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1 LUVOIR: Telling the Story of Life in the Universe

Interim Report Executive Summary

Over four hundred vyears have passed
since Galileo’s first observations of the
heavens fundamentally transformed
humanity’s understanding of the cosmos.
We have learned that we live not in a static
eternal universe, but in an expanding one,
comprised of matter, radiation, dark matter,
and dark energy, with the latter two still poorly
understood. We exist notinanisland universe,
but instead within one of hundreds of billions
of galaxies, comprised of tens of trillions of
stars. We have seen that our solar system
is not alone, but instead one of unknown
billions of planetary systems in the Milky
Way. These discoveries have emerged from
a history of advances in astronomical theory,
observation, and technology culminating
in telescopes on the ground and in space
covering every observable wavelength of
light, new frontiers in gravitational wave and
neutrino observations, and entire universes
residing in simulations on supercomputers.
Despite all these triumphs, many basic,
fundamental, and essential questions
remain: Is there life elsewhere? Is our world
unique? How do stars form? What are
the building blocks of structure? How did
our galaxy, solar system, and Earth arise
and evolve? These questions demand an
observatory beyond any in existence or in
development to answer. They require a large
aperture to capture the very faintest objects
across cosmic time. They require spatial
resolution high enough to separate planets
from their host stars and the ability to block
out the latter’s blinding light. They require
access to a range of wavelengths broad
enough to read the atomic fingerprints of
matter across all temperatures and densities.
In this document, we describe such an
observatory: The Large Ultraviolet / Optical /

Infrared Surveyor (LUVOIR) mission concept.
LUVOIR represents an ambitious yet feasible
observatory designed to answer not only
the questions astronomy presents today,
but also the as of yet unknown questions of
tomorrow.

LUVOIR’s main features are:

e Alarge(15-mLUVOIR-A, 8-m LUVOIR-B),
segmented aperture designed to fit in a
single launch vehicle.

e Scalable, serviceable architecture design
for an observatory at Earth-Sun L2.

e A total wavelength range of 100 nm-2.5
um.

e ECLIPS: An ultra-high contrast corona-
graph with an imaging camera and in-
tegral field spectrograph spanning 200-
2000 nm, capable of directly observing a
wide range of exoplanets and obtaining
spectra of their atmospheres.

e HDI: Anear-UVto near-IR imager covering
200-2500 nm, Nyquist sampled at 400
nm and diffraction limited at 500 nm, with
high precision astrometry capability.

e [UMOS: A far-UV imager and far-UV +
near-UV  multi-resolution, multi-object
spectrograph covering 100 nm-400 nm,
capable of simultaneous observations of
up to hundreds of sources.

e POLLUX: A UV spectropolarimeter cov-
ering 100-400 nm with high-resolution
point-source spectroscopic capability.
A consortium of European institutions,
with leadership from the French Space
Agency, is contributing this instrument
concept studly.

LUVOIR continues the vision of the Great
Observatories as a community-driven facility
with the power and capability to answer
scientists’ questions across the full NASA
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Figure 1.1. lllustration of LUVOIR’s range of science and capability as compared to other
facilities. LUVOIR dramatically increases the sample size and diversity of exoplanets that can be
studied, pushing to dozens of Earth-like planets around Sun-like stars. LUVOIR’s sensitivity and
spatial resolution opens access to the ultra-faint and ultra-distant regime, enabling observations
of individual stars in the full variety of galaxies. Those capabilities also create new opportunities
in remote sensing of solar system bodies. Credit: NASA / New Horizons / J. Friedlander & T. B.
Griswold (NASA GSFC)

portfolio of Cosmic Origins, Physics of the
Cosmos, Exoplanet, and Solar System
Exploration science. These science areas e
include:

emergence in the distant past, and
elucidating the nature of dark matter.

Understanding how galaxies form and
evolve from active to passive, both by

e Exploring the full diversity of exoplanets. studying their stars and their gaseous

Discovering and characterizing exoplan-
ets in the habitable zones of Sun-like stars
across a range of ages and searching for
biosignatures in their atmospheres, in a
survey large enough to provide evidence
for (or against) the presence of habitable
planets and life.

Remote sensing of the planets, moons,
and minor bodies of the solar system.
Exploring the building blocks of galaxies
both in the local universe and at their

fuel across all temperatures and phases.
Following the history of stars in the local
volume out to tens of megaparsecs to
understand how they form and how they
depend on their environment.

Observing the birth of planets and
understanding how the diversity of
planetary systems arises.

A transformative facility like LUVOIR with

its large aperture and need for ultra-high
contrast observations will require maturation

The LUVOIR Interim Report
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of some key technologies, including
coronagraph design, wavefront sensing and
control, and ultra-stable structures. With
input from NASA, the aerospace industry,
and commercial partners, this study has
identified the technological gaps and has
defined a path to realize LUVOIR. The
observatory is being designed to leverage:

e Segmented mirror technologies from
the ground and the James Webb Space
Telescope (JWST)

e (Coronagraph development from the
ground and the Wide Field Infrared
Survey Telescope (WFIRST)

e Serviceable design heritage from the
Hubble Space Telescope (HST) and other
missions

e Detector and optics technologies from
multiple missions

e Industry and commercial innovations in
vibration isolation and launch vehicles

LUVOIR’s  power, flexibility, and
serviceability ensure that it can perform not
only the “signature” science examples in
this report, but also the unknown science
of the future. It is an observatory to serve
the astronomical community not just for the
2030s, but also for many decades to follow.

1-4
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2 Introduction

Humanity is defined by the drive to know
about our place within the world around us.
The very name homo sapiens captures what
we prize in ourselves, and our never-ending
quest for wisdom leads us ever further
outward. The value of that quest for the
betterment of our species is immeasurable.
Ages-old questions and investigations
earned us the revelations that the stars are
Suns swirling in a vast galaxy, itself one of
a myriad of islands in a boundless cosmos.
Now we have crossed another threshold of
discovery: there are planets around other
stars. Tracing a path from the dawn of the
universe to life-bearing worlds is within our
grasp. The further revelations we will find on
that path have long belonged to the realm of
speculation—now we begin to find out if our
imaginary musings are real.

This monumental objective demands
powerful and flexible new tools, and different
ways of combining our scientific skills. We
have found that the range and diversity of
worlds is far greater than we imagined, yet
we see planetary systems reminiscent of
the solar system as well. At the moment,
the vast majority of known exoplanets are
“small black shadows” indirectly detected
through their effect on their host stars. Our
knowledge of exoplanet properties is largely
limited to orbits, masses, and sizes. We
have just begun to measure the atmospheric
constituents of gas giant exoplanets; such
studies will greatly expand in the coming
years.

The next frontier is to extend these
capabilities to rocky planets and find the “pale
blue dots” in the solar neighborhood (Figure
2.1). We can determine whether habitable,
Earth-like conditions are common or rare
on nearby worlds and probe them for signs
of life. Concurrently, we will nurture a new
discipline—comparative exoplanetology —by

studying a huge range of exoplanets, thereby
gaining invaluable information for placing
the solar system in the broader context of
planetary systems. A vital part of establishing
that context is deeper understanding of the
bodies in our own system.

