons. This question pertains to the tidal energy available to moons, which
depends on the moons’ orbital properties that, in turn, change depending in part on the
interior properties of the host planet. Measuring these changes constrains the past and
current tidal energy able to support an ocean.

2. Are signatures of ongoing geological activity (or current liquids) detected? Such signa-
tures have been instrumental in observing Enceladus’ plume and Titan’s surface seas,
shaping exploration strategies for Europa’s potential plumes, and putting Triton, Pluto,
and Ceres on the ocean worlds roadmap.

A.4.2 The role of LUVOIR

LUVOIR would be uniquely capable of observing: (1) a wide number of solar system targets
(unlike missions to these targets), (2) in spectral windows masked by atmospheric absorp-
tion on the ground, and (3) for arbitrary periods of time from the Earth-Sun L2 point, unin-
terrupted by orbital constraints, targets below horizon, or weather. LUVOIR would provide
spatial resolution comparable to a not-too-distant flyby at Ceres, Jupiter, and Saturn, and
revealing large-scale surface geology on many Kuiper belt worlds (Figure A-5).
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Program at a Glance

Science goal: Monitor surfaces and atmospheres/exospheres of ocean worlds. Measure
their orbital evolution due to tidal interactions with the host planet, both directly and by
constraining host planet interiors with methods derived from asteroseismology.

Program details: Imaging of ocean worlds and the giant planets (m =-2.7to 7). UV spec-
troscopy of ocean worlds (m = 5.2 to 21).

Instrument(s) + configuration(s): HDI imaging at highest spatial resolution from UV to
near-IR, LUMOS for medium to very high spatial and spectral resolution UV spectra.

Key observation requirements: Neutral density filter for moon (host planet in HDI 2" x 3'
field of view) and host planet observations.

A.4.3 The science program

Doppler imaging of the host planet using HDI and techniques derived from asteroseismol-
ogy (Gaulme et al. 2015) can reveal the structure of its interior (Ice Giants SDT, 2017). In
turn, this informs how internal tidal dissipation takes place and therefore its influence on the
moons’ orbits and changing tidal energy supply (e.g. Fuller et al. 2016; Lainey et al. 2017).
This can require continuous or repeated observations on daily timescales over long time
baselines.

Astrometry of the moons’ orbits (semi-major axis, eccentricity, inclination through time)
constrains the present and past levels of tidal energy that can be dissipated in the moons
given their changing orbital configuration. This requires intermittent measurements at high
spatial resolution on timescales as long as possible (Lainey et al. 2017), using HDI.

Plume and atmospheric/exospheric activity can be monitored at high spatial resolu-
tion, without the interference of Earth’s atmosphere, over a variety of timescales. Enceladus
has been continuously erupting for more than a decade, but Europa’s potential plumes
are intermittent or vary enough as to evade most detection attempts. UV emission features
(Roth et al. 2014) offer the best spatial resolution and can constrain to first order the plume
composition. Absorption of the continuum of a transited host planet could work too (Sparks
et al. 2016, 2017), although at high spatial resolution the background may be highly vari-
able. Both observations would use LUMOS. Vibrational (IR) features too may be observed
with HDI, but at comparatively lower spatial resolution. Plumes on Triton and Kuiper belt
worlds would be unresolved, but global atmospheric changes can be monitored by observ-
ing punctual, short stellar occultations (e.g. Elliot et al. 1998).

Surface feature tracking with HDI can constrain the interior of moons from their rota-
tional (non-synchronous rotation, polar wander) or libration properties (Thomas et al. 2016).
For distant Kuiper belt objects, it can complement light curves in determining rotation pe-
riods and spin poles to constrain e.g. the moments of inertia (degree of interior differenti-
ation), key inputs to geophysical evolution models (e.g. Castillo-Rogez & McCord, 2010).
Feature tracking requires high spatial resolution and pointing over daily timescales.

Source brightnesses range from m > -2.7 (Jupiter) to = 7 (Neptune) for host planets. For
ocean worlds, they range from m > 5.2 (Europa) to = 21 (dark KBOs). Even for the faintest
targets with LUMOS, exposure times would take minutes.
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A.5 Small bodies of the inner solar system

Andrew S. Rivkin (Johns Hopkins University Applied Physics Laboratory), Geronimo L.
Villanueva (NASA Goddard Space Flight Center)

A.5.1 Introduction

The term “asteroid” covers a wide range of compositions from metal to rock to primordial
mixtures of ice, organics, and silicates, and sizes ranging from planetary embryos to objects
that can fit comfortably inside a grad student office. The range of research addressing the
asteroids is similarly broad, and LUVOIR particularly promises to allow major advances due
to its high spatial resolution, high-contrast imaging, and sensitivity.

1. Dawn’s visits to Ceres and Vesta demonstrate that regional and local variations
occur on large asteroids. There are over 200 asteroids with diameters >100 km, and
roughly 30 with diameters >200 km. We want to understand the homogeneity/het-
erogeneity of large asteroid surfaces.

2. Ongoing activity on Ceres is a matter of ongoing debate. Main belt comets are
known, but we have no data sensitive enough to detect ice/water/sublimation.

3. Binary systems are commonly found on NEOs with radar, but they are difficult to
characterize. The Ida/Dactyl system was discovered by Galileo flyby, but unobserv-
able from current Earth-based systems (or JWST). Study of these systems is import-
ant to understand collisional evolution.

4. Positional measurements of very high precision are of potential use for certain ob-
jects like hazardous NEOs, or small asteroids that are going to make close passes to
large asteroids (so mass can be determined).

A.5.2 The role of LUVOIR

LUVOIR will permit orders of magnitude greater characterization of asteroids than what is
currently done, with the detection capability up to 50 meters bodies (millions of asteroids,
see Figure A-6). Specifically, LUVOIR can go ~4 times deeper in ~10% of the time that HST
requires, and it will be much more sensitive than any of the ELTs for this kind of observation
(mainly due to reduce background).

A.5.3 The science program
Imaging
e FOV: Primarily useful for recovery of lost objects or discovery surveys, neither of
which is likely to be a driver for LUVOIR observations. Observations of impact ejecta
or active asteroid comae/tails likely to need similar or smaller field-of-view as com-

etary observations.

* Filters/Wavelength coverage: Filters used during the Eight Color Asteroid Survey
(ECAS) of the 1980s covered wavelengths from 300-1100 nm and are still in use
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Figure A-6. The asteroids of the Solar System, categorized by size and number. Credit: M. Colombo
(DensityDesign Research Lab).

on some spacecraft today. Nevertheless, their exact placement could be revisited.
Longer wavelength regions include important absorptions due to silicates (~2000
nm) and clays (~2200-2300 nm). In addition, the ability to use a neutral density filter
could be useful—several targets of interest have been unobservable by earlier space
observatories because they are too bright. Objects of potential interest range can be
as bright as V~7.5. The faint limit for discovered and cataloged objects is currently at
V~21-22, but may be pushed fainter with new surveys.

e Spatial Resolution: A spatial resolution of 0.01” would allow ~10 km resolution in
the middle of the asteroid belt and ~15 km resolution at its far edge. This resolution
would resolve the largest 200 asteroids to have ~100 pixels or more, and allow the
satellites of Mars and the very largest Trojan asteroids to be similarly resolved. For
binary system studies, Ida/Dactyl can be used as an example: They are separated by
roughly 70 milliarcseconds, and have a magnitude difference of 6.7 magnitudes.

e Depth: Albedo variations on objects are typically a few percent. Detection of sub-
limation from active asteroids will have requirements similar to comets at a similar
solar distance.

e Comments: Irregular satellites may also be lumped in with asteroids. The giant plan-
ets have dozens of irregular satellites that are thought to be captured asteroids, for
many of them no physical properties are available.
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Program at a Glance

Science goal: Characterization of the smallest bodies in the asteroid belt (> 50 m), ensur-
ing the early detection of potentially hazardous objects (planetary defense) and opening a
new window into the evolution of our planet and the inner solar system.

Program details: Observations of asteroids may include targeted imaging of large ob-
jects to study surface features, targeted spectroscopy of objects to obtain measurements
not obtainable from Earth due to wavelength or SNR requirements, targeted astrometric
measurements of near-Earth objects, or parallel observations of objects in the field during
measurements of astrophysical targets.

Instrument(s) + configuration(s): HDI and LUMOS appear likely to be the instruments
of main utility for asteroid studies, although the multi-object capability of LUMOS is not
likely to be used for asteroids.

Key observation requirements: Absorption bands on asteroids typically are 10% or less
in band depth in the wavelengths in question. Objects of possible interest range fromV <
10 toV > 20, potentially reaching arbitrary faintness (for instance, a small NEO observed
near aphelion). Tracking rates of objects of interest will range from near-sidereal to > 100
arcsec per hour.

Spectroscopy

e Wavelength coverage: Major asteroid types typically have absorptions near 1 and
2 um or else a shallow absorption centered near 700 nm when considering wave-
lengths shortward of 2.5 pm. Very little asteroid data exists shortward of 400 nm or
so, but HST and spacecraft observations of Ceres and Lutetia show evidence of fea-
tures at wavelengths as short as 110-120 nm.

e Resolution: Spectral resolutions are typically low for asteroid observations, as ab-
sorptions are typically very broad. A low spectral resolution mode (R ~ 200 to 250?)

will be of use.

e Multiplexing/IFU: possible, but difficult to co-locate several dynamical objects in a
single FOV.

e Depth: Band depths in the 1-2 ym region are typically a few percent.
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A.6 Comets and minor planets: the importance of the small things

Noemi Pinilla-Alonso (Florida Space Institute, University of Central Florida, Orlando, USA),
Alvaro Alvarez-Candal (Observatorio Nacional, Rio de Janeiro, Brazil)

A.6.1 Introduction

Minor planets and comets are rocky and/or icy objects, usually ranging in size from a few
meters to a few hundreds of kilometers. They comprise near-Earth and main belt asteroids,
Trojans (of Jupiter and other giant planets), trans-Neptunian objects, Centaurs, comets, and
a recently discovered category called the transitional objects (de Leon et al. 2018).

The study of minor planets over the last decades has led to dramatic changes in our un-
derstanding of the process of planet formation and evolution, and the relationship between
our Solar System and other planetary systems. Small bodies also serve as large populations
of “test particles” recording the dynamical history of the giant planets, revealing the nature
of the Solar System impactor population over time, and illustrating the size distributions of
planetesimals, which were the building blocks of planets. The number of discoveries regard-
ing exoplanets and debris disks is continuously increasing, and therefore it is crucial to first
understand our own solar system’s provenance and evolution in order to better interpret
what is going on in newly discovered planetary systems.

Telescope observations from the ground or in Earth orbit telescopes have increased in
the last decade and form the basis for understanding these small bodies. Also, detailed in-
formation from some particular targets is available through missions such as Rosetta, Dawn
and New Horizons Missions. However, when compared with the number of small bodies
estimated to be part of the Solar System, or even with the ones already detected (~700,000
asteroids, ~ 3,000 trans-Neptunian objects, ~7,000 Jupiter Trojans, and ~5,500 comets),
actual knowledge of the small bodies population is sparse.

A key program for a space telescope such as LUVOIR dedicated to observations of com-
ets and minor planets, from the ultra-violet to the infrared wavelengths, would revolutionize
the actual knowledge of the Solar System in a lot of different areas. Below | detail some of
them.

A.6.2 The role of LUVOIR

Size/Shape/Ring detection and characterization: In the last years rings have been detect-
ed around three minor bodies (Figure A-7) (Braga-Ribas et al. 2014, Ortiz et al. 2015, Ortiz
et al. 2017). The viewing geometry of these rings change secularly due to the movement of
these bodies around the Sun. High angular and spatial resolution would allow direct confir-
mation of its presence and possibly detection of other rings or small moons. Spectroscopy
of the systems under different viewing circumstances would allow compositional studies of
these rings (Duffard et al. 2014).

Direct spatial resolution would also enable studies of the shape of minor planets. The
most effective tool in that regard is radar imaging, but this only works for targets that pass
very close to the Earth. Very recently, a survey using Adaptive Optics for the ~100 brightest
asteroids is aiming to determine the shapes of these bodies, VLT/SHEPRE (Garufi et al. 2017).
For the rest of the populations, most asteroids, Trojans, Centaur and TNOs, only inversion
techniques applied to lightcurves provide an approach to the shape of these bodies.
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Figure A-7. The Chariklo and Haumea rings systems, to scale, detected by occultations. Pluto is
shown for comparison.