Our drive to know goes beyond asking the
question “what exists?” to “why does it exist?”
and pushes us to understand the origins of
all we see around us. The boundary of what
we can see now stretches all the way to the
dawn of the universe, but like our first steps
in the study of new worlds, our vision lacks
both completeness and context. We seek to
understand the environments and processes
that gave rise to a life-supporting cosmos,
from the formation of the earliest structures
and the rise of the elements essential for life

Jupiter

Figure 2.1. Imaging Earth 2.0. Simulation of the
inner solar system viewed at visible wavelengths
from a distance of 13 parsec with LUVOIR. The
enormous glare from the central star has been
suppressed with a coronagraph so the faint
planets can be seen. The atmosphere of each
planet can be probed with spectra to reveal
its composition. Credit: L. Pueyo, M. N’Diaye
(STScl)/A. Roberge (NASA GSFC)
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Figure 2.2. From galaxy evolution to star and planet formation to habitable worlds. Credits:

NASA/ESA/Hubble; ESO/L. Calcada; NASA Ames/SETI Institute/JPL-Caltech

as we know it, to the assembly and evolution
of galaxies, to the detailed mechanisms
of star and planet formation (Figure 2.2).
The boundaries of physics will be tested
and stretched while exploring the birth and
evolution of the cosmos.

In subsequent chapters of this report,
we will delve into far greater detail on all of
these scientific questions and investigations,
which define the tool we need to leap
forward. That is the Large Ultraviolet/Optical/
Infrared Surveyor (LUVOIR), a concept for
an ambitious future space telescope in the
tradition of NASA's Great Observatories.
LUVOIR had its genesis in the 2013 NASA
Astrophysics Roadmap “Enduring Quests,
Daring Visions.” The current LUVOIR study
builds upon telescope concepts going back
decades (e.g., ATLAST, the High Definition
Space Telescope) but goes far beyond
them in both scientific and technical detail.
LUVOIR will provide the powerful observing
capabilities required to execute the
revolutionary investigations we will discuss.
Furthermore, LUVOIR’s power, flexibility,
and longevity will allow it to answer the as-
yet-unknown questions of the 2030s and
beyond.

2.1 The worlds around us

We have long speculated about the exis-
tence of planets outside the solar system.
The names of imagined worlds are familiar
to us: Tatooine, Vulcan, Arrakis. Our own

planetary system is largely bimodal in nature,
with small rocky planets close to the Sun and
massive gas giants in the cold outer reaches.
Scientists naturally expected that other sys-
tems would be similar—if they existed at all.
In the mid-1990s, decades of persistence
and technological innovation were finally re-
warded with the discovery of the first exo-
planets. We have been both shocked and
delighted to find that exoplanets are both
common and diverse—reality far surpassed
our scientific predictions. We can now look
into the sky and realize that most of the stars
we see harbor worlds. Soon, we will more
fully reveal the character of giant planets,
which will further stretch the bounds of our
theories. The next steps in this quest are
even more amazing.

2.1.1 The census of Earth-like
exoplanets

Indirect planet discovery techniques, like
the transit method used by NASA's Kepler
Mission, have shown that small rocky planets
are not rare. Kepler indicates that about 24%
of sun-like stars have roughly Earth-size
planets in their habitable zones (Kopparapu
et al. 2018, and references therein). These
zones span the range of distances from the
stars where we think rocky planets can have
liquid water—an essential material for all life
on Earth—on their surfaces. This revelation
drives us to proceed to the next step: build
the capabilities to reveal the character of
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Figure 2.3. Direct image of four young, warm
super-dupiters orbiting the star HR8799. The
bright light from the central star has been
suppressed with a coronagraph. Credit: NRC-
HIA/C. Marois/Keck Observatory.

rocky exoplanets and measure the fraction
that are truly Earth-like. We need to probe
rocky planet atmospheres and determine
their thermal/chemical states by measuring
their molecular abundances, including water
vapor and other greenhouse gases.

Astronomers and planetary scientists
have calculated that to achieve this goal
for Earth-like planets around Sun-like stars,
we must collect and analyze light from the
planets themselves, i.e., obtain direct images
and spectra (e.g., Kaltenneger & Traub
2009, Snellen et al. 2015). But doing this for
habitable planet candidates around Sun-like
stars is made extremely challenging by the
fact that the Earth is 10 billion times fainter
than the Sun and orbits close to its host star.
When viewed from an interstellar distance of
10 parsecs, the apparent separation of the
Earth from the Sun is only about the width of
a human hair at the distance of two football
fields.

The first direct images of exoplanets
have been obtained with ground-based
observatories, revealing the relatively faint
planets by suppressing the bright light
from the central stars using coronagraph
instruments (Figure 2.3). High-performance
coronagraphs on future 30-meter-class
ground-based telescopes (the Extremely
Large Telescopes, or ELTs) may be able
to study the atmospheres of rocky planets
orbiting in the habitable zones of the nearest
cool red dwarf stars (e.g., Wang et al. 2017).
However, direct observations of rocky
exoplanets around Sun-like stars demand
the ultra-high contrast possible only with a
space-based telescope coupled to a high-
performance starlight suppression system
(Figure 2.1).

Furthermore, measuring the frequency of
Earth-like conditions requires observations
of a large number of candidate exoplanets
(dozens; Figure 2.4). To find and study that
many candidates, an even larger number of
stars must be surveyed (hundreds). This goal
of quantitatively measuring the frequency
of habitable conditions on rocky worlds
is a strong driver on the required space
telescope size. By executing a systematic
study of a large number of rocky exoplanets,
we can guarantee that whatever we find
will be of scientific value. In the absence of
positive detections of water vapor, we would
know that global-scale surface oceans
are relatively rare on rocky worlds in the
habitable zone. This null result would still
transform our understanding of habitability
as a planetary process, and further confirm
the special nature of our home. On the other
hand, if we find that Earth-like conditions are
common on rocky worlds near our Sun, then
a stunning vista of hospitable new worlds will
be unveiled.
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LUVOIR Frequently Asked Questions

How big is LUVOIR?

We are developing 2 architectures, LUVOIR-A and LUVOIR-B. LUVOIR-A has a primary mirror
with a diameter of 15 meters. This size corresponds to the largest observatory that can be
launched in a SLS Block 2 vehicle. LUVOIR-B has a primary mirror with a diameter of 8 meters,
which is the largest observatory that can be launched in a 5-meter fairing similar to those in use
today). [Chapter 8]

What if the SLS Block 2 launch vehicle is not available in the 2030s?

LUVOIR’s segmented design facilitates scalability, as will be demonstrated with LUVOIR-B.
LUVOIR can take advantage of future opportunities in heavy lift commercial launch vehicles with
large fairings (e.g., Blue Origin’s New Glenn rocket and SpaceX’s BFR). [Appendix D]

How long will LUVOIR last?

The prime mission is 5 years, which is the standard prime mission duration for large space
missions, with 10 years of on-board consumables. Furthermore, LUVOIR is designed to be
serviceable and upgradeable, with a lifetime goal of 25 years for non-serviceable components.
[Chapter 8]

What are LUVOIR’s key science goals?

This report describes a number of “signature science” programs that demand LUVOIR.
Additionally, we are actively collecting community input on science with LUVOIR and have
developed a number of public on-line tools to help create science programs (https://asd.gsfc.
nasa.gov/luvoir/tools/). Finally, LUVOIR is being designed to be flexible and powerful enough to
enable the as-of-yet unknown science of the 2030s and beyond. [Chapters 3-7, Appendix A]

How much of LUVOIR’s time will be for community observers?
LUVOIR is envisioned as a facility in the tradition of NASA's Great Observatories (Hubble,
Compton, Chandra, Spitzer), with Guest Observer-driven operations. [Chapter 12]

Why is direct spectroscopy of habitable exoplanet candidates a key goal for LUVOIR?
Both scientists and the public are strongly motivated to find habitable planets around a range of
stars and see if any show signs of life as we know it. Achieving this goal for the exoplanet systems
most like the solar system—ones with Earth-like planets around Sun-like stars—requires direct
spectroscopy of light coming from the planets after suppression of starlight with a coronagraph
or starshade. [Chapter 3]

Why is LUVOIR focused on exoplanet spectroscopy at near-ultraviolet/visible/near-
infrared wavelengths?

This wavelength range contains key molecular markers of habitable surface conditions (e.g., water
vapor, CO,), atmospheric biosignatures (e.g., O,, ozone), and major atmospheric constituents for
a wide range of exoplanets (e.g., methane). [Chapters 3 & 4]

Can high-performance coronagraphy be done with an obscured, segmented telescope?
While most coronagraphs perform better with unobscured telescopes, recent advances via
ground-based instruments and the WFIRST coronagraph technology demonstration program
have shown that high-performance coronagraphs can be designed for obscured apertures.
Other studies have shown that telescope segmentation has only a minor impact on coronagraph
performance. [Chapters 9 & 11]
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LUVOIR Frequently Asked Questions Continued

Can you do high-performance coronagraphy with a UV-capable telescope?

Yes. Recent lab studies have shown that UV-compatible coated aluminum mirrors provide better
coronagraph performance over broad wavelength ranges than UV-incompatible silver mirrors.
[Appendix D]

Why is the telescope warm?

High-performance coronagraphy demands extreme stability of the wavefront entering the
instrument, which is easier to achieve by actively stabilizing the telescope temperature. Maintaining
a temperature near or above the freezing point of water also avoids risk of optics contamination
that would harm the telescope’s ultraviolet sensitivity. [Chapter 8, Appendix D]

Why make LUVOIR capable of observing so far into the ultraviolet (< 1150 A)?

To understand the history of atoms in the universe, they must be observed over a wide range
of physical conditions. Many key atomic and molecular transitions, spanning the full range of
temperatures and densities, lie at wavelengths < 1150 A. [Chapters 5-7]

What unique capabilities will LUVOIR offer compared to ground-based observatories in
the 2030s?

LUVOIR will a) provide continuous wavelength coverage from the far-UV to the near-IR, b) achieve
the 101° contrast levels required for direct spectroscopy of Earth-like planets around Sun-like
stars, c) provide sensitive observations of faint objects below the sky background, d) provide
diffraction limited imaging resolution over wide fields of view. [Chapters 3-7]

Why is there no high-resolution visible/near-IR spectrograph in the first-generation
LUVOIR instruments?

The LUVOIR team developed a preliminary concept for such an instrument (called ONIRS).
Given a limited number of instrument bays (four on LUVOIR-A) and some uncertainty about
the performance of similar instruments planned for the future ground-based Extremely Large
Telescopes (ELTs), ONIRS is currently considered an “alternate or second-generation instrument.”
We are also studying extending the bandpass of a first-generation UV spectrograph to cover the
visible. [Appendix E, Chapter 9]

What is LUVOIR’s primary technological challenge?
Achieving the extreme wavefront stability needed for direct observations of Earth-like exoplanets
using a large telescope. [Chapters 8, 9, & 11]

How much will LUVOIR cost?

Determination of an accurate cost for LUVOIR is a critical desired result of the study. The LUVOIR
team will begin internal cost and risk estimates in mid 2018. Furthermore, NASA will contract
for independent cost and risk analysis, to take place in early 2019. The LUVOIR study aims
to achieve greater cost fidelity though increased design and technological detail, since cost
estimates based on single-parameter scaling relations have been shown to be inadequate
for large space missions. A technology development plan, with schedule and cost, will also
be presented in the Final Report. Commercial and industry partners will also contribute cost,
technology development, and risk analyses. The results of all these analyses will appear in the
LUVOIR Final Report.
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Required number of habitable
planet candidates
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Percentage of candidates with water

Figure 2.4. How many rocky habitable zone exoplanets need to be observed? The bar chart
shows the number of candidates needed to discover one potentially habitable planet (at the 95%
confidence level), for different values of the percentage of rocky habitable zone planets that have
atmospheric water vapor. If the percentage is 10%, then 29 candidates need to be observed, as
illustrated in the planet montage on the right. To put it another way, if 29 candidates are observed
and no water vapor is detected, then we learn that < 10% of rocky habitable zone planets are
actually Earth-like. Credit: C. Stark (STScl)/A. Roberge (NASA GSFC)

2.1.2 The search for life

The tool to achieve the exoEarth census can
also probe the atmospheres of those planets
for biosignature gases and find the first signs
of life outside our home planet. The spectrum
of the Earth contains features arising
from gases of biological origin, like O, and
methane, in addition to strong features from
water vapor and greenhouse gases (Figure
2.5). The Earth is the only planet we know of
teeming with surface life that strongly affects
the planet’s atmosphere. Thus, there are
good reasons to focus serious searches for
life outside the solar system on exoplanets
that are as much like the Earth as possible.
By targeting exoplanets with sizes and orbits
similar to Earth’s and host stars similar to
the Sun, we hope to increase our chances
of finding—and recognizing —extraterrestrial
life.

However, it is important to understand
that no one molecule (or pair of molecules) is
automatically a biosignature in every context.
The key is to calculate the abundances of

molecules in the whole atmosphere, and
then compare those abundances to the
production and destruction rates predicted
by physics and chemistry. To calculate the
production/destruction rates, a good deal
of knowledge about the atmosphere’s
context will be needed, including the planet’s
orbit and the characteristics of the host
star. If the abundance of a molecule is too
high, then we know the production rate is
underestimated and an additional biological
source is indicated. In essence, we first will
try to explain the character of an atmosphere
with physics and chemistry. If we fail, then
we succeed at finding signs of life.
Therefore, confident life-detection has
at least three fundamental requirements:
1) assess a wide range of atmospheric
molecules, 2) actually measure their
abundances with some precision, and 3)
understand the planet’s context within its
system. The first requirement demands direct
spectra with broad wavelength coverage
from the near-UV to the near-IR. The
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Figure 2.5. The character of a living world. This spectrum of visible and near-infrared light
reflected from the Earth reveals the composition of its atmosphere, including gases arising from
life. The steep rise in brightness on the left end is the sign of our blue sky. Deep absorption
features of water vapor are ubiquitous. A sharp feature comes from molecular oxygen, produced
by photosynthesis. And a portion of a broad methane feature is visible on the right. Methane in
Earth’s atmosphere comes from bacteria in the guts of livestock and in swamps. Credit: NASA

GSFC

LUVOIR telescope and starlight suppression enable the variety of observations needed to

system can span these wavelengths of
light and access the important constituents
of planetary atmospheres, including
water, carbon dioxide, molecular oxygen
(O,), ozone, and methane. The second
requirement demands good quality spectra
to measure abundances, which drives the
required telescope and instrument sensitivity.
Additional secondary signs of life, such as
seasonal variations in a planet’s spectral
features, will increase confidence in any
life-detection claim. The third requirement
demands collection of a range of supporting
information, including far-UV spectra of stellar
activity-driven emission from the host stars.
LUVOIR’s great sensitivity and flexibility will

properly place a planet in context.