Surface Composition: Some solid ices (e.g. Cruz-Diaz et al. 2014a,b), and mineral spec-
tral features (Cloutis et al. 2008) occur at wavelengths accessible with LUVOIR but not from
the ground (see Figure A-8 and Figure A-9). The ultraviolet end of the spectrum is particular-
ly interesting. Wavelengths below 400 nm have been largely unexplored. These wavelengths
are particularly sensitive to water (either in the form of water ice or in the form of hydrated
materials), ammonia compounds, CO,, complex organic materials and Fe-rich materials,
which result as a product of space weathering. They are also more sensitive to hydrated
minerals than the NIR-wavelegths (~3 um). In particular, the study of small bodies at the UV
wavelengths with LUVOIR would provide new insights in tracing the water ice and organics,
the seeds of life on Earth, in the Solar System. Also it would be key in studying the nature of
ices at different penetration depths than VNIR spectroscopy.

Binary detections and characterization: The number of detected and well-characterized
binary systems among the TNO population is as low as some tens. The great LUVOIR im-
provement in angular resolution would open a new field that is dormant now because of
the lack of adequate technology. The determination of the density of minor bodies is a key
question in the determination of density and mass that are crucial to better understand the
structure of the interior of these bodies and on the physical characteristics of the superficial
materials (rubble-pile vs. monolithic, porosity etc.).

At wavelengths below 2 um JWST will not provide any power in excess of HST in terms
of ability to resolve tightly bound binary TNO systems and even at 2 um it will be similar
to WFC3 UVIS (Benecchi et al. 2009). At mid-IR wavelengths, JWST’s spatial resolution (as
low as ~1” at the longest wavelengths) is insufficient to resolve all but the rare, wide binary
TNO systems (Parker et al. 2016).

Additionally, one key distinguishing feature of TNO binary systems is the common opti-
cal colors of the components that would give indication of formation of the system (Benecchi
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etal. 2009), in this regards multicolor imaging of binary systems coupled with better angular
resolution would enable us to explore this subject.

Activity (comets and active asteroids): The traditional separation between the rocky
inactive asteroids and the icy active comets has disappeared during the last two decades
due to the discovery of several objects with the dynamics of asteroids displaying activity as
comets (the active asteroids, AAs Jewitt et al 2015). These asteroids display activity in the
form of particle loss at rates ranging from 10~ to 4 kg/s (Jewitt, et al. 2015). For the currently
known active asteroids, several driver processes have been identified, including solar radia-
tion sweeping of particles, electrostatic effects, ice sublimation, and thermal disintegration
of surface regolith. Understanding the mechanisms that lead to the activity on these bodies
will have implications on both our understanding of the origins of the Solar System and the
future of space exploration, and in particular planetary defense and mitigation..

The activity of these targets can last from weeks to months. In some cases it has lead to
the disappearance of the target after a complete break-up, while in others the activity has
been observed recurrently (see Figure A-10). For the cases of a total break up, observation
of the fragments is crucial and has to happen soon after the discovery. Using HST limits to
the size of fragments has been placed to Hv~23.5 and a size of ~35 m (Moreno et al. 2017).

A.6.3 The science program

Size/Shape/Ring detection and characterization: his program requires high spatial and
angular resolution for direct observations of rings and an observing mode allowing multiple
visits or a chain of observations in order to cover a whole rotation for the shape studies (HDI).
The superb angular resolution provided by LUVOIR in the UVIS mode (where happens the
best balance between collected light and spatial resolution) of 2.73 mas per pixel will allow
detection of the ring system of Chariklo with a spread of 25 pixels (its major projected axis).
See Figure A-7 for the size of the ring systems in comparison with dwarf-planet Pluto.
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Figure A-10. Images of active asteroids a) P/2013 P5 multiple tails; b)P/2010 A2(LINEAR) tail and
nucleus; c) P/2013 R3 (Catalina-PANSTARRS) breaking up (Jewitt et al. 2015).

Surface Composition: For this purpose of compositional studies we could use LUMOS and
HDI. We would need low and medium spectroscopy (<30000) of small bodies. According
to the LUMOS-ETC provided by STSCI we can obtain SNR > 10 in 1 h for all targets with
AB mag < 22. Regular detailed observations on some targets are desirable, this may mean
rotational coverage i.e. multiple visits with time constrain.

Using the HDI we could characterize almost all known Centaurs and trans-Neptunian
objects, which are typically fainter and more difficult to characterize (as listed in the Minor
Planets Center). Using HDI ETC we get that we could get spectrophotometry with high S/N
in about 1 hr. of exposure per filter. Survey mode will be highly desirable.

Solar System science would extraordinarily benefit from Large Programs (to systemat-
ically collect VNIR data from targets in particular populations not reachable with other
telescopes) and Fillers (to increase the knowledge on a population without any special re-
quirement in the number of targets observed) in VNIR but also in the UV, where no data exist
up to date and even a small number of targets would provide groundbreaking information.

Binary detections and characterization: This program requires HDI spectro-photome-
try. The minimum angular distance in TNO binaries observed in Benecchi et al. 2009 is
comparable to the angular size of Chariklo’s ring system (which we have showed if would
have an excellent coverage by LUVOIR). Using the UVIS mode, we could easily observe
binary systems with half that angular size and study the properties of tight binary systems.
Observations should be carried out as large programs, with multiple visits to determine
orbits.

A-20 The LUVOIR Final Report



The Large UV Optical Infrared Surveyor LUVOIR

Program at a Glance

Science goal: Detection and characterization of minor bodies, their rings, and their bina-
rity. Measurements of water ice and organics in Centaurs and TNOs. Activity in comets
and asteroids.

Program details: High spatial and angular resolution imaging. Low and medium spectros-
copy (<30000). Multi-object spectroscopy.

Instrument(s) + configuration(s): HDI (UVIS mode), LUMOS.

Key observation requirements: SNR > 10 in 1 h for all targets with AB mag < 22. Telescope
tracking the source.

Activity (comets and active asteroids): Exceptional imaging capabilities that would al-
low detection of the tiniest fragments. Multi-object spectroscopy would be desirable to be
able to study the different fragments as well as the coma. A target-of-opportunity program
would be desirable, with the possibility of activating it in the first 24 hours after the discov-
ery of the activity, and subsequent follow-up that could be concentrated in one week or over
several months.

LAST BUT NOT LEAST, most of these observations have to be done with the telescope
tracking the source, so this capability is extremely important.
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A.7 Exo-cartography for terrestrial planets
Claire Marie Guimond (McGill University), Nicolas B. Cowan (McGill University)

A.7.1 Introduction

LUVOIR and its predecessors will have yielded us alien pale blue dots; the next step is to
study their habitability. There are undoubtedly cases where understanding a planet requires
understanding the diversity of its regions, especially since oceans and continents imply
long-term habitability. Planets without a mix of water and land may not have a significant
silicate weathering feedback, which regulates the CO, greenhouse on Earth and keeps her
climate temperate (Cowan 2015).

With exo-cartography, we can infer the number, reflectance spectra, and longitudinal lo-
cations of major surface types (Fujii et al. 2017; Cowan and Strait 2013; Kawahara and Fujii
2011). This works because directly imaged planets show diurnal brightness variations as
different surface and cloud features rotate into view (see Cowan and Fujii 2017). The light-
curve collected from the planet is the disk-integrated reflectance per exposure (Figure A-11).
In theory, we can invert lightcurves to piece out latitude-longitude albedo maps (Kawahara
and Fujii 2010; Figure A-12).

A.7.2 The role of LUVOIR
The very large aperture of LUVOIR will enable reflected light surface mapping and spin
determination for terrestrial planets (Pallé et al. 2008; Oakley and Cash 2009; Cowan et al.
2009, 2011; Kawahara and Fujii 2010, 2011; Fujii and Kawahara 2012). Previous mapping
papers have adopted the optimistic 1% photometric uncertainty (S/N of 100) for 1-hr inte-
grations. For a 15-m telescope, this will only be possible for a super-Earth at 1 pc. However,
Cowan et al. (2009) claimed they could do essentially the same science with 3% photome-
try in 1-hr integrations (24 data per rotation, each of S/N = 33).

As Figure A-13 shows, for an Earth twin at 10 pc, we can only expect an S/N of ~10 with
one rotation, but for more slowly rotating planets and/or larger radii, this value can double
or triple. Further, decreasing the time resolution (i.e., longitudinal sample rate) by a factor
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Figure A-11. Simulated light curve and resulting fit from an Earth analog with O degree (face-on)

inclination and 90 degree obliquity. The simulated data and measurement errors are shown in

the five insets, representing five epochs, each lasting one rotation, collected over the course of a

year with a one hour cadence. The shaded region in each inset shows the central 90% posterior

credible interval for the constructed light curve. From Farr et al. (2018, in prep.).
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True Figure A-12. Demonstration of albedo map

‘ retrieval using a simulated lightcurve of the
Earth (top), with 10th percentile (middle)
and 90th percentile (bottom) of the marginal
posterior distributions for the albedo of each
pixel. The 10th percentile map clearly shows
a reflecting region (the Sahara Desert) while
the 90th percentile clearly shows dark regions
corresponding to the Pacific, Atlantic, and

100 percentie Indian Oceans. These maps therefore establish
the presence of continents and oceans on the
the planet. Adapted from Farr et al. (2018, in

prep.)

of 16 increases the per-integration S/N by
a factor of 4—this would set the number of
pixels in the final map. Stacking multiple ep-
ochs of observations can be problematic, as
clouds strongly influence reflected light flux-
es, and these atmospheric features are prone
to change between epochs (Oakley and Cash
2009).

Thus only with a 15-m class space tele-
scope such as LUVOIR can we start to map
super-Earth exoplanets. For the smallest tar-
gets, only spin orientation and low-resolution
longitudinal maps will be retrievable.

90" Percentile

0 albedo 1

A.7.3 The science program

This program will target the Earth-twin planets we expect to have been detected (Stark et al.
2014) in the habitable zone of G stars (M,, ~ 4.8). We limit observations to one rotation peri-
od, to better avoid confounding with diurnal cloud variation. Hence rotation period sets total
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Figure A-13. Signal-to-noise ratio at the poisson limit for two bandpasses as a function of rotation
period and planet radius, for a planet at 10 pc with semi-major axis of 1 AU, geometric albedo of
0.3, nominal telescope diameter of 15 m, and coronagraph throughput of 15%
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Program at a Glance

Science goal: Construct rough longitudinal maps of Earth twins using rotational mapping
techniques.

Program details: Observe brightness variations over one rotation period, using point
source multi-band photometry, for the nearest handful of < 2 R; planets in the habitable
zones of G stars.

Instrument(s) + configuration(s): Differential HDI photometry with ECLIPS.

Key observation requirements: Two imaging bands of 400-500 nm and 800-900 nm with
signal-to-noise Z 10, and planet-star contrast g 10°.

integration time. We assume a sampling rate of four exposures per rotation—e.g., 6 hours of
exposure for a 24-hour rotation—as the bare minimum to detect rotational variation.

We adopt the wavelength ranges 400-500 nm (UVIS channel) and 800-900 nm (UVIS/
NIR channels). The inverted reflectivity difference across these bands has been shown to
suppress the cloud signal and roughly recover the continental distribution (Kawahara and
Fujii 2011).

The observations use LUVOIR’s Extreme Coronagraph for Living Planetary Systems to
suppress light from the host star, in conjunction with the High Definition Imager. The maxi-
mum angular separation between an Earth-twin on a 1-AU circular orbit 10 pc away is 100
mas, which would be within the outer working angle of the coronagraph. For the highest sig-
nal, planets will be imaged at the projected separation corresponding to the coronagraph’s
inner working angle. We will pursue targets with planet-star flux contrast > 10-'°, due to
expected instrument limitations.
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A.8 Prospects for mapping terrestrial exoplanets with LUVOIR

Jacob Lustig-Yaeger (University of Washington), Victoria S. Meadows (University of
Washington), GuadalupeTovar (University of Washington), Edward Schwieterman (University
of California, Riverside), Yuka Fujii (Tokyo Institute of Technology)

A.8.1 Introduction

Future direct imaging missions offer a means to characterize the surface habitability of
terrestrial exoplanets, probing deeper atmospheric regions not accessible to transmission
spectroscopy. Nulling the star with a coronagraph enables directly-imaged photometry and
spectroscopy to capture disk-integrated light emitted and reflected from an exoplanet along
an ensemble of relatively short atmospheric paths, compared to transmission spectroscopy
which probes the upper regions of atmospheres along longer slanted paths (Fortney 2005).
Photons on more direct paths through the atmosphere encounter lower optical depths, and
therefore possess a greater sensitivity to the lower atmosphere and surface. Geometric argu-
ments alone make direct imaging well suited for future habitability and biosignature assess-
ments of terrestrial exoplanets.

To complement coronagraph spectroscopy of the disk-averaged surface and atmosphere,
time-series observations offer a unique window into the two-dimensional surface hetero-
geneity of terrestrial exoplanets. Rotating planets that are spatially heterogeneous induce
photometric variability in their observable light curves (Ford et al. 2001; Palle et al. 2008;
Oakley et al. 2009). Numerous studies have explored time-series observations for exoplan-
et surface identification and mapping (for a recent review, see Cowan and Fujii 2017).
Multi-wavelength, time-series observations of Earth have been used to construct longitudi-
nal maps of land, ocean, and clouds (Cowan et al. 2009; Fujii et al. 2010, 2011). Further
generalizing these observations and modeling methods have shown promise for uncovering
the reflectance spectrum and longitudinal distribution of individual surfaces on exoplanets
(Cowan et al. 2013), including the possibility of detecting extrasolar oceans (Fujii et al.
2017). Longitudinal mapping using multi-wavelength, time-series observations of terrestrial
exoplanets offers a path towards identifying oceans and assessing habitability.