The dozens of rocky worlds LUVOIR will
explore will inevitably have a range of sizes,
orbits, and chemical compositions, and orbit
various stars with different ages. Earth has
harbored life for most of its history, but in
the earlier stages, the atmosphere was very
different from that of the modern Earth (e.g.,
low O, abundances). Recognizing such a
planet as inhabited also demands the careful
assessment of atmospheric abundances
and planetary context described above. If
LUVOIR confirms the habitability of rocky
exoplanets, or finds signs of life, we will learn
how those traits respond to different planet
and star characteristics. This will turn the
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habitable zone from a theoretical concept
based upon a single planet to one that is
empirically derived fromm multiple worlds, and
usher in a new era of planetary science: one
of comparative astrobiology.

The search for life also takes place closer
to home. Over the last decades, we have
discovered that several moons of the outer
solar system have liquid water beneath their
icy surfaces. These sub-surface oceans
must be heated from below, which may
also provide the energy needed for life. The
geysers recently observed from Enceladus
and Europa (Figure 2.6) may allow glimpses
into their deep oceans. LUVOIR has an
important role to play by determining the
currently unknown strength and frequency
of this phenomenon, through high resolution
monitoring of icy moons. Such information
will be a valuable partner for future spacecraft

visiting these other ocean worlds to search
for signs of life.

2.1.3 The solar system’s place in
the planet family

When we look at the solar system, it appears
delicately balanced to produce a living world,
with our largest planet—Jupiter—playing a
dominant role. However, our exoplanet dis-
coveries show that the planet formation pro-
cess is robust and leads to a wide range of
outcomes. How do we understand the so-
lar system in this context? By exploring the
character of many kinds of exoplanets, in-
cluding types that do not exist in the solar
system, like warm Jupiters, sub-Neptunes,
and super-Earths (Figure 2.7). Only then can
we truly know what is typical about our own
system and what is unusual. The capabilities
that will allow LUVOIR to investigate dozens
of potentially habitable worlds will also allow

LUVOIR-A

Figure 2.6. Spectroscopic imaging of Europa and its water jets. The left panel shows an aurora
on Europa observed with HST (Roth et al. 2014). This UV hydrogen emission (Lyman-alpha)
comes from dissociation of water vapor in jets emanating from the surface. The right panel
shows a simulation of how hydrogen emission from Europa would look to a 15-m UV telescope.
The moon’s surface is bright due to reflected solar Ly-alpha emission. With LUVOIR, one could
monitor the ocean worlds of the outer solar system for such activity and image the individual jets.
Credit: G. Ballester (LPL)
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Kepler-452b

Kepler-22b  Kepler-69c

Kepler-186f

Earth

Kepler-62f

Figure 2.7. Artists conceptions of an assortment of sub-Neptunes and super-Earths discovered
with the Kepler Mission. Credit: NASA/Ames/JPL-Caltech

comprehensive study of a huge range of ex-
otic exoplanets, which by and large will be
easier to observe than Earth-like exoplanets.

Beyond individual exoplanets, LUVOIR
will study the architectures of planetary
systems, which bear witness to formation
processes that operated eons ago. The
relations and interactions between all
the bodies in a system are also vital for
understanding their character. For example,
the upper atmosphere of Jupiter is polluted
by impacts of comets, which continue to this
day. We can also study in real time the violent
formation of rocky worlds and final sculpting
of planetary systems by observing massive
belts of colliding asteroids and comets
around nearby young stars (aka. debris
disks).

There are many things stil to be
discovered and understood about the
bodies within the solar system itself. LUVOIR
can provide up to about 25 km imaging
resolution at Jupiter in visible light, permitting
detailed monitoring of atmospheric dynamics
in Jupiter, Saturn, Uranus, and Neptune over

long timescales. Sensitive, high resolution
imaging and spectroscopy of solar system
comets, asteroids, moons, and Kuiper Belt
objects that will not be visited by spacecraft
in the foreseeable future can provide vital
information on the processes that formed
the solar system ages ago. These exciting
studies only scratch the surface of the solar
system remote sensing that LUVOIR can do.

2.2 The evolution of the cosmos

The scope of astrophysics investigations
that LUVOIR can do is truly vast, covering all
the topics addressed with the Hubble Space
Telescope (HST) and more. Experiments
extremely difficult or impossible to execute
with Hubble and its 2.4-meter diameter
telescope become routine with LUVOIR. A
detailed discussion of every part of LUVOIR’s
astrophysics portfolio would be far beyond
the scope of this report. We have therefore
chosen to focus on a few major areas,
spread throughout the history and hierarchy
of the universe. The LUVOIR team is actively
soliciting further contributions from the
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Figure 2.8. Simulation of a z~2 low mass galaxy imaged with the Hubble Space Telescope and
LUVOIR. The images are 5.84 arcseconds across. Credit: G. Snyder (STScl)

broader science community, in the areas of
astrophysics, comparative exoplanetology,

and solar system remote sensing (see
Appendix A).
2.2.1 The lives of galaxies

The destinies of stars and planets are
controlled by the formation and evolution of
their home galaxies. These are not uniform,
static assemblages. The range of galaxy
masses and structures is enormous, from
massive giant elliptical galaxies, to complex
spirals with super-massive black holes at
their centers (sometimes seen as active
galactic nuclei), to tiny but massive dwarf
galaxies housing only dozens of stars.
Throughout their lives, galaxies interact with
both their neighbors and their neighborhood.
Some galaxies are born small but become
the building blocks of giant spirals like our
own Milky Way. Most mysteriously, we see
that some galaxies are actively forming new
stars, while others are undergoing a slow
death as their stars age and no new ones
are born. Our current understanding of this
complex interplay is highly incomplete.

Gas flows from the space between the
galaxies (intergalactic medium), into the
region around a galaxy (circumgalactic

medium), then into the galaxy itself where
it can become the fuel for new stars.
Eventually, massive stars, supernovae, and
active galactic nuclei drive material back out.
Much of this cycling of matter is currently
unobserved, since the gas flows are hot and
tenuous. To understand the rates of star
formation in galaxies, we need to measure
the balance of these inward and outward
flows. This demands sensitive ultraviolet
spectroscopy, which can only be done from
space. Galaxy mergers result in bursts of star
formation as well but may also be responsible
for the ultimate “death” of merged galaxies.
Understanding the role this process plays in
giving rise to the massive galaxies of today
demands deep, high-resolution visible and
near-infrared imaging of all types of galaxies
(Figure 2.8) at earlier times.

Finally, stars produce essentially all the
elements heavier than hydrogen and helium,
the materials out of which planets are
built. The births and deaths of stars within
galaxies enrich the universe in elements
needed for life (carbon, oxygen, nitrogen)
and our technology (true metals). The global
enrichment of the universe is intimately tied
to star formation and the cycling of matter
into and out of galaxies. LUVOIR will provide
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Figure 2.9. Theoretical simulation of galaxy

cluster formation in the presence of the dark
matter web. Credit: lllustris Collaboration

the ultraviolet spectroscopic capability and
the high-resolution ultraviolet, visible, and
near-infrared imaging necessary for major
advancement in all these areas.