A.8.2 The role of LUVOIR

LUVOIR is critical for performing surface habitability studies of terrestrial exoplanets be-
cause it is a large aperture, space-based, coronagraph-equipped telescope. A space-based
observatory is necessary for (a) achieving the coronagraph contrast ratio required to observe
Earth-like exoplanets (~107"9), (b) escaping the diurnal cycle of Earth for continuous obser-
vations that may span multiple days, and (c) accessing wavelengths that are optically thick
to space from the ground due to atmospheric opacity. In particular, the near-UV (~300 nm)
is sensitive to the cloud variability of Earth-like planets. The large aperture considered for
LUVOIR (~12-15m) will also allow both shorter cadence time-series (~1 hour)—providing
higher surface resolution to the inferred maps—and access to solar-analog systems out to a
greater distance, which increases the yield for such investigations.

The LUVOIR Final Report A-25



LUVOIR The Large UV Optical Infrared Surveyor

Program at a Glance

Science goal: Study the rotation rate, surface colors, geography, and habitability of directly
imaged terrestrial exoplanets.

Program details: Construct time-series observations of habitable terrestrial exoplanets us-
ing the single spectrum exposures that will be required to build-up much longer integra-
tion times for spectroscopy.

Instrument(s) + configuration(s): ECLIPS coronagraph spectroscopy

Key observation requirements: Single coronagraph bandpass (0.7-0.8 um), R = 100-200,
S/N > 0.5 per spectral element per exposure (S/N > 2.5 per bandpass per exposure), coro-
nagraph design contrast 10"

A.8.3 The science program

We propose a science program that enhances the science return from spectroscopic ob-
servations that motivate the design of the LUVOIR coronagraph. Approximately 100 hours
will be required to detect the presence of O, in the atmosphere of an Earth-like exoplanet
at 10 pc with the 15-m LUVOIR concept. Our program will leverage these long integrations
to “mine” for rotationally induced exoplanet time variability using individual ~1 hour ex-
posures from a longer composite spectrum. If these observations include data within the
0.7-0.8 pm LUVOIR bandpass (which contains the 0.76 um O, A band), we can bin the
spectrum into a single photometric point and construct a lightcurve of a terrestrial exoplan-
et over the total spectrum exposure time. Our simulations suggest that this dataset can be
used to infer the rotation rate of Earth to within ~5% (Lustig-Yaeger et al. 2017). Binning
the time-dependent spectra into two or more photometric points is an effective means of
constructing simultaneous multi-wavelength lightcurves, which could potentially infer the
crude longitudinal distribution and color of oceans on an Earth analog (Lustig-Yaeger et al.
2017). Other wavelengths can be used either instead of or in concert with the 0.7-0.8 um
LUVOIR bandpass, such as the 0.4-0.45 pm bandpass, where Rayleigh scattering masks
surface features and enhances sensitivity to heterogeneous cloud coverage. However, the
0.7-0.8 um bandpass is still preferred for the initial assessment because of its sensitivity to
both atmospheric oxygen and the planetary surface.

This science program would allow a long spectral exposure, to yield two unique stud-
ies along both the spectral and temporal dimensions. Co-adding in time will give a long
integration spectrum at the native instrument spectral resolution that can be used to study
the atmospheric composition of the targeted exoplanet. Co-adding in wavelength will give
a long baseline lightcurve with little to no spectral resolution that can be used to study the
targeted exoplanet’s rotation rate and surface map. Since the time-resolution of a lightcurve
depends on the individual exposure times that comprise the time-series data, low noise or
noiseless detectors that can support shorter exposure times will greatly improve the feasibil-
ity and scientific return of this program.
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A.9 Detecting liquid surface water on exoplanets

Tyler D. Robinson (Northern Arizona University & Virtual Planetary Laboratory) and Mark S.
Marley (NASA Ames Research Center)

A.9.1 Introduction

Planetary habitability requires liquid water stability at the surface of a terrestrial planet (e.g.,
Kasting et al. 1993). The remote characterization of habitability for planets detected in re-
flected light will require either (1) information about the near-surface atmospheric state for a
confirmed terrestrial world, or (2) the direct detection of surface liquid water via ocean glint
and/or polarization measurements. This brief report explores what telescope and instrument
requirements would be required to make either of these two observations.

Surface liquid water stability depends on both temperature and pressure from the over-
lying atmosphere. Unfortunately, we know of no studies that investigate how well atmo-
spheric pressure and temperature can be constrained from visible and near-infrared spectral
observations of terrestrial planets—more work here is clearly required. A Rayleigh scattering
slope, or detection of dimer or pressure-induced absorption features (Misra et al. 2014b),
could indicate pressure. Detection of Rayleigh scattering requires observations at blue-visi-
ble wavelengths, and would not place strict requirements on spectral resolution. Misra et al.
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Figure A-14. A moderate resolution, near-infrared spectrum of Earth, from the validated models of
Robinson et al. (2011). Key features are labeled. Note the separate y-axis for wavelengths beyond
2.75 um, which helps show the rise in thermal emission beyond this wavelength.
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(2014b) emphasize dimer detection at 1.06 I
pm at a resolution (A/AL) of 100. 04 T

Temperatures will be difficult to con- '
strain in the absence of a detection of plan-
etary thermal radiation. However, it may be
possible to constrain temperature, and also
habitability, by detecting a water vapor pro-
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and this roughly indicates the pressure levels the strong water vapor bands at 0.94, 1.1, 1.4,
sensed by a spectrum. Comparison of high- and 1.9 um.

(MAXA=1,000) and moderate- (A/AA=100)

resolution spectra shows that, for water vapor, not much vertical resolution is gained by
pushing beyond a spectral resolution of roughly 100. Notably, while the 0.94 um water
band probes the near-surface environment, pushing to the 1.4 um and 1.9 um water bands
is necessary for probing Earth’s middle and upper troposphere. Thus, these bands may be
essential to constraining water vapor profiles for potentially habitable exoplanets.

Direct detection of surface liquid water may prove a challenging endeavor, but would be
complimentary to any atmospheric spectral retrieval analysis (like that outlined above). The
near- infrared is best suited to polarization or glint detection, owing to the lack of Rayleigh
scattering here (Robinson et al. 2010; Zugger et al. 2011), and detection could be accom-
plished with photometric observations at continuum wavelengths (i.e., between strong at-
mospheric absorption bands). Performing observations in the near-infrared would also mini-
mize glint false positive signatures from polar ices (Cowan et al. 2012), whose reflectivity is
diminished at these wavelengths. For an Earth-twin, clouds and hazes would likely obscure
any polarization signature from surface oceans (Zugger et al. 2011). Thus, glint is the best
option for the direct detection of surface liquid water, and, at least for Earth, is most pro-
nounced near a star-planet-observer (phase) angle of 150°, where a glinting planet would be
nearly twice as bright as a non-glinting planet. The ability to measure planetary phase func-
tions to such close planet-star separations will depend on the inner-working angle (IWA)
of the high-contrast field-of-view, and cannot be achieved for planetary systems with incli-
nations below about 60 degrees. For an Earth-Sun twin system at 10 parsecs, the required
IWA would be 1.8 A/D (at the 1.33 um continuum and for a 10-meter diameter aperture). As
another example, taking an Earth-like planet near the inner edge of the habitable zone for a
mid-K dwarf, the requirement shrinks to 0.9 A/D at 10 parsecs. Thus, an IWA of 2 A/D could
allow glint detection out to almost 10 pc for habitable planets around G dwarfs, and almost
5 pc for K dwarfs. These distances decrease to 6 pc and 3 pc, respectively, for a 3 /D IWA.

We briefly note that the James Webb Space Telescope (JWST) will not be capable of
probing the near-surface environment of habitable zone planets orbiting stellar types earlier
than M (Misra et al. 2014a). Depending on systematics, JWST may be able to characterize
potentially habitable worlds around nearby M dwarf stars, but these worlds possess their own
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unique challenges to habitability (e.g. Luger & Barnes 2015). Finally, while not discussed
at length here, the capability of measuring profiles of atmospheric water vapor through an
atmosphere will also be useful for studies of gaseous worlds interior to and throughout the
habitable zone, as water should be a key radiatively active species (and greenhouse gas) for
these planets (Cahoy et al. 2010)

In summary, R=70 (or greater) spectra of Earth-like planets would be suitable for con-
straining water vapor abundance profiles. Future work is necessary to determine the min-
imum signal-to-noise ratios required for such an analysis. Broadband detection of glint in
the phase function of a habitable zone exoplanet is possible in the near-infrared with a 2
/D IWA and becomes restricted for a 3 A/D IWA. The tables below contain additional infor-
mation on requirements for detecting water vapor and carbon dioxide features (for climate
modeling constraints).

Note on near-infrared CO, features: Carbon dioxide is a key greenhouse gas for Earth,
whose greenhouse forcing is essential to maintaining Earth’s habitability (Hansen et al.
2013). Thus, inferring atmospheric CO, concentrations from near-infrared spectra of Earth-
like planets would be essential to running predictive/forward climate models for these worlds
(thereby helping to inform our understanding of the potential habitability of these planets).
The strongest CO, features in Earth’s near-infrared, reflected-light spectrum are a pair of dou-
ble features at 1.59 um and 2.03 um. Both would require a spectral resolution of A/AA=100
to place a single spectral resolution element across the bands, and double this resolution
could enable better detections. The features at the shorter wavelength are shallower, requir-
ing a SNR of order 40 to distinguish. The longer wavelength features are deeper, requiring
an SNR only of order 10, but may be more difficult to detect due to the overall decrease in
stellar brightness at these longer wavelengths. These details are represented in Table A-2.

A.9.2 The role of LUVOIR

While the above observations are enabled by a direct imaging mission, they are difficult
and require either long observations to increase the signal-to-noise on a spectral feature, or
multiple visits to a target to observe it at multiple phases. Additionally, some of these phases
will be at small inner working angles. All of these problems benefit from an observatory with

Program at a Glance

Science goal: Definitively show the presence of liquid water on the surface of rocky
exoplanets.

Program details: Coronagraphic imaging at phase angles as close to 150° as possible
to maximize glint signal. More generally, glint can be observed between gibbous and
crescent phase. Direct spectroscopy to measure atmospheric water vapor concentrations.
Direct spectroscopy to measure NIR CO, features and constrain greenhouse effect.

Instrument(s) + configuration(s): ECLIPS imaging and IFS

Key observation requirements: Contrast < 10'% Multiple visits; Water vapor features at
0.94,1.1,1.4,and 1.9 um, R ~ 100; CO, feature at 1.59 um, R > 100.
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LUVOIR

Table A-2. Observation requirements for detecting key atmospheric features that constrain the

presence of liquid surface water on rocky exoplanets.

Optical/Near-IR Direct Spectroscopy of CO, Features

Observation Major Substantial Incremental
Requirement Progress | Progress Progress
Wavelengths 0422um | 04-1.7 um n/a
Spatial resolution
Spectral resolution 200 100 n/a
Field-of-view
Contrast 107" 107 n/a
Telescope aperture 12 8 n/a
SNR 50 50 n/a

Optical/Near-IR Direct Spectroscopy of H,O Features

Observation Maijor Substantial Incremental
Requirement Progress | Progress Progress
Wavelengths 04-1.6um | 0.4-1.6 um 0.4-1.0 um
Spatial resolution
Spectral resolution 70 70 70
Field-of-view
Contrast 10" 10 1070
Telescope aperture 12 8 4
SNR 50 20 10

a larger aperture, which increases the signal from the planet, decreases the amount of time
for an observation (which in turn enables multiple visits), and decreases the inner working
angle of the observatory. Finally, the wavelength range of LUVOIR encompasses multiple
water vapor features, from 0.94-1.9 um, will allow crude determination of the water vapor
profile of an exoplanet’s troposphere.

A.9.3 The science program

Detection of glint from liquid surface water on rocky exoplanets will require multiple vis-
its of ECLIPS coronagraphic imaging to the same target. These multiple visits will conduct
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phase-dependent imaging in polarized light, and (if time allows) direct spectroscopy to
measure H,O vapor concentrations.
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A.10 The detection of terrestrial planets in the habitable zones of A-stars

Ramses Ramirez (Earth-Life Science Institute, Tokyo Institute of Technology), Aki Roberge
(NASA GSFC)

A.10.1 Introduction

Most habitable zone (HZ) studies focus on terrestrial planets orbiting F-M main-sequence
stars. This is largely because an arbitrarily long timescale of 1 Gyr, corresponding to the min-
imum thought for life to arise, is also as long as the entire main-sequence lifetime of an early
F-star. However, life on Earth had already appeared by ~3.8 Gyr ago, if not sooner. Indeed,
life may have evolved even earlier had our planet not been beset by ongoing impacts during
the late heavy bombardment. Evidence from zircons also suggests habitable conditions on
Earth by 4.3 Gyr ago, only ~300 Myr after formation of the planet. Thus, in order to explore
the range of conditions under which life can arise, we should include A-stars in the search
for habitable planets.

A-star systems for which exoplanets have already been directly imaged include: Fomalhaut
(7.7 parcsecs), Beta Pictoris (19.4 pc), HR 8799 (39 pc), HD 95086 (90 pc), and HD 15082
(118 pc). Direct imaging is currently the best way to discover exoplanets around A-stars, as
indirect methods like radial velocity and transits have proven ineffective. The known A-star
planets are massive (e.g., Jovian or larger) and located far beyond their host stars’ respective
HZs. Previous A-stars surveys have not found smaller terrestrial planets, since the required
ultra-high contrast is not yet available. Should terrestrial planets exist within the HZs of these
stars, however, we may be able to detect them using the ECLIPS coronograph to block out
extraneous starlight.

A.10.2 The role of LUVOIR

The extreme high contrast needed to directly observe Earth-like planets around Sun-like
stars (~1 x 107'%) is only possible with a space-based telescope and ultra-high performance
starlight suppression instrument (like LUVOIR). The situation is harder for terrestrial planets
around early-type stars, as the planet-to-star flux ratio is even smaller (see below).

A.10.3 The science program

The effective stellar flux of a planet near the conservative inner and outer edges of the
classical HZ of Fomalhaut (A4V; T . = 8600K; L = ~16.63 L_ ) is ~1.25 and 0.5 times that
received by the Earth, respectively (Figure A-16), which corresponds to orbital distances of
~3.65 and 5.8 AU. The inner working angle (IWA) of ECLIPS is 3.5 A/D = 48 milliarcsec at
1 micron. So HZ inner edge is exterior to the IWA for A4V stars out to 76 parsecs, at wave-
lengths shorter than 1 micron. This shows how the large separation of the HZ for A-type stars
is advantageous for high-contrast imaging and spectroscopy.

However, the planet-to-star flux ratio is smaller than it is for the Earth around the Sun. A
planet at the equivalent insolation distance has about the same absolute bolometric magni-
tude, no matter the star. Equation 15 in Turnbull et al. (2012) gives the approximate planet-
to-star flux ratio for an Earth-twin planet at the inner edge of the HZ. Adapting that equation
fora 1.4 R, super-Earth exoplanet gives
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Figure A-16. The classical CO -H,O habitable zone (blue) with volcanic hydrogen extension (red).
Adapted from Ramirez and Kaltenegger (2017).
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Setting the planet-to-star flux ratio to the ECLIPS contrast limit of ~ 3 x 107", we can
estimate the most luminous star for which an Earth-like super-Earth at the inner edge of the
HZ can be detected. The limiting stellar luminosity is < 13.1 L. . Therefore, such exoplanets
can be detected around stars with spectral types of ~A7V and later, albeit with very long
exposure times. We will calculate the required exposure times at a later date.

Program at a Glance

Science goal: Discover terrestrial exoplanets in the habitable zones of A-type stars and
probe their atmospheres to investigate their habitability.

Program details: Direct imaging and low-resolution Vis/NIR spectroscopy of super-Earth

exoplanets in the habitable zones of early-type stars with spectral types ~A7V and later,
out to ~76 parsec.

Instrument(s) + configuration(s): ECLIPS imaging and IFS spectroscopy

Key observation requirements: Contrast floor <3 x 10", IWA < 3.5 A/D

A-34 The LUVOIR Final Report



The Large UV Optical Infrared Surveyor LUVOIR

References
Ramirez, R., & Kaltenegger, L. 2017, Ap/, 837, L4
Turnbull, M. C., Glassman, T., Roberge, A., et al. 2012, PASP, 124, 418

The LUVOIR Final Report A-35



LUVOIR The Large UV Optical Infrared Surveyor

A.11 Transit spectroscopy of Earth-sized planets around M-dwarfs
Avi Mandell (NASA GSFC) and Eric Lopez (NASA GSFC)

A.11.1 Introduction
Studying transiting planets is highly complementary to studies of directly imaged planets :
(1) we can readily measure the mass and radius of transiting planets, linking atmospheric
properties to bulk composition and formation, (2) many transiting planets are strongly ir-
radiated resulting in novel atmospheric physics, and (3) the most common temperate ter-
restrial planets orbit close to red dwarf stars (M-dwarfs) and are difficult to image directly,
but comparatively likely to transit at high signal to noise. The Transiting Exoplanet Survey
Satellite (TESS) will discover transiting planets orbiting the brightest stars and should discov-
er a small number of temperate terrestrial planets transiting nearby early-to-mid M-dwarfs.
Furthermore, ground-based surveys of very-late M-dwarfs and sub-stellar primaries may
yield additional targets—in fact, one of the best Earth-sized HZ targets to date is TRAPPIST-
1e (Gillon et al. 2017). Follow-up of these discoveries should provide the first opportunity to
place constraints on the atmospheres and habitability of temperate terrestrial planets.
JWST will be a fantastic platform for examining larger and brighter planets, resulting in
a revolution in our understanding of hot planets orbiting close to their parent star. However,
characterizing the smaller, cooler worlds will be incredibly time-intensive: JWST will need
months of integration time to provide tantalizing constraints on the presence of an atmo-
sphere. The amplitude of spectral features for a temperate terrestrial planet transiting in front
of a nearby M-dwarf is comparable to the single-transit photon-counting precision with
JWST; therefore, in the absence of a systematic noise floor, 100 transits of such a planet
could yield a 10-c detections of greenhouse gases—and this neglects the effects of cloud
opacity in damping the signal of spectral absorption (Cowan et al. 2014). Spending a total
of one month of JWST time to characterize the atmosphere of a potentially habitable world
is compelling, but the observations would have to be spread out over nearly a decade for
a planet in a month-long orbit (this scheduling problem is somewhat alleviated for planets
in the habitable zones of later M-dwarfs and sub-stellar companions, which have shorter
orbital periods).

A.11.2 The role of LUVOIR
JWST will most likely make important inroads into the exploration of temperate Earth-sized
planets around M-dwarfs, but it is entirely possible that little will be known about the atmo-
spheres of these planets by the time JWST ends its mission—and further (and deeper) study
will be left for a future flagship mission with equal or greater photon-gathering power.
LUVOIR will be a capable successor to JWST in this regard. LUVOIR Architecture A will
have a collecting area 178 m?, a factor of 7x larger than JWST, and observations will reach
the same SNR with 2.7x less integration time. The primary instrument for transit spectrosco-
py with LUVOIR will be the High Definition Imager (HDI), due to the broad simultaneous
wavelength coverage (200 nm - 2.5 pm) and the ability to spatially scan the spectra of bright
stars across the large focal plane detectors. HDI will have sets of grisms and will operate
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Figure A-17. Simulated transit spectrum of TRAPPIST-1e with LUVOIR-A (15-m), assuming 50

transits combined. The effective resolution of the spectrum is R=150 at A > 1.2 um, R = 30 at 700
nm < i< 1.2um,and R =10 at A < 700 nm. Spectral bands of multiple key atmospheric species
are visible by eye, enabling constraints on habitability. Credit: Planetary Spectrum Generator Tool

similarly to the Wide Field Camera 3 (WFC3) instrument currently on HST. It will have the
capability of full-throughput observations in either short (200-900 nm) or long (800 nm-2.5
pm) wavelength channels, or simultaneous observations with both bands but at half the
throughput. Spectral resolution will be R~500, enabling full characterization of spectral
bands of molecular as well as atomic species.

LUVOIR will improve on JWST measurements between 0.8 and 2.5 um, a band which
covers molecular features of H,O and CH, and therefore provides constraints on the water
vapor content and oxidation state of the atmosphere. At shorter wavelengths (0.2-0.8 pm),
LUVOIR’s capabilities will be unique. In particular, measurements of Rayleigh scattering
and possibly O, at 200-300 nm will be the first searches for these key biomarkers of pho-
tosynthetic life.

A.11.3 The science program
The TRAPPIST-1 system will be a high priority for any future transit spectroscopy science
program. Figure A-17 illustrates what could be accomplished with 50 transits on the poten-
tially habitable Earth-sized planet TRAPPIST-1e. A number of molecules are visible even by
eye, and it is clear that strong constraints on the atmospheric chemistry and even on bio-
marker species such as O, will be possible.

Sullivan et al. (2015) modeled the yield of planets discovered by the TESS mission, de-
termining that the mission would discover between 2 and 7 temperate Earth-sized planets
orbiting M-dwarfs with K < 9. These stellar hosts will be larger than TRAPPIST-1, but will also
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Program at a Glance

Science goal: Characterizing the atmospheres of potentially habitable planets to constrain
the chemical compositions and search for signs of life.

Program details: Transit spectroscopy of Earth-sized planets in the habitable zones of near-
by M-dwarf and brown dwarf primaries.

Instrument(s) + configuration(s): HDI grism spectroscopy

Key observation requirements: 0.4 nm-2.5 um; R~150; ultra-high precision spectroscopy
of bright sources (photometric uncertainty < 3 ppm).

be brighter, and may therefore provide a similar SNR with the same amount of observing
time.
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A.12 A statistical search for global habitability and biospheres beyond Earth

Shawn Domagal-Goldman (NASA GSFC), Jacob Bean (University of Chicago), Eliza Kempton
(Grinnell College, University of Maryland), Sara Walker (Arizona State University)

A.12.1 Introduction

Here, we propose a statistical search for habitability and life. Such a search would provide
tests for our understanding of the top-level factors controlling planetary habitability and
raise the overall confidence that we are not alone. This search would be conducted by
searching for signs of habitability and of life on multiple planets, both in and beyond the
habitable zone.

The statistical search for habitability would turn the concept of the habitable zone into a
testable hypothesis. According to the habitable zone hypothesis, there is a region around the
star for which feedback processes in the climate system work to stabilize surface tempera-
tures to allow for sustained, global reservoirs of liquid surface water. Beyond this zone, the
climate would stabilize in water-poor regimes, with vastly different surface temperatures.
Because of all the feedbacks in the climate system, multiple aspects of a planet’s spectral
signatures should also change beyond the habitable zone: CO, concentrations (and their
features) should increase on either side of the habitable zone (due to lack of a CO, weather-
ing feedback); water-soluble gases and aerosols should increase in concentration; and water
vapor and water cloud features themselves should disappear. For a more thorough discus-
sion of this concept, and how it can begin with near-term observations, see Bean, Abbot, &
Kempton (2017).

A statistical search for life should raise the overall confidence in our detection of life
beyond Earth compared to what is achievable by the search for life on a single exoplanet
(Walker et al., 2018). For example, consider an exoplanet for which LUVOIR detects the
presence of water (H,0O), molecular oxygen (O,) and ozone (O,), but not methane (CH,). This
is a plausible scenario, given the long integration times required to detect CH, in LUVOIR's
wavelength range. The combination of these measurements, as well as constraints on UV
fluxes from observations of the host star, would produce a scenario for which the most likely
explanation is life on that planet. However, the lack of CH, on that planet may be enough to
prevent a conclusion as bold as “We are not alone.” As an alternative, consider a scenario
where LUVOIR detects this same set of features multiple times on worlds in different plane-
tary systems. This would suggest that either our understanding of photochemical processes
is woefully incomplete and under-predicting some O,-producing mechanism, or that life is
present on at least some subset of these worlds.

This example would also apply to other biosignatures. An organic haze in the pres-
ence of a CO,-rich atmosphere has been recently proposed as a biosignature (Arney et al.,
2018). While consideration to false positives has been given, a haze-biosignature has not
undergone the same amount of thorough scrutiny as O,/ O,. Thus, one might place a low-
er amount of confidence in this biosignature than the detection of O,/O,. To quantify this
example, if we are to assume that ~50% of CO,-rich, haze-bearing habitable zone worlds
have life, the detection of multiple such planets would increase the likelihood that at least
one of these planets has a biosphere (whereas a search focused on a single target would not
be able to draw such a strong conclusion).
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This search does not necessarily need to focus on the same signature being present on
multiple worlds. It would also apply to any combination of potential biosignature across
multiple planets, and thereby allow the mission to conduct both a broad survey for easy-to-
detect biosignatures on multiple planets and a detailed assessment of the biosignatures on
LUVOIR’s best targets. The approach could therefore by optimized so that detailed assess-
ments (such as the measurement of longitudinal-dependent colors/spectra) are only con-
ducted on relatively close targets, for which such assessments are capable of being conduct-
ed with reasonable investments of telescope time.