2.2.2 The far reaches of space and
time
How an initially amorphous universe grew
to host the diverse structures we see today
is a driving question for astrophysicists.
We understand that the complex interplay
between normal matter and dark matter
during the rapid early expansion of the
universe was vital for producing a cosmos
with galaxies, stars, and planets. Clusters
of galaxies are strung out along dark matter
webs like jewels in space (Figure 2.9). But in
some ways, we know very little. What is the
nature of dark matter? At the moment, we
roughly know what it does on the largest size
scales but not what it is. Constraining the
nature of dark matter requires probing scales
and masses smaller than can be probed by
any facility today.

Do our models of galaxy formation still
work at smaller size scales? The models

were built to explain the largest structures we
can see today and they provide constraints
on the fundamental physical parameters
of the universe. Whether they can explain
smaller structures is a key test that will reveal
whether we have captured the physics
of interactions between normal matter,
dark matter, and ionizing light. LUVOIR will
facilitate detailed studies of the population
of ultra-faint, low mass dwarf galaxies in the
furthest reaches of time and space all the
way to today. These studies are enabled by
visible and near-infrared imaging surveys
that take advantage of LUVOIR’s sensitivity,
high spatial resolution, and high-precision
astrometry capabilities. Its UV spectroscopic
capabilities will provide a critical tool towards
understanding of the emergence of structure
and light from the cosmic dark ages.

2.2.3 The origins of stars and
planets

Descending even further in size scale, stars
form through the collapse of dense cores
within cold clouds of interstellar gas and dust.
Planets then form in rotating disks of remnant
gas and dust around the newborn stars
(protoplanetary disks). But the fact is we do
not have comprehensive theories for either
process that can explain what we see, much
less predict the currently unseen. We are
unable to explain the fundamental outcome
of the star formation process—the initial
stellar mass function (IMF), which describes
how many stars of which masses are born.
How the cores of interstellar clouds relate to
the stars they form and how the IMF varies
with time and environment are complexities
that we have only begun to wrestle with.
With ultraviolet/visible imaging at exquisite
spatial resolution and powerful multi-object
spectroscopy, LUVOIR will follow high-mass
stars out to unprecedented distances, hunt
for binaries down to small separations, and
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provide access to the lowest-mass ends of
the IMF.

Planet formation theories were originally
built to describe the birth of the Solar System.
As we learned more about protoplanetary
disks by observing them in star forming
regions (Figure 2.10), even the solar system
became difficult to explain. When it comes
to exoplanets, our planet formation theories
did not predict and cannot explain the wide
range we have already discovered. We are
not able to trace the planet formation process
all the way from its beginning in gas and
tiny dust grains to any fully formed planet,
and it is abundantly obvious that important
processes are missing from our theories.

The fundamental problem is that we
need better theories to explain what we see
but cannot formulate those theories without
information that we do not currently have.
Stars and protoplanetary disks are small;
currently, we can only study them in detalil
when they are relatively nearby. To increase
the numbers we can study in different
environments and thereby provide fodder for
our theories, observations at higher spatial
resolution are needed.

Furthermore, several key observational
tests must be done in the ultraviolet. For
example, massive stars are rare but play a vital
role in star formation. Finding more of them
requires extending our ultraviolet observing
capabilities to the galaxies farther beyond the
Milky Way. Ultraviolet spectroscopy is also
needed to observe molecular hydrogen—
the most important gas in protoplanetary
disks—at the critical time when disk gas is
starting to disappear and planet formation
is ending. The high spatial resolution and
ultraviolet capability provided by LUVOIR will
be vital for advancing our theories of star and
planet formation.

Figure 2.10. Planet-forming systems in the
Orion Star Forming Region. Credit: NASA/
ESA/Hubble.

2.3 A big observatory for big goals

Each of these revolutionary science investi-
gations demands distinct observations, but
they share a common need for a large space
telescope that can collect light from the far-ul-
traviolet to the near-infrared. Further, that ob-
servatory must have a diverse and powerful
toolkit of instruments. The Hubble Space
Telescope, which has been one of the most
productive scientific tools ever built, shares
these characteristics. But our transformative
goals demand a great leap in capability over
Hubble and every other current or planned
observatory. The design of LUVOIR is driven
by our need for greater sensitivity, finer reso-
lution, and higher contrast. At the same time,
the design draws on a decades-long wealth
of expertise and technology development
garnered from several current and near-fu-
ture space missions.

The LUVOIR Interim Report
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The LUVOIR Mission Characteristics

Community driven observing program
Operating at Earth-Sun L2

Prime mission lifetime of 5 years
Serviceable and upgradeable

Lifetime goal of 25 years for non-serviceable

components

2.3.1 The LUVOIR mission concepts

NASA tasked the LUVOIR team with
considering space telescopes in the 8-to-
16-meter diameter range. We are studying
two distinct observatory architectures,
both designed to operate at the Sun-Earth
Lagrange 2 point (L2) with 5-year prime
missions. By developing two observatory
concepts, we gain better understanding of
a complex trade space, reveal how science
return scales with different technical choices,
and establish robustness to uncertainties
such as future launch vehicle capabilities and
budget constraints. LUVOIR Architecture A
(LUVOIR-A) features a 15-m diameter primary
telescope aperture and four serviceable
instruments (Figure 2.11). It was designed

for launch on NASA's planned Space Launch
System (SLS) in a Block 2 vehicle. The team
has completed the bulk of the study-phase
design work for LUVOIR-A; refinements are
in progress.

Architecture B (LUVOIR-B) has an 8-m
telescope aperture and 3 instruments;
design work on this concept began in Sept
2017. LUVOIR-B is being designed to fit
within a 5-m diameter fairing, similar to those
in use today. Call-out boxes throughout this
chapter present the high-level characteristics
of LUVOIR-A and its instruments. Full details
of the Architecture A design and plans for
Architecture B appear in Chapters 8-10.

Figure 2.11. Preliminary rendering of the LUVOIR Architecture A observatory, which has a
15-meter diameter primary mirror and four instrument bays. An animation of the observatory
deployment may be viewed at https://asd.gsfc.nasa.gov/luvoir/design/. Credit: A. Jones (NASA

GSFC)
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LUVOIR’s Heritage

HST for serviceability

JWST for deployable telescopes, segmented

wavefront control

WFIRST for high-performance coronagraphy
Sounding rockets and cubesats for UV

technology development

2.3.2 Designing for serviceability

The LUVOIR-A science program described
in this report can be achieved within a
5-year prime mission using the as-designed
instruments. LUVOIR should be judged
on the strength of that science, without
relying on an extended mission. However,
Congress has mandated that all future large
space telescopes be serviceable to the
extent practicable. The LUVOIR Science
and Technology Definition Team (STDT) has
embraced this requirement, since gaining
the greatest scientific return from a strategic
mission with an extended development
time and significant cost demands long
operational lifetimes. LUVOIR’s serviceability
is a key part of enabling a series of “Greater
Observatories” in the tradition of Hubble,
Compton, Chandra, and Spitzer.