A statistical search will also be useful in the case of no (or very poor) signs of life being
detected by LUVOIR. Instead of just a full null result, the process of quantifying the likeli-
hood on each planet, with a statistical combination of those likelihoods, will yield an over-
all confidence level that sets an upper-bound on the frequency of life. Such a conclusion
is not really possible, unless we conduct a statistical survey of multiple worlds than a deep
dive on a single planet. Further, the more planets we assess, the stronger our conclusions
will be. Detecting no biosignatures on 55 habitable-zone planets would give a 2-c upper
limit on the frequency of life of 6%. Thus, our uncertainty on “eta, . ” would decrease by an
order of magnitude, from a range of 0-1.0 to a range of 0-0.06.

Again, it is useful to consider an example: if LUVOIR finds multiple Earth-sized worlds
in the habitable zone of other stars and determines that many of them have “anti-biosig-
natures” (such as high atmospheric concentrations of H, and either CO or CO,), the confi-
dence level that life is rare might be high.

There are two requirements to such an approach to the search for life:

1. The science community must be able to ascribe a quantitative estimate a given data
set resulted from a biosphere on any particular planet; and

2. We must be able to collect spectroscopic data on many worlds.

The former requirement demands development in the research tools utilized by the as-
trobiology and exoplanet communities. Options for quantifying our assessment that a given
planet has a biosphere are discussed and reviewed by Walker et al. (2018, in press), and
leverage similar efforts to quantify signs of life in our own Solar System. The latter require-
ment inevitably leads to a LUVOIR-sized telescope.

A.12.2 The role of LUVOIR

A statistical approach to habitability and the habitable zone does not require LUVOIR, as
it could begin with ground- and space-based surveys for H,O and CO, features via transit
spectroscopy (Bean et al., 2017). LUVOIR would extend this statistical approach to new
targets, with new observational techniques. Specifically, LUVOIR would expand the search
to planets around Sun-like (F, G, K) stars. It would also provide new information on clouds
and aerosols on planets around Sun-like and M-type stars, via a wavelength range that is
complementary to currently-planned transit spectroscopy observatories.

While other missions might attempt to search for signs of life, and perhaps detect them on
one world, a statistical approach requires that this search be conducted on a large number
of worlds. This, in turn, demands a large-aperture telescope, to drive up the yield of planets
that the mission can discover and characterize. LUVOIR will be able to detect over 50 such
planets. This is a large enough sample size to conduct a statistical search for signs of life on
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Program at a Glance

Science goal: To find signs of life—or conclusively rule out life in our Sun’s local

neighborhood.
Program details: This requires an optimized search for biosignatures

Instrument(s) + configuration(s): This would require all of the bandpasses and spectros-
copy modes of ECLIPS.

Key observation requirements: The main requirement here is a broad wavelength range
for ECLIPS, running from ~0.2 um to ~2 um, so that different signatures with different in-
tegration times can be detected. This also requires a large-aperture telescope, in order to
detect and characterize dozens of potentially habitable exoplanets.

exoplanets. If detectable biospheres exist on at least 10% of potentially habitable worlds,
LUVOIR will find at least one such biosphere. But if life is relatively common, LUVOIR has
the potential to find signs of life on many worlds. If it is rare, we will be able to set upper
bounds on the frequency of life.

A.12.3 The science program

A statistical search for habitability and life would be consistent with the main exoplanet
observing program outlined in Chapter 3. It would be conducted almost exclusively via
ECLIPS observations of exoplanets in the habitable zones of their host stars, and LUMOS
observations would obtain the UV spectral energy distribution of those host stars. It would
use different bands within the ECLIPS wavelength range, depending on the distance to the
target and the spectral feature in question, and likely would run ECLIPS to the point where
integration on individual bands becomes time-limited. Details of this approach are below.

The main difference of the approach outlined here to the main exoplanet characteri-
zation program is in how optimized the biosignature search becomes, and how the data
from that search are processed. This approach would likely require an optimized search for
biosignatures, spending as little time as possible confirming/rejecting biosignatures on each
planet. This search would likely focus on planets with atmospheric H,O, which would be
found during LUVOIR’s planet detection phase. In addition to weeding out dry planets, this
initial phase would also include a search for H,O beyond the habitable zone This would
help test the habitable zone concept by mapping the presence of H,O water vapor as a
function of stellar irradiation (Bean et al. 2017.

Then, the search would turn towards easy-to-detect, but low-confidence biosignatures,
such as O, and atmospheric organic haze, both of which can be detected in the UV channel
of ECLIPS. This initial biosignature search would include some planets near—but not in—
the habitable zone. This would provide a basis for comparison of presumed “dead” planets,
which could lead to more robust conclusions about the detection of life and help inform the
science community if something about our understanding of photochemical and geological
processes is dramatically incomplete.

For planets with O, or an organic haze, LUVOIR would proceed to the detection of O,
(for O,-bearing worlds) and CO, (for haze-bearing worlds). However, it would only do so if
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Figure A-18. An example of the observing strategy for a statistical approach to the search for life on
biosignatures. Credit: S. Domagal-Goldman (NASA GSFC)

the detection of this second feature was permissible in a reasonable integration time. (The
definition of “reasonable” would be up to a future time allocation committee, but history
suggests < 100 hours.) If O, or CO, is detected, LUVOIR would then proceed to further
spectral measurements to rule out false positives, search for secondary biosignature gases
(such as CH,) or attempt to characterize the surface. Again, this would be limited on a tar-
get-by-target bases based on required integration time. A full decision tree for such a search
is shown in Figure A-18.

The totality of these observations, at varying degrees of detail depending on the target,
would maximize LUVOIR’s ability to test our ideas of planetary habitability and search for
life across the set of exoplanets it characterizes.
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A.13 A statistical test of the habitable zone

Jade Checlair (University of Chicago), Dorian S. Abbot (University of Chicago), Robert ).
Webber (New York University), Y. Katherina Feng (UC Santa Cruz), Jacob L. Bean (University
of Chicago), Christopher C. Stark (STScl), Tyler D. Robinson (Northern Arizona University),
Eliza Kempton (University of Maryland)

A.13.1 Introduction

Until now, we have had to base many interpretations of observations on habitability hy-
potheses that have remained untested. To test these theories observationally, we propose a
statistical approach to questions of planetary habitability. The key objective of this approach
will be to make quick and cheap measurements of critical planetary characteristics on a
large sample of exoplanets, exploiting statistical marginalization to answer broad habitabil-
ity questions.

The habitable zone concept is an important tool used to characterize potentially hab-
itable exoplanets. Despite this, the habitable zone and its theoretical limits have not been
tested observationally. A statistical approach will present us with the opportunity to test this
concept, and further our understanding of the processes that govern habitability.

Testing climate regulation within the habitable zone: Traditional habitable zone theory
(Kasting et al. 1993) predicts that the surface temperature of habitable planets is regulated
inside the habitable zone, which allows for surface liquid water. This theory assumes that the
silicate-weathering feedback (Walker et al. 1981) regulates the atmospheric CO, of planets
within the habitable zone through a stabilizing negative feedback. As a planet’s surface
temperature decreases, the weathering rate (intake of CO, by the crust) slows, which allows
CO, to accumulate in the atmosphere—resulting in an increase in surface temperature. This
feedback significantly extends the outer edge of the habitable zone, from 1.01 AU (Hart
1979) to 1.67 AU (Kasting et al. 1993), where outer planets build dense CO, atmospheres to
maintain habitable surface conditions. It is also believed to be responsible for allowing Earth
to escape Snowball events. There is some non-definitive evidence that this feedback has
functioned throughout Earth’s history (Stolper et al. 2016, e.g.), but it is untested in an exo-
planet context. If the silicate-weathering feedback functions, we should observe a decrease
in the CO, mixing ratio as a function of stellar irradiation for planets in the habitable zone.

Testing the limits of the habitable zone: The main assumption of traditional habitable
zone theory (Kasting et al. 1993) is that terrestrial planets are able to maintain surface liquid
water within the two defined boundaries of the habitable zone. If this assumption is correct,
two testable predictions can be made. First, the abundance of water vapor should be great-
er inside than it is outside the habitable zone. Terrestrial planets inside the inner edge of
the habitable zone are expected to have lost all of their water vapor as a result of runaway
greenhouse processes, while those outside the outer edge are expected to have all of their
water vapor condensed out of the atmosphere and frozen on the surface. Second, terrestrial
planets inside the habitable zone should tend to have a lower albedo than frozen planets
outside the outer edge. If these predictions are correct, we should be able to detect thresh-
old orbital radii where the albedo and water vapor concentration increase and/or decrease
using a large sample of planets.
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Planetary color has been previously proposed as a method for discriminating Earth-like
worlds from other planetary objects (Crow et al. 2011; Traub 2003) and optimized photo-
metric bands for identifying exo-Earths in future space-based surveys have been calculated
(Krissansen-Totton et al. 2016). The carbonate-silicate cycle predicts that CO, concentra-
tions will rise with increasing distance from the host star until very high CO, levels are
reached at the maximum greenhouse limit, which defines the outer edge of the habitable
zone (Kasting et al. 1993; Kopparapu et al. 2013). Habitable planets near the outer edge
will be both brighter than planets near the inner edge and bluer due to enhanced Rayleigh
scattering from a larger atmospheric mass. If this is correct, we should observe an increase
in planetary “blueness” as a function of decreasing irradiation from the inner to the outer
boundary. Frozen, ice-covered planets outside the outer boundary should be substantially
less blue than planets just inside it due to atmospheric collapse of CO,, reducing Rayleigh
scattering (residual N, may remain, as N, has a significantly lower condensation tempera-
ture). Dry and barren planets like Mars should also be distinguishable using planetary color
as most oxidized minerals have blue-absorption coupled with increasing spectral albedos
into the red and infrared (Baldridge et al. 2009; Clark et al. 2007).

A.13.2 The role of LUVOIR

Statistically testing habitability hypotheses such as the concept of the habitable zone will
require a large-aperture telescope. The large aperture of LUVOIR (8—15m) will allow us to
observe a large enough number of exo-Earths to statistically test the concept of the habitable
zone. Its smallest design (8-m aperture, segmented on-axis) will yield ~30 exo-Earths, while
its largest design (15-m aperture, segmented on-axis) will yield ~50 exo-Earths (Stark et al.
2019). Our preliminary work indicates that we would need to observe ~20 exo-Earths to
test the silicate-weathering feedback on exoplanets in the habitable zone. Testing the limits
of the habitable zone may similarly require dozens of exo-Earths observations. A 4- or 6-m
class mission will comparatively yield ~10 exo-Earths, which is likely insufficient to conduct
statistical studies and test habitability hypotheses.

A.13.3 The science program
Statistically testing habitability hypotheses will require us to measure each individual plan-
etary property (e.g. CO, mixing ratio) on as many targets as possible. An advantage of this
approach is that these measurements will be done relatively quickly, maximizing scientific
return from minimal telescope time.

Testing the silicate-weathering feedback will require estimating the CO, mixing ratio of
a large number of planets at different orbital separations from their stars. An idealized exam-
ple of this from Bean et al. (2017) is shown in Figure A-19. The salient point from this plot
is that the mean CO, mixing ratio of planets decreases as the stellar irradiation they receive
increases in order to maintain a roughly constant surface temperature. This trend could be
observable if enough planets are measured to marginalize over variation in planetary prop-
erties. The CO, signatures will be detectable at 1.21 and 1.6 um.

Similarly, testing for changes in the abundance of water vapor at the edges of the habit-
able zone will require detecting H,O at any of 0.65, 0.72, 0.82, 0.94, 1.12, 1.4, 1.85 um on
a large number of planets at different orbital separations from their stars.
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Program at a Glance

Science goal: To test the concept and limits of the canonical habitable zone.

Program details: Measure CO, and H,O signatures on a large number of planets at differ-
ent orbital separations. Measure planetary albedo on a large number of planets inside the
habitable zone inside an doutside the habitable zone and outside its outer edge.

Instrument(s) + configuration(s): Broadband spectroscopy and photometry with ECLIPS.

Key observation requirements: This requires a large-aperture telescope that will yield doz-
ens of exo-Earths and can detect signatures at wavelengths from ~0.2 to ~2.0 um.
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Figure A-19. This plot shows how the silicate-weathering feedback hypothesis, which assumes a
decrease in atmospheric CO, as stellar irradiation increases, could be tested on exoplanets. The
blue curve shows the predicted CO, needed to maintain a surface temperature of 290 K.

To estimate the albedo of terrestrial exoplanets, we will need to measure their reflected
starlight, orbital distance, and the luminosity of the star they orbit. We will need to do this
for a large number of planets at orbital separations both inside and outside the habitable
zone.