Our preliminary observatory designs in-
corporate standardized mechanical compo-
nents (e.g., valves, latches, rails) and allow
replacement of many spacecraft elements

(e.g., reaction wheels, gyros, batteries, so-
lar arrays, computers). Consumables (e.g.,
propellant, cryogen) can be replenished and
science instruments easily removed for re-
placement. Incorporating these features in
the LUVOIR design from the outset will also
result in faster and easier Integration and Test
procedures on the ground before launch,
advantages that will be realized regardless of
whether LUVOIR is actually serviced.

We have considered the question “how
will LUVOIR be serviced?” We first note that
a design commitment to serviceability is not
a commitment to servicing. If LUVOIR were
to launch in the late 2030s, presumably the
first servicing mission would be desired in
the 2040s, so a decision to service would
not have to be made in the near future.
Whether or not LUVOIR would be serviced
will depend on political and budgetary
realities that are unpredictable. If history is
a guide, it is doubtful that NASA's Science
Mission Directorate on its own will have the

The LUVOIR Telescopes

Architecture A: 15-m diameter, 4 instrument bays
Architecture B: 8-m diameter, 3 instrument bays
Segmented, deployable, ultra-stable telescopes

Diffraction limited at 500 nm

Far-UV to near-IR bandpass (100 nm to 2500 nm)
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Instrument : ECLIPS-A

Ultra-high contrast coronagraph (1079 &

Total bandpass: 200 nm — 2000 nm
Inner working angle ~3.5A/D
Outer working angle ~64 A\ /D

Imaging and imaging spectroscopy
(Vis R =140, NIR R =70, 200)

resources to create the infrastructure for
servicing LUVOIR.

Servicing LUVOIR will therefore have
to be approached opportunistically. As an
illustrative example, the Human Exploration
and Operations Mission Directorate is
considering a Deep Space Gateway in cis-
lunar space which, in principle, could be
used for servicing scientific assets on-orbit.
The energy required to move LUVOIR from
Sun-Earth L2 to Earth-Moon L1 or L2 and
back is small compared to that required for
launch of the observatory. Returning the
fully deployed LUVOIR to cis-lunar space for
servicing by some combination of astronauts
and/or robots is a technical challenge, but
not an impossible task (Chapter 8).

2.3.3 Enabling LUVOIR

Revolutionary science goals require a
technologically challenging observatory. The
large LUVOIR apertures demanded by our
sensitivity and spatial resolution goals must
be segmented and deployable to fit within a

launch vehicle. Fortunately, the James Webb
Space Telescope (JWST) to be launched in
2021 has paved the way in this area. Our
most technically challenging observational
goal is the extreme starlight suppression
needed to directly observe exoplanets.
There are two basic instruments to do this:
coronagraphs and starshades. The latter are
deemed unfeasible for telescopes as large
as LUVOIR-A (details appear in Appendix
E). Current coronagraphs cannot reach the
contrast values needed to detect and study
small exoplanets. For LUVOIR to achieve its
goal of directly studying rocky exoplanets
in the habitable zones of Sun-like stars,
coronagraph performance must be improved
in several ways.

As part of addressing this challenge,
NASA has embarked on several development
programsforstarlightsuppressiontechnology.
The Segmented Coronagraph Design Study,
under the leadership of NASA's Exoplanet
Exploration Program, has demonstrated
that coronagraphs can be designed for

Instrument : LUMOS-A

UV multi-object spectrograph + imager

Total bandpass: 100 — 400 nm
Resolution 500 < R < 63,000

Microshutter array: 0.14” x 0.07”
shutters, 3’ x 1.6’ field of view

Far-UV imaging channel
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Instrument : High-

2’ x 3’ imaging camera
Total bandpass: 200 nm — 2500 nm
Nyquist sampled at 400 nm

Simultaneous UV/Vis and NIR channels

~ 70 filter slots
High-precision astrometry mode

segmented, obscured apertures (a point of
doubt a decade ago). The most important
current effort is the Wide-Field Infrared
Survey Telescope (WFIRST) Coronagraph
Instrument (CGl) technology demonstration
program currently working to design a
high-performance coronagraph coupled to
a complex, obscured telescope aperture.
Further, a coronagraph’s performance is
directly linked to stability of the wavefront of
light entering it. The CGI program has made
great strides in developing technologies and
algorithms to stabilize the wavefront coming
from the telescope (low-order wavefront
sensors, deformable mirrors). The highest
contrast measured to date (~10° was
demonstrated in testbeds at JPL through the
CGl program (details appear in Chapter 11).

The LUVOIR coronagraph must achieve
about another 1-2 orders of magnitude
improvement in contrast beyond the current
record. To do this, the LUVOIR observatory
was designed with wavefront stability,
sensing, and control in mind at all times.

Instrument : POLLUX

Instrument study from European

consortium, under leadership of CNES

Point-source UV spectropolarimeter
Total bandpass: 100 nm — 400 nm
Resolution R = 120,000

Circular + linear polarization capability

Definition Imager-A

SNR j '5in 1.4 hours for V= 32

L3

Mechanical and thermal disturbances
have been minimized and several layers of
wavefront control implemented. As part of
this mission study, we have assessed the
technological maturity of each piece of the
starlight suppression system; all are currently
at Technology Readiness Level 3 or higher.
The remaining major challenge is to show
that this whole design works together as a
system to provide the needed performance.
In Chapter 11, we present our technology
assessments and preliminary development
plan.

2.4 What is the difference
between LUVOIR and HabEx?

The Habitable Exoplanet Imaging Mission
(HabEx) is another concept currently
being studied in preparation for the 2020
Astrophysics Decadal Survey. Here we
answer a question frequently asked about
the relationship between the LUVOIR and
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SCIENCE
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Observation

Observatory
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Dynamic
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geysers
on icy moons

Diverse
Worlds
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spectroscopy of
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Worlds
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[LUMOS, HDI,
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POLLUX]

NUV to NIR
imager with
precision
astrometric
capabilities [HDI]

Figure 2.12. Example observations with LUVOIR as a function of increasing distance and how

they drive telescope and instrument needs.

HabEx concepts. The two teams developed
the text of this section together.

LUVOIR and HabEx share two primary
science goals: 1) studying habitability
and biosignatures in the atmospheres
of exoplanets around Sun-like stars and
2) executing a broad range of general
astrophysics studies. The two mission
concepts are distinguished by a difference
in focus. For LUVOIR, Goals 1 and 2 are on
equal footing. It will be a general purpose
“Great Observatory,” a successor to Hubble
and JWST in the 8-16 m class. HabEx will be
optimized for exoplanet direct observations
(Goal 1) but will also enable a range of general
astrophysics. It is a more focused mission in
the ~ 4 m class.

The two missions do have similar goals
for exoplanet science but differ in their
quantitative levels of ambition. HabEx will
explore the nearest stars to “search for”
signs of habitability & biosignatures via direct
detection of reflected light. LUVOIR will survey
more stars to “constrain the frequency” of
habitability and biosignatures and produce a
statistically meaningful sample of temperate
terrestrial planets. In sum, the two studies will
provide a continuum of options for a range of
futures.

2.5 The LUVOIR Interim Report

This document begins by describing the
Signature Science Cases of the LUVOIR
mission identified by the STDT with input from
the broader scientific community. In each
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science chapter, we explain the motivations
for choosing these science cases, identify
the key measurements that must be made,
and describe the observations needed to
obtain those measurements. The telescope
and instrument characteristics required for
the observations are identified. A high-level
flow down of some example science cases
appears in Figure 2.12. Simplified summary
science traceability matrices appear at the
end of each science chapter and a complete,
detailed science traceability matrix appears
in Appendix C.