Planetary color is likely less expensive to secure than spectra with a space-based imag-
ing survey and it may be possible to design optimized band passes for identifying the inner
and outer edge transitions. Although the specific band passes are still to be defined, we will
need to obtain broadband re averages of bandpasses between ~0.4 and ~0.9 pm.
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A.14 Observation of oxygen and hydrogen exospheres of Earth-like exoplanets

Shingo Kameda (Rikkyo University), N. Osada (Rikkyo University), Tadayuki Kodama
(Subaru Telescope), Gen Murakami (Institute of Space and Astronautical Science), Masahiro
lkoma (University of Tokyo), Norio Narita (National Astronomical Observatory of Japan),
Keigo Enya (Japan Aerospace Exploration Agency), N. Terada (Subaru Telescope), Hideaki
Fujiwara (Subaru Telescope), Takahiro Sumi (Osaka)

A.14.1 Introduction

The PROCYON (Proximate Object Close flyby with Optical Navigation) satellite’s Lyman
Alpha Imaging CAmera has observed Earth's upper-atmospheric corona (Figure A-20)
(Kameda et al., 2017). The corona, formed from exospheric atoms, was observed extended
to more than 240,000 km, about 38 Earth radii. The hydrogen density is estimated about 20
atoms/cm3 at a distance of ~60,000 km in the Earth’s exosphere. The same amount of densi-
ty is expected to be observed at a distance 10,000-20,000 km in Venus and 30,000-35,000
km in Mars. This is caused by the difference of mixing ratio of CO, in the upper atmosphere.
Venus and Mars have CO,-rich atmospheres with a lower exospheric temperature. On Earth,
CO, was removed from its atmosphere by a carbon cycle with its ocean and tectonics.
Translating these arguments to exoplanets in a habitable zone presents a possible marker
to distinguish an Earth-like planet from a Mar-like or Venus-like planet (Tavrov et al., 2018).
The expanded exospheres can be observed in UV, during the exoplanet transit event in a pri-
mary eclipse. It reduces the stellar flux, when an exoplanet orbiting in front of the host star.

A.14.2 The role of LUVOIR
Theoretical exospheric models have considered what might be possible for an oxygen exo-
sphere. There are three oxygen emission lines
that may be observed (O | triplet), at wave-
lengths of 130.2 nm, 130.5 nm, and 130.6
nm. Though the observation at low earth
orbit is affected by Earth's oxygen emission
lines, this interference would not occur using
LUVOIR at L2, far away from the Earth’s ox-
ygen exosphere. The 130.2-nm line emission
is caused by resonance scattering from oxy-
" gen at the ground state and is absorbed by in-
terstellar atomic oxygen. Thus, we cannot use
this line to observe exoplanets. On the other
hand, the other two lines are not affected by
inter stellar atomic oxygen.

600,000 kim If we assume that Proxima Centauri b,

at which the EUV irradiation is much higher

£0 7300 than at Earth, is either the Earth-like, Mars-
Rayleigh like or Venus-like, the temperature of upper

Figure A-20. The extended hydrogen exosphere  atmosphere for the Earth-like is estimated
of Earth to be ~10,000 K. By contrast, Mars-like and
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Program at a Glance

Science goal: Observe oxygen and hydrogen exospheres of Earth-like exoplanets.
Program details: UV spectroscopy of O | triplet lines.

Instrument(s) + configuration(s): LUMOS spectroscopy of atomic oxygen (130 nm) and
hydrogen (122 nm).

Key observation requirements: Observations at 130 and 122 nm. SNR ~ 10 for a transit
depth of 75% at the O | line center.

Venus-like are estimated to be ~300 K and ——

~600 K, respectively. Therefore, the transit 8 gl .
depth at the line center for each case is 76%, ¢
0.7%, or 3.8%, respectively. Due to the large S
difference in the transit depth, the Earth-like 2 40 -
case can potentially be distinguished from o
the Venus-like and the Mars-like cases. 3 20
S 20k ]
©
A.14.3 The science program a
For an Earth-twin exoplanet orbiting a star 0 '

0 5 10 15 20

identical to Proxima Centauri, Figure A-21 _ _
Mirror diameter, m

illustrates how far such planet’s exosphere
could be observed as a function of the di- Figure A-21. The distance that Earth-like
ameter of the telescope, assuming a total exospheres orbiting a /qw temperature stqr can
Observing time of 2 hours (~1 transit). If the Ze observed as a function of telescope mirror
diameter is 15 m, detectable range is ~ 50 fameter.
pc. According to the RECONS (Research
Consortium on Nearby Stars) catalog, at least in the range of < 50 pc, there are ~3700 M
dwarfs and 1% of them would have Earth-size planets in the habitable zone, observable by
transit spectroscopy. The number of Earth-like exoplanets will be updated after TESS and
PLATO projects.
Note that even if we detect oxygen O | in transit, this is not a direct evidence for biogenic
activity. We must consider the diversity of processes that could produce such an atmosphere..
VIS-NIR observations of these planets at the same or close time will be complementary.
The target of the UV spectrograph is the upper atmosphere and that of VIS-NIR observation
is the lower atmosphere.
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A.15 Detecting methane biosignatures on transiting exoplanets

Joshua Krissansen-Totton (University of Washington), David Catling (University of
Washington), Ryan Garland (University of Oxford), Patrick Irwin (University of Oxford)

A.15.1 Introduction

Waste gases produced by life may alter the composition of planetary atmospheres in ways
that are remotely detectable. Oxygen is a promising biosignature gases because abiotic
process cannot easily sustain O,-rich atmospheres (Meadows et al. 2018). However, O,
biosignatures may be uncommon because (i) oxygenic photosynthesis is a complex metab-
olism that only evolved once (Knoll 2008), and (ii) even if oxygenic photosynthesis is com-
mon, it may take billions of years for detectable O, levels to accumulate (Lyons et al. 2014).
Technology that enables the search for alternative biosignatures is therefore desirable. One
possible alternative biosignature for anoxic atmospheres is the coexistence of carbon di-
oxide (CO,) and abundant methane (CH,). CH, has a relatively short lifetime in anoxic
terrestrial planet atmospheres, and so cannot persist without replenishment. Analyses of
the Archean Earth’s (4.0-2.5 billion years ago) atmosphere show that CH, and CO, were in
chemical disequilibrium due to microbial CH, (Krissansen-Totton et al. 2018b).

For habitable exoplanets, the coexistence of CH, and CO, is a promising biosignature
due to the lack of plausible abiotic CH, sources. Biogenicity would be especially compel-
ling if CH, was abundant (>0.1%) because abiotic water-rock reactions—the most plausible
“false positive” for methane producing life—are unlikely to yield abundant CH, (Figure
A-22). Further, the absence of carbon monoxide (CO) would strengthen the case for life. This
is because abiotic processes such as volcanic outgassing are unlikely to produce carbon in
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biological CH4 abundance
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Figure A-22. Probability distribution for the maximum CH , abundance from non-biological water-
rock reactions. This is calculated assuming surface CH  fluxes are balanced by photodissociation
and diffusion-limited H escape to space in a temperate, anoxic atmosphere. The red arrow shows a
data-driven estimate for the CH  abundance on the Archean Earth at 3.5 Ga (Zahnle et al. 2019).
Key point: CH  abundances exceeding ~0.1% (in the presence of CO,) are difficult to explain
without biological methane production. Adapted from Krissansen-Totton et al. (2018b).
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Program at a Glance

Science goal: Search for methane biosignatures on Earth-like planets with anoxic
atmospheres.

Program details: Transit spectroscopy of potentially habitable exoplanets around nearby
M-dwarfs such as TRAPPIST-1 and TESS objects.

Instrument(s) + configuration(s): HDI grism spectroscopy

Key observation requirements: The main requirement is ~0.2-2.5 um low resolution
(R~100) spectroscopy. Extending upper wavelength limits to ~5 pm using alternative in-
struments (no cryogenic cooling required) and using a 15 m aperture would allow abiotic
scenarios to be ruled out with higher confidence.

its most oxidized form (CO,) and its least oxidized form (CH,) without producing carbon
with intermediate oxidation (CO) (Krissansen-Totton et al. 2018b). In summary, the coexis-
tence of CO, with >0.1% CH, (plus low or absent CO) in habitable exoplanet atmospheres
is a promising disequilibrium biosignature with no known false positives.

This CH,+CO, biosignature is potentially more common than oxygen biosignatures be-
cause, in contrast to the complexity of oxygenic photosynthesis, methanogenesis is primi-
tive and ancient (Wolfe & Fournier 2018). Life detection via direct imaging using LUVOIR is
discussed elsewhere. Here, we show that LUVOIR would enable the detection of CH,+CO,
biosignatures via transit spectroscopy.

A.15.2 The role of LUVOIR

Krissansen-Totton et al. (2018a) computed simulated James Webb Space Telescope
(JWST) transit retrievals of TRAPPIST-Te (Gillon et al. 2017), the most likely habitable planet
in the TRAPPIST-1 system (Turbet et al. 2018). TRAPPIST-1e was assumed to be an Archean
Earth-like analog with abundant CH, in combination with CO,, and negligible CO. It was
found that ~10 coadded transits may be sufficient to detect the CH,+CO, biosignature on
TRAPPIST-1e (Krissansen-Totton et al. 2018a). However, such detections would be tentative
because gas abundances cannot be tightly constrained with JWST, potentially allowing for
abiotic explanations. Follow-up observations with future instruments will be necessary to
confirm the presence of life and to extend the search to more targets. Transiting observation
in the thermal infrared are not well suited to confirming CH +CO, biosignatures because
they cannot easily constrain CH, and CO, gas abundances (Krissansen-Totton et al. 2019).
Instead, as demonstrated below, NIR transit observations with a large aperture space tele-
scope such as LUVOIR are required.

A.15.3 The science program
Figure A-23 shows abundance constraints from a simulated transmission spectrum retriev-
al of 10 transits of an Archean Earth-like TRAPPIST-Te with both a 15m and 8m LUVOIR
telescope.

Retrievals for both 0.2-2.5 um (nominal wavelength range for HDI instrument) and 0.2—
5 um wavelength ranges are shown (alternative instrument, no cryogenic cooling). The third
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Figure A-23. CH +CO, biosignatures are detectable with LUVOIR. Gas abundance posteriors for
10 transits of an Archean Earth-like TRAPPIST-Te. Columns show CH,, CO,, and CO mixing ratio
posteriors. Vertical dashed black lines are “true” values. Row 1 shows 15m LUVOIR retrievals for
the nominal 0.2-2.5 um HDI wavelength range (green), and a 0.2-5 um instrument (red). Row 2
shows 8m LUVOIR retrievals for both the nominal 0.2-2.5 um HDI instrument (grey) and 0.2-5
um instrument (fuchsia). Row 3 shows a JWST NIRSpec prism simulated retrieval (blue). Archean
Earth-like CH +CO, biosignature detection is straightforward with LUVOIR, although either a 5 um
long wavelength limit or complementary JWST observations are required to constrain CO (ruling
out abiotic scenarios). LUVOIR noise estimated using Goddard’s Planetary Spectrum Generator.

row shows a comparison to simulated JWST observations of the same object using NIRSpec
prism. Unless otherwise stated, the methodology used to generate these synthetic retriev-
als is described in Krissansen-Totton et al. (2018a) where the NEMESIS radiative transfer
code was used (Irwin et al. 2008). Both 15m and 8m versions of LUVOIR could constrain
CH,+CO, abundances sufficiently precisely to allow biosignature detection on transiting,
Archean Earth-like exoplanets such as TRAPPIST-1e. A 15m LUVOIR with an upper wave-
length limit of a 5 um would be necessary to constrain CO abundances, thereby ruling out
non-biological CH, production scenarios (or alternatively this could be done with compli-
mentary JWST observations).
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A.16 Leveraging planetary seasonality to recognize habitability and to detect the
pulse of a biosphere

Stephanie L. Olson (University of Chicago), Edward W. Schwieterman (UC Riverside)

A.16.1 Introduction

Earth experiences seasons in response to obliquity-driven changes in insolation. These
changes have far-reaching impacts on Earth’s hydrologic cycle and biosphere that manifest
as seasonality in the spectral appearance of our planet. For example, seasonality in ice
extent, cloud cover, and cloud structure impart seasonality to planetary albedo. Changes
in the H,O content of our atmosphere also drive seasonality in OH radical production via
H,O photolysis and the abundance of trace gases like CH,. Meanwhile, seasonal shifts in
the balance of photosynthesis:

CO,+H,O0> CHO+O,
And aerobic respiration:
CH,O+0O, > CO,+H0

result in striking antithetic oscillations of CO, and O, (Keeling et al., 1976; Keeling & Shertz,
1992). Seasonality is thus a promising habitability indicator and biosignature (Meadows,
2008; Olson et al.,2018).

As a biosignature, seasonality has several potential advantages compared to conventional
static biosignatures. If life elsewhere is life elsewhere is carbon based, and if CO,-dependent
weathering feedbacks are essential for long-term habitability, it is reasonable to expect that
seasonality in the biosphere may manifest as seasonality in atmospheric CO, on other in-
habited planets—independent of the details of biochemistry on those worlds. Moreover,
seasonality may allow us to recognize life using time-variability in the abundance of gases
that are not uniquely biological products (e.g., CO,, CH,). The greatest appeal, however, is
that these signals may sometimes be the strongest hint of life on inhabited exoplanets. Mid-
Proterozoic Earth, ~1.8-0.8 billion years ago, provides an example of such a scenario.

Despite an early origin for oxygenic photosynthesis on Earth, O, did not achieve high
levels in our atmosphere until relatively recently (Lyons et al., 2014). Low levels of O,
throughout the Proterozoic nonetheless had dramatic consequences for Earth's biosphere,
including the buildup of sulfate in our ocean, that severely limited the abundance of CH, in
the atmosphere (Olson et al., 2016). Thus, viewing mid-Proterozoic Earth as an exoplanet,
it is not obvious that either O, or CH, would be remotely detectable (Reinhard et al., 2017).
In the worst case, a remote observer might mistakenly believe our planet was sterile—but
seasonality provides a path forward.

Ozone is not a biological product, but the abundance of O, in planetary atmospheres
reflects biogenic O, levels. Weakly oxygenated planets, such as mid-Proterozoic Earth, are
likely to have unsaturated O, spectral features in the UV. These features may thus experience
seasonality in response to O, oscillations. Figure A-24 illustrates this point. Each spectrum in
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Figure A-24. A Proterozoic O,/O, seasonality scenario. Shown here are synthetic spectra centered
on the O,-A band at 0.76 um (left) and the Hartley-Huggins O, feature in the UV (middle) from
Olson et al. (2018). Ozone oscillations in response to biogenic O, seasonality are remotely
characterizable with a LUVOIR-type telescope (right), but O, is not itself detectable at mid-
Proterozoic-like levels.

Figure A-24 corresponds to O, scenarios that differ only slightly and collectively represent a
potentially detectable seasonality scenario. Although O, itself is never abundant enough to
be spectrally observable for the mid-Proterozoic, the seasonal O, maxima and minima man-
ifest in distinctly different absorption signals for O, in the UV Hartley-Huggins bands (Olson
et al., 2018). At a distance of 5 parsecs, these oscillations may be characterizable with a
LUVOIR-like architecture within 100 hours exposure time at each of several orbital phases.
Thus, O, seasonality may fingerprint O, seasonality and provide compelling evidence for
life in the absence of detectable O,.

A.16.2 The role of LUVOIR
Characterizing planetary seasonality is a major observational challenge. There are three
primary considerations:

1. Detecting seasonal biosignatures with transmission spectroscopy is not viable be-
cause transiting exoplanets reveal the same seasonal view with each transit. These
signals thus specifically require a direct imaging mission.

2. Seasonal biosignatures may require broad wavelength coverage, inclusive of the UV.

3. Achievement of sufficient SNR to recognize ppmv-level gas oscillations—without
requiring long exposure times with respect to the timescale of atmospheric variabili-
ty—necessitates a large aperture telescope.

LUVOIR meets all of these criteria. For these reasons, LUVOIR may uniquely enable
studies of exoplanet seasonality to inform habitability and support life detection. If recent
suggestions that O, seasonality represents the most compelling biosignature for mid-Pro-
terozoic biospheres are correct (Olson et al., 2018), it follows that a LUVOIR-like mission
may be essential to recognizing life on some terrestrial planets that would otherwise yield
false negatives from more conventional biosignatures.
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Program at a Glance

Science goal: Use LUVOIR to identify seasonality in the composition of exoplanet atmo-
spheres. Seasonality may arise from an active hydrologic cycle and/or a biosphere, and it
may thus be leveraged to recognize habitability and/or life.

Program details: Characterizing seasonality requires direct imaging of a given target plan-
et at several orbital phases.

Instrument(s) + configuration(s): Seasonality studies will make use of the ECLIPS instru-
ment, inclusive of all three wavelength channels.

Key observation requirements: The search for seasonality requires broad wavelength cov-
erage from the UV (O,) to the visible and NIR for identification of conventional biosigna-
tures (e.g. O,, CH,). Compared to static biosignature analysis, characterizing seasonality
will likely require high signal-to-noise, but the total slew + integration time must be short
compared to the timescale of atmospheric variability on the target planet.

A.16.3 The science program

Characterizing seasonal cycles on exoplanets using LUVOIR will require deep (100+ hr),
multi-epoch integrations of Habitable Zone target planets. These observations should lever-
age all three ECLIPS wavelength channels, from the UV to the NIR. UV observations will
facilitate recognition of O, seasonality, as in the example above. Observations of H,O, O,,
CO,, and CH, features will provide additional constraints on planetary habitability and in-
habitation status. For example, an active hydrologic cycle underlies our understanding of
habitability—and seasonality in H,O is likely inevitable on such worlds assuming non-zero
obliquity or eccentricity. Likewise, CO, seasonality may be common to all planets hosting
C-based life on their surfaces if CO, weathering feedbacks are responsible for long-term
climate stability.

LUVOIR's primary exoplanet mission will begin with a broadband survey of nearby stars
with a primary goal of detecting planets and determining their orbits rather than character-
izing these worlds and evaluating their habitability/inhabitation. Among Habitable Zone
planets detected during this initial phase, there are two distinct motivations for follow up
observations to constrain seasonality:

Deep integration of exoplanets with tentative biosignature detection. Should they ex-
ist, these targets are a high priority for follow up. As an alternative to stacking the results
of many hours of integration spanning visits at various orbital phases, our observing pro-
gram will emphasize deep integrations at 3—4 points in the orbit, roughly a quarter phase
apart (half phase increments are insufficient because we could potentially observe an equi-
nox-to-equinox shift). In addition to enabling the search for seasonal biosignatures, pursuing
several deep, multi-epoch observations will also facilitate photometric rotation mapping
and support determination of continentality, a key habitability consideration.

False negative mitigation in the face of apparent habitability. It is also important to
follow up on rocky Habitable Zone planets that do not display obvious biosignatures on
initial observation given the potential for biosignature false negatives discussed above. Our
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observing program will prioritize planets with H,O detections (apparent habitability) and
low-inclination, phase-on orbits, which will be most conducive to detectable seasonality.
For each target, we need deep integrations one-quarter phase and one-half phase apart to
identify biosignatures that might only be detectable seasonally (or rule out their presence).

This program requires a substantial commitment of observing time, but in either case, the
risks in implementing these detailed observations are negligible because the target planets
will already be of high interest given their presence in the Habitable Zone and the detection
of H,O. Independent of the life-detection outcomes of our program, these observations will
inform the distribution of habitable and inhabited planets in the Universe.
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A.17 Technosignature observations with LUVOIR

Ravi Kopparapu, (NASA GSFC), Thomas G. Beatty (U. Arizona), Svetlana Berdyugina (Leibniz
Institute), Jacob Haqg-Misra (BMSIS), Emilio Enriquez (U. C. Berkeley)

A.17.1 Introduction
A primary goal of LUVOIR’s search for life beyond the solar system is to identify biosigna-
tures on inhabited planets around other stars. The search for technosignatures, by analogy
with biosignatures, refers to any sign of technological life that modifies its environment in
ways that are detectable including communicative transmissions and other technologies that
are passive (Tarter 2007, Haqg-Misra & Kopparapu 2012, Wright et al. 2016, Enriquez et al.
(2017)). Technosignatures logically share a continuum with the search for biosignatures, and
just like them, likely span a broad range of possibilities. However, we can define systematic
strategies to search for technosignatures based on our current level and understanding of
what constitutes a technological civilization. Here we identify some technosignature sci-
ence cases that may be possible with LUVOIR.

Similar to biosignatures, large telescopes with high-contrast imaging capabilities, such
as LUVOIR/ECLIPS, will be able to detect two types of TS (Berdyugina et al. 2018):

- atmospheric TS, i.e., gaseous and particle compounds of technological origin in ex-
oplanetary atmospheres,

- structural TS, i.e., spatially resolved structures on exoplanetary surfaces or in the
near-planetary space, which arise due to clustering of organisms or localized activity.

One example of atmospheric TS is chlorofluorocarbons (CFCs) that do not occur natu-
rally but result from anthropogenic activity. They are also proposed as artificial super-green-
house gases for warming up (terraforming) cooler exoclimates (e.g., on Mars, Marinova et
al. 2005). Models were computed for CF, and CCLF in the mid IR for Earth-size planets tran-
siting white dwarf stars: if the concentration of these pollutants was ~10 times the current
terrestrial values, they could be detected by JWST (Lin et al. 2014). Detection requires days
of JWST observing time, but LUVOIR-A could detect such signatures with high confidence
within about a day of observing time.

Examples of structural TS include artificial megastructures (AMS), geoengineering proj-
ects, as well as waste heat and light pollution due to civilization clustering and activity.
Detecting structural TS will be crucial for identifying sources of suspected technogenic ac-
tivities. Both LUVOIR-A and LUVOIR-B will be able to indirectly map exoplanet surfaces
and resolve large-scale artificial structures and structures (see below).

By scaling up human civilization activities on the Earth, one can envision several struc-
tural TS on exoplanets with advanced civilizations. For example, they may construct arti-
ficial megastructures (AMS) either on the surface or in the near-space of an exoplanet (cir-
cumplanetary space). AMS could be of some regular shape and/or homogeneous albedo. In
the circumplanetary space, AMS could be "geostationary,” e.g., for communications or for
harvesting stellar energy. Low-albedo installations similar to our photovoltaic systems can
be employed on the planets’ surface and in space. High-albedo installations can redirect the
incident stellar light, e.g., for heat mitigation by reflecting the light back into space. Such
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AMS may efficiently absorb/reflect only a particular part of the spectrum, similar to photo-
synthetic organisms having specific spectral edges (Berdyugina et al. 2016; Lingam & Loeb
2017). Other examples of structural TS include clustered waste heat (Kuhn & Berdyugina
2015) and artificial illumination (Loeb & Turner 2012) due to civilization urban-like activity
as well as geoengineering projects such as Palm islands in Dubai, United Arab Emirates.

A.17.2 The role of LUVOIR

One of the distinct signatures of human civilization on Earth is the presence of nightside
city lights. Though the total energy emitted into space from city lights is relatively low, the
sodium-vapor lamps commonly used on Earth show narrow spectral features near 660 nm
that are significantly brighter and distinguishable from the background thermal emission of
the planetary nightside. Observations of the Earth from the Soumi-NPP satellite give a max-
imum disk-integrated intensity of 0.5 erg/s/cm?/A from city lights, compared to background
nightside emission of 0.1 erg/s/cm%A.

The large aperture of LUVOIR will allow for the potential signal from nightside city lights
to be detected on Earth-sized exoplanets around nearby stars (Figure A-25). If we assume
that the lights used in these cities are an equal mix of the high- and low-pressure sodium
street lighting used on Earth, then for present-day urbanization levels the emission from
these lights will show a distinct spectroscopic signature in the planetary nightside emission.

Both LUVOIR-A and LUVOIR-B will have large enough aperture to resolve nearby Earth-
like exoplanets from their host stars. Considering that the ECLIPS instrument will provide
a very high contrast (10-'°) at IWA larger than 3.5 A/D in the UV band and 4 A/D in the
visual and NIR bands, the light reflected from the exoplanetary surface can be collected
with a high efficiency and SNR. For example, for an Earth-size planet with an average
geometrical albedo 0.2 in the habitable zone of Alpha Cen A, LUVOIR-B/ECLIPS would
be able to achieve SNR of 10 to 40 in the Johnson UBVRI bands during 1 hour exposure
time. Similarly, LUVOIR-A/ECLIPS will achieve SNR of 30 to 100 (Figure A-27). When such
measurements are done over the course of the planet’s rotational and orbital periods, the
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Figure A-25. Both LUVOIR-A/ECLIPS and LUVOIR-B/ECLIPS would be able to strongly detect
the nightside city lights from present-day Earth on an Earth-like planet orbiting Alpha Cen A.
This assumes a mixture of high- and low-pressure sodium lights similar to what is used on Earth.
LUVOIR-A would detect these lights at 8-sigma, while LUVOIR-B/ECLIPS would detect the lights at
6-sigma. (Beatty, in prep.)

Intensity (njy)

—— Resid. Starlight
—4— Resid. Starlight + City Lights

The LUVOIR Final Report A-57



LUVOIR The Large UV Optical Infrared Surveyor

LUVOIR-A LUVOIR-B

£

1o,
ra

Lo
=

b
L=
.