The Signature Science Cases discussed
in this report represent some of the most
compelling types of observing programs that
scientists might do with LUVOIR at the limits
of its performance. As compelling as they
are, they should not be taken as a complete
specification LUVOIR’s future scientific
potential. We have developed concrete
examples to ensure that the point designs
can execute this compelling science. We fully
expect that the creativity of the community,
empowered by the revolutionary capabilities
of the observatory, will ask questions,
acquire data, and solve problems beyond
those discussed here—including those that
we cannot envision today.

Chapter 3 addresses the question “Is
There Life Elsewhere?” by motivating and
describing a strategy to first find habitable
exoplanets then search them for signs of life.
Chapter 4—“How Do We Fit In?”—delves
into the richness of planetary systems and
comparative exoplanetology. In both chap-
ters, key contributions from LUVOIR obser-
vations of solar system bodies are also dis-
cussed. The dynamic lives of galaxies are
discussed in Chapter 5—“How Do Galaxies
Evolve?” The far reaches of the universe and
its earliest times are the topic of Chapter
6—“What Are the Building Blocks of Cosmic
Structure?” In the final science chapter,
Chapter 7—“How Do Stars and Planets

Form?” —the complex and mysterious births
of stars and planetary systems are investi-
gated.

An overview of the LUVOIR observa-
tories and mission-level considerations
are given in Chapter 8—“The LUVOIR
Architectures.” Details on the LUVOIR-A
telescope and each of the US-studied in-
struments (ECLIPS, LUMOS, and HDI) ap-
pear in Chapter 9—“The LUVOIR Telescope
and Instruments.” Chapter 10 describes
both the science and design of POLLUX, an
instrument being studied by a consortium
of European institutions, with support from
the French Space Agency (CNES). Chapter
11—"LUVOIR Technology Development”
presents LUVOIR’s key technologies, their
current status, and initial plans for advancing
them. Finally, Chapter 12—“LUVOIR Cycle
1”7 —contains an exciting vision of what the
scientific community might chose to do with
LUVOIR in its first year of operations in the
late 2030s. LUVOIR is an observatory not
just for the science of the 2030s, a selected
sample of which appears in this report, but
also for decades after. Just as Hubble today
is doing science never envisioned at the time
of its design or launch, LUVOIR is designed
to be both flexible and powerful enough to
do the as-of-yet unknown science of the
2040s and beyond.
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3 Is there life elsewhere? Habitable exoplanets and solar system

ocean worlds

After millennia of wondering whether human-
ity is alone in the universe, LUVOIR’s large
aperture and compelling instrument suite
will enable the search for habitability and life
on dozens of nearby worlds. LUVOIR's ex-
oplanet survey will be both broad and com-
prehensive, which will revolutionize our un-
derstanding of planetary habitability, and will
provide the first estimates for the frequency
of habitable conditions and life in the local
Solar neighborhood (Figure 3.1). LUVOIR’s
detailed study of the orbital parameters, at-
mospheric compositions, surface properties,
and temporal variability of many rocky plan-
ets in the habitable zones (HZs) of different
stars will reveal environmental conditions for
a diversity of worlds at different stages of
evolution, and potentially usher in a new era
of comparative astrobiology.

LUVOIR will address three profound
scientific questions for exoplanets:

e How common are habitable
environments on worlds around other
stars?

e How common is life beyond the solar
system?

e How does life co-evolve with its
exoplanetary environment?

LUVOIR’s ability to measure fundamental
environmental properties (e.g., atmospheric
composition) for many exoplanets will help
us answer the first two questions, and an-
swering the last question will require detailed,
in depth study of LUVOIR’s most promising
worlds to understand the interactions be-
tween the biosphere and its environment.

LUVOIR will also revolutionize the search
for habitability and life closer to home,
in our outer solar system. With spatial
resolution comparable to flyby missions, UV
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Figure 3.1. Expected exoplanet yields for
different types of stars. We anticipate observing
~50 exoEarth planet candidates (green bars)
with the LUVOIR-A 15-m architecture during
an initial 2-year habitable planet survey. Other
planets shown here are detected “for free”
during the 2-year search. Color photometry and
orbits are obtained for all planets. Two partial
spectra are obtained for all planets in systems
with exoEarth candidates. Red, blue, and ice
blue bars indicate hot, warm, and cold planets,
respectively. Planet class types from left to right
are: exoEarth candidates, rocky planets, super-
Earths, sub-Neptunes, Neptunes, and Jupiters.
Credit: C. Stark (STScl)

capability, and its unprecedented space-
based collecting area, LUVOIR will provide
sensitive global (i.e., planet-wide) imaging
and spectroscopy of a diverse population
of potentially habitable solar system worlds,
particularly Europa and Enceladus. These
observations, which could be made available
on along temporal baseline with an extended
mission lifetime, will complement NASA’s in
situ exploration by robotic flyby, orbiter, and
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State of the Field in the 2030s

We anticipate significant advances in understanding solar system habitability and in small
exoplanet detection and characterization between now and the mid 2030s. Exoplanet
advances will necessarily focus almost exclusively on the more readily detectable planets
orbiting M dwarf stars, whose worlds undergo early evolution and star-planet interactions
that are not experienced by planets orbiting Sun-like stars. A mission like LUVOIR is
essential for the study of planetary systems more like our own—i.e., around Sun-like stars.

The Europa Clipper: The planned Europa Clipper mission (2022-2025) will deliver in-
situ (mass spectroscopy) and directed spectroscopic measurements of this interesting
potentially habitable icy world in the outer solar system.

Frequency of habitable planets: On average, early M dwarfs harbor ~0.25 potentially
habitable planets per star (Dressing & Charbonneau 2013, 2015). Recent detections of
Proxima Cen b (Anglada-Escudé et al. 2016), LHS 1140 b (Dittmann et al. 2017), the
TRAPPIST-1 planets (Gillon et al. 2017), and Ross 128b (Bonfils et al. 2017) indicate
that many terrestrial M dwarf habitable zone planets are nearby, with further discoveries
expected.

Transiting Exoplanet Survey Satellite (TESS): NASA's TESS (Ricker et al. 2014) wiill
launch in 2018 and survey the entire sky for transiting habitable zone planets around
nearby M dwarfs, with an anticipated yield of 10-20 potentially habitable M dwarf planets
(Sullivan et al. 2015), which will be prime targets for transit spectroscopy and possibly
direct imaging and transit spectroscopy with LUVOIR.

James Webb Space Telescope: NASA's JWST is a 6.5-m infrared telescope that will
launch in 2019. Its early exoplanet observations will likely be dominated by hot Jupiters
and sub-Neptunes, but JWST may also provide our first opportunity to probe the
atmospheres of a few transiting M dwarf HZ planets and search for biosignatures. These
transit transmission measurements, while an important step forward, may be stymied by
a lack of observable features (e.g., Kreidberg et al. 2014) and the instrumental noise floor
(Greene et al. 2016).