[
L=
P

Distance (pc)
Distance (pc)

0.01 0.1 10 0.01 [ 10 100

Urban Fr;ction (%)
Figure A-26. LUVOIR-A would be able to detect Earth-like urban fractions out to a distance of 3 pc,
while LUVOIR-B would be able to detect Earth-like urbanization out to 2 pc. For both architectures
the limiting distance is set by the inner working angle of ECLIPS near 600 nm, which limits
LUVOIR-A to approximately 24 pc and LUVOIR-B to 12 pc. The hatched region in the right panel
shows this inaccessible range for LUVOIR-B. Note that an ecumenopolis (a city-wide planet) would
be strongly detectable by both architectures (Beatty, in prep).
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obtained time-dependent light-curve can be inverted into a 2D albedo map of the exo-
planet. Recently a new powerful inversion technique ExoPlanet Surface Imaging (EPSI) has
been developed and demonstrated for resolving both biosignatures and technosignatures
on Earth-like exoplanets (Berdyugina & Kuhn 2019). By inverting light-curves measured in
near-UV, visual and NIR bands simultaneously, one can obtain “true-color” albedo maps
of exoplanet structures and identify their nature through broad-band spectrophotometry.
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Figure A-27. LUVOIR-A/ECLIPS would be able to achieve sufficient SNR in all UBVRI bands for
mapping technosignatures on an Earth-size planet with an average geometrical albedo 0.2 in the

habitable zone of Alpha Cen A and several other nearby exoplanets. LUVOIR-B/ECLIPS would
achieve a similar performance in visual and NIR bands but not in the near-UV.
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Program at a Glance

Science goal: Obtain high spectral resolution at VIS wavelengths to identify spectral fea-
tures of sodium vapor lamps, artificial structures, nightside illumination and constrain the
percentage of urbanization level based on the SNR and distance to the target planet.

Program details: IFS optical and near-IR spectra of a) all planets in the field during long
integrations on stars with habitable zone planet candidates and b) a selected set of known
planets around other stars.

Instrument(s) + Configuration: ECLIPS high-contrast, point-source spectroscopy

Key observation requirements: Spectral bandpass from 200 nm to 2000 nm, R ~ 100,
Continuum SNR > 10

Examples of AMS and other artificial structures that can be detected by LUVOIR in reflected
light using the EPSI inversion technique are shown in Figure A-28.

A.17.3 The science program

The nightside signal from present-day city lights on an Earth-sized exoplanet would be
detectable using both LUVOIR-A/ECLIPS and LUVOIR-B/ECLIPS. The cities of a present-day
Earth in a 1 AU orbit about Alpha Cen A would be detected at 8-sigma using LUVOIR-A
and at 6-sigma using LUVOIR-B. LUVOIR-A would actually be able to significantly detect
(>3-sigma) present-day cities out to 3 pc, a volume which includes Alpha and Proxima Cen,
Barnard’s Star, Wolf 359, Lalande 21185, and Sirius.

Present-day Earth has about 0.25% of its surface covered by cities, and increased ur-
banization levels would be detectable at even greater distances. As shown in the left panel

Original map Original map

Recovered map

Figure A-28. Test inversions for Earth-size exoplanets with artificial structures. Left: Photovoltaic-like
panels evenly distributed on an orbit around the planet above clouds, which resembles a partial
“Dyson sphere” AMS. The panels harvest solar energy in the visible with high absorbing efficiency
which can be identified through a low-resolution multi-band spectrophotometry. From Berdyugina
& Kuhn (2019). Middle: A Palm island extrapolated to the planetary scale as a geoengineering
project. The geometrical albedo scale is the same for both original and recovered images. Right: An
Earth-like artificial illumination pattern on the night-side of the planet scaled by a factor of 20. From
Berdyugina (in prep.).
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of Figure A-26, LUVOIR-A would be able to detect urbanization levels of 2.5% out to ap-
proximately 10 pc, and 10% out to approximately 24 pc using 100 hours of integration
time. Beyond this distance the inner working angle of LUVOIR-A/ECLIPS at 600 nm would
prevent the separate detection of the target planets.

LUVOIR-B would be able to detect the city lights from present-say Earth out to approx-
imately 2 pc using 100 hours of integration time. The increased inner working angle of
LUVOIR-B/ECLIPS limits the maximum detection distance to about 12 pc, at which point
the spacecraft would be able to significantly detect planets with a greater than 2% urban
fraction (i.e., 16 times present-day Earth).

An example of a low-albedo installation in space (above clouds) is shown in Figure A-28,
left (Berdyugina & Kuhn 2019). It may be considered as a partial Dyson sphere (“Dyson
belt”) AMS, but on the planetary scale, which Type | civilizations similar to ours could build
in order to harvest stellar energy arriving to the planet (Dyson 1960, Kardashev 1964).

An example of anthropogenic geoengineering projects is Palm islands in Dubai, United
Arab Emirates. The island takes the form of a palm tree, topped by a crescent. When extrap-
olated to a planetary scale, such an artificial structure may be detected by LUVOIR/ECLIPS
in an exoplanet albedo map (Figure A-28, middle).

An example of an Earth-like artificial illumination pattern on the night-side of the planet
is shown in Figure A-28, right. The pattern can be resolved and detected as shown, if scaled
by a factor of 20 from the current highest light level of artificial illumination (0.5 klx), i.e., to
the level of an indirect sunlight illuminance (10 klx).
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A.18 Exoplanet diversity in the LUVOIR era

Ravi Kopparapu (UMD/NASA GSFC), Eric Hebrard (University of Exeter), Rus Belikov (NASA
Ames), Natalie M. Batalha (NASA Ames), Gijs D. Mulders (LPL), Chris Stark (STScl), Dillon
Teal (UMD), Shawn Domagal-Goldman (NASA GSFC), Avi Mandell (NASA GSFC), Aki
Roberge (NASA GSFC)

A.18.1 Introduction

In the search for exoEarth candidates with LUVOIR, we will undoubtedly detect a multitude
of brighter planets. According to Stark et al. (2014), for an 8-m size telescope, the number
of exoEarth candidates detected is ~ 20 (see Figure 4 in Stark et al. 2014), although this is
strongly dependent on the value of n__ .. At the same time, the number of stars observed to
detect these exo-Earth candidates is ~500. If we assume that, on an average, every star has a
planet of some size (Cassan et al. 2012; Suzuki et al. 2016), then there are ~500 exoplanets
of all sizes that can be observed. Not considering the ~20 exoEarth candidates, the bulk of
the exoplanets will fall into “non-Earth” classification, without any distinguishing features
between them. This provides a motivation to devise a scheme based on planetary size and
corresponding comparative atmospheric characteristics of exoplanets.

With some exceptions of Venus-type exoplanets (Kane et al. 2012), there has not been
an overarching way to classify planets beyond the habitable zone (HZ). Classifying differ-
ent size planets based on the transition/condensation of different species at different stellar
fluxes (i.e. orbital distances) provides a physical motivation in estimating exoplanet mission
yields, separate from exoEarth candidate yields (Figure A-29).
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Figure A-29. The boundaries of the boxes represent where different chemical species are
condensing in the atmosphere of a planet at a stellar flux, according to equilibrium chemistry
calculations Credit: Kopparapu et al. (2018)
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Program at a Glance

Science goal: Measure atmospheric composition for a wide range of exoplanets with dif-
ferent sizes, orbits, and host stars.

Program details: IFS optical and near-IR spectra of a) all planets in the field during long
integrations on stars with habitable zone planet candidates and b) a selected set of known
planets around other stars.

Instrument(s) + Configuration: ECLIPS high-contrast, point-source spectroscopy

Key observation requirements: Spectral bandpass from 200 nm to 2000 nm, R ~ 100,
Continuum SNR > 10
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Figure A-30. Expected number of exoplanets observed for hot (red), warm (blue) and cold (ice-
blue) incident stellar fluxes shown in Figure A-11. The left panel is for a telescope size of 4-m and
the right is for 15-m.

A.18.2 The role of LUVOIR

The histogram plot (Figure A-30) visualizes the total scientific impact of the habitable planet
candidate survey, along with the several other classes of exoplanets, based on different tele-
scope diameter. The y-axis gives the expected total numbers of exoplanets observed (yields),
which are also given by the numbers above the bars. It is at the LUVOIR-type telescope sizes
(~9-m and 15-m size) that one can truly see the diversity in exoplanet yields, and further
characterize different classes of planets. We note that in general, larger apertures are less
sensitive to changes in mission parameters than smaller apertures.

A.18.3 The science program
With a 4-m class mission, observations that are designed to maximize the yield of potential
Earths will also yield the detection and characterization of all of the planet types discussed
here, with the exception of hot Jupiters. Hot Jupiters are not observed by a 4-m class mission
because the tight inner working angle, and because of the low abundances of hot Jupiters.
A 15-m telescope will bring the ability to not only observe planets, but to test the oc-
currence of different features within each of the planet types. It would observe dozens of
each planet type, providing larger sample sizes which enables to study each planet type as
a population.
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A.19 Detecting exomoons with LUVOIR

Eric Agol (University of Washington, NASA Astrobiology Virtual Planetary Laboratory),
Tiffany Jansen (Columbia University), Brianna Lacy (Princeton University), Tyler D. Robinson
(Northern Arizona University), Victoria Meadows (University of Washington, NASA
Astrobiology Virtual Planetary Laboratory)

A.19.1 Introduction

The detection of exomoons has proven elusive, and is becoming an increasingly prominent
goal of exoplanet studies. LUVOIR can open the possibility of the detection of exomoons in
the habitable zones of main sequence stars via spectroastrometry: the astrometric shift ver-
sus wavelength that occurs between wavelengths with flux dominated by the exoplanet vs.
wavelengths dominated by the exomoon. The several requirements to reach this goal are: 1)
a large telescope aperture; 2) astrometric calibration and stability; 3) ability to measure the
centroid of the planet’s light simultaneously over a broad range of wavelengths; 4). ability
to revisit the planet many times; and 4) extension to near-IR wavelengths. In addition to en-
abling the detection of exomoons, this technique may allow for the characterization of the
planet via the orbit of the exomoon.

The Moon has likely played a critical role in the evolution of planet Earth, from influ-
encing the geological and chemical composition (Smith 1977; Canup 2012), to modifying
the mass and angular momentum of the Earth/Moon system (Canup & Asphaug 2001), to
possibly stabilizing the obliquity of the Earth (Laskar et al. 1993). Lunar tides may have play
an outsized role in influencing the evolution of life on Earth (Balbus 2014). Speculation that
habitable exomoons could orbit giant planets makes an intriguing alternate niche for life
(Williams et al. 1997; Kaltenegger 2010). Caveats exist for each of these scenarios (Lissauer
et al. 2012; Heller et al. 2014; Lammer et al. 2014), so a search for exomoons is necessary
to ascertain the importance of moons on planetary physics and biology.

There are a range of proposed techniques for detection of exomoons, from transiting
planet observations (Cabrera & Schneider 2007; Kipping 2009), to phase function measure-
ments in direct imaging (Moskovitz et al. 2009; Robinson 2011). Each of these techniques
has drawbacks: transiting exomoons may be swamped by stellar variability, while phase
variations may be mimicked by variations in planetary atmospheres.

We recently proposed a new approach for the detection of exomoon surveys that could
result in an instantaneous detection of an exomoon, and would allow for measurements
of the exoplanet-moon system: spectroastrometry (Agol et al. 2015). This technique relies
on the observation that a moon can outshine a planet at wave- lengths where the plan-
et is non-reflective, i.e. in strong molecular absorption bands (Williams & Knacke 2004;
Moskovitz et al. 2009). The Earth is outshined by the Moon at ~ 2.7um, and the Earth would
outshine a companion Jovian planet in several methane bands between 0.9-2.7um (Figure
A-31). The technique is summarized in Figure A-32, which schematically shows how the
centroid of the PSF may vary with between wavelengths dominated by the planet versus
wavelengths dominated by the moon.

The detection technique proceeds by simultaneous measurement of the centroid as a
function of wavelength. The wavelengths at which the planet is dim would have a stronger
contribution from the moon, and thus cause a shift of the centroid towards the position of
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Figure A-31. The flux of the Earth-like moon and the warm Jupiter at quadrature phase angle as a
function of wavelength in microns (top) and the contribution of flux due to the moon shown as
a fraction of the total flux (bottom). The maximum fraction of the moon’s flux for the Jovian-Earth
system occurs at A = 1.83 um, contributing 99.1% to the total flux.

the moon. Thus, even if the moon and planet are not resolved, the moon may still be detect-
ed via the spectroastrometric signal.

The astrometric signal, which is proportional to the angular separation of the planet and
moon, scales as r/d, where r is the separation of the moon and planet on the sky, and d is the
distance to the system. The astrometric noise scales as (A/D)(d/D), as the PSF width scales
as A/D, while the precision of the measurement of the centroid scales as d/D, where D is
the diameter of the telescope. Thus, the signal-to-noise scales as r(D/d”*/A, and so the ability
to search a large volume V for exomoons within the nearby galaxy scales asV oc d* oc D*.
To increase the odds of a successful search, then, requires the largest diameter telescope
possible.

This relation assumes that the Poisson-noise limit applies, and thus also requires: 1)
high-contrast to avoid additional contribution to the noise from scattered light; 2) precise
control of the PSF, the astrometric pointing, and the relative astrometric precision between
wavelengths. Ideally, this approach will be made more efficient wi