Planetary Transits and Oscillations of stars (PLATO): ESAs PLATO mission is
scheduled to launch in 2026 and will use planetary transits to search for exoplanets
around stars ranging from M to G dwarfs (Rauer et al. 2014). PLATO’s closest targets may
be observable with LUVOIR.

Ground-based observations: Ground-based Extremely Large Telescopes (ELTs; 30-
40-m diameter) will complement and enhance space-based observatories (Brogi et al.
2016), including LUVOIR. Ground-based observations will likely focus efforts on M dwarf
stars, which have a more favorable planet-star contrast ratio (108 for an M5 star with an
Earth), and because adaptive optics systems perform best in the NIR (e.g., Bouchez et al.
2014). Upgrades to instrumentation (e.g., Lovis et al. 2017) may allow observations of the
nearest M dwarf planets over 3-4 years with high-resolution transit spectroscopy and/or
direct spectroscopy (e.g., Snellen et al. 2013; Crossfield et al. 2011). ELT direct imaging at
3-10 um of terrestrial planets orbiting Sun-like stars may provide information on thermal
emission that is complementary to LUVOIR’s direct imaging in reflected light (Quanz et al.
2015).
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lander spacecraft. LUVOIR will therefore also
address the scientific question:

e Are there habitable environments and life
elsewhere in the solar system?

To answer these four scientific questions
concerning habitability and life beyond the
Earth, we have identified two Signature
Science Cases to address the overarching
questions: #1 Which Worlds are Habitable?
and #2 Which Worlds are Inhabited?

In the sections that follow we will briefly
summarize the anticipated state of the field
of exoplanets and solar system habitability
during LUVOIR’s operation lifetime, and we
describe the science motivation and required
measurements that will enable LUVOIR to
discover small habitable zone (HZ) planets.
We then describe example observing
sequences that illustrate how LUVOIR will
conduct the Signature Science Cases and
enable the search for habitability and life on
planets in and beyond the solar system.

The “Signature Science” cases discussed
in this chapter represent some of the most
compelling types of observing programs on
habitable exoplanets, potentially habitable
solar systemworlds, andthe search for life that
scientists might do with LUVOIR at the limits
of its performance. As compelling as they
are, they should not be taken as a complete
specification LUVOIR’s future potential in
these areas. We have developed concrete
examples to ensure that the nominal design
can do this compelling science. We fully
expect that the creativity of the community,
empowered by the revolutionary capabilities
of the observatory, wil ask questions,
acquire data, and solve problems beyond
those discussed here—including those that

we cannot envision today.

3.1 A habitable and inhabited
planet: The Earth through time

What does an exo-biosphere look like?
LUVOIR’s search for habitable worlds and
life beyond the solar system will sample
habitable zone planets orbiting stars of
spectral type from F to M (the habitable
zone is defined as that region around a
star in which a rocky planet can support
surface liquid water; Kasting et al. 1993;
Kopparapu et al. 2013). These planetary
systems will be at different ages, potentially
providing a window into the different stages
of habitable planet evolution and possibly
with dramatically different biospheres from
our own planet. This rich diversity of worlds
requires a mission that is versatile and
capable of exploring and characterizing
environments unlike the modern Earth’s, that
may nonetheless be habitable. To motivate
and enhance the scientific footing of this
search, we consider the different habitable
environments known to exist throughout
Earth’s 4.6 billion-year history, and the
significant impact that our evolving biosphere
had on these environments. These different
environmental conditions and dominant
biospheres generated significantly different
spectral features. The observable features
created by life acting on its environment are
called “biosignatures.” By understanding
the likely observable characteristics of these
varied environments (e.g., Kaltenegger et
al. 2007; Rugheimer & Kaltenegger 2017),
we can identify measurements needed to
understand habitable exoplanet evolution.
While modern Earth offers detailed, high
fidelity information on a currently inhabited
world, the diverse environments and
biospheres of early Earth provide valuable
data on “alien” globally habitable or inhabited
environments.

3-4

The LUVOIR Interim Report



The Large UV Optical Infrared Surveyor LUVOIR

0.6 ! T I T T T T T T T T T T T T T
2 os5P Archean Earth |
8 Archean
® 04f hazy Archean 7
2 o03fF H, o i
o CH 4
£ o2 " ' A0 ﬁ:'c‘; co, : .
o
00l . 1 . Heo ° . L ¥y
O 05 ! | ! I I | T T T
B o4 Proterozom Earth |
o 1% PAL O, ——
o 03 0.1% PAL O, ——
B 0.2 CHs oo,
S o0 0
3 o
(@)]
0-0 1 1 I 1 1 1 1
O 0-4 Ll Ll l I 1 1 T I 1 1 T T I T 1 T T
e Modern Earth
8 03| modern -r
©
L2 o2
g
S 0.1
S
0.0

0.5 1.0 1.5 2.0
wavelength [ym]

Figure 3.2. The atmospheric composition of Earth has changed significantly over its history, as
has its spectral features. For instance, the canonical biosignatures of modern Earth (e.g., O,
O,) cannot be observed in the Archean eon. A wide wavelength range enables higher fidelity
spectral characterization by providing observations of many atmospheric species, and often
multiple absorption bands of a given species. This breaks degeneracies between overlapping
bands (e.g., overlapping CH, and H,O absorption features, as can be seen in the near-infrared
in the Archean Earth spectra) and enables the search for non-traditional biosignatures. “PAL” is
present atmospheric level. Credit: G. Arney (NASA GSFC)

Figure 3.2 shows globally-averaged history are outlined below, and their distinctive
spectra of Earth throughout its history. The remote observable properties are discussed
environments of the Hadean, Archean, briefly, with Sections 3.2 and 3.3 providing
Proterozoic and Phanerozoic eons of Earth a more in-depth analysis of the spectral

The LUVOIR Interim Report 3-5



LUVOIR

The Large UV Optical Infrared Surveyor

properties of Earthlike worlds. These spectra
provide context and motivation for our search
strategies for a diversity of habitable worlds.

The environmental conditions of the
Hadean eon (before 4 billion years ago)
are poorly constrained due to an extremely
sparse geological record, but life on Earth
may have arisen during this eon (Bell et al.
2015; Nutman et al. 2016). Hadean Earth
may have experienced significantly higher
rates of meteoric infall compared to today.
Similar young exoplanets may likewise be
enshrouded by thicker interplanetary dust
disks produced by planetesimal destruction
(exozodiacal dust).

At the onset of the Archean (4-2.5 billion
years ago), the Earth likely had a flourishing
anaerobic biosphere. The Sun was only
about 75-80% as luminous as today, so a
robust inventory of greenhouse gases—
which likely included carbon dioxide (COZ)
and methane (CH,)—would have been
required to keep Earth hospitable. There is
disagreement on the level of atmospheric
Archean CO,: estimates have ranged from
approximately modern Earth-like levels to
orders of magnitude more than modern Earth
(e.g., Kanzaki & Murakami 2015; Rosing et
al. 2010). Methane levels may have ranged
between 2-3 orders of magnitude higher
than today (Pavlov et al. 2000), produced
by biological and geological processes.
These high, biologically-mediated Archean
methane levels may have occasionally
triggered formation of an atmospheric
organic haze (e.g., Arney et al. 2016;
Zerkle et al. 2012), which could itself be
considered a biosignature (Arney et al.
2018). Spectral features from CH,, CO,, and
haze are strongly apparent in the Archean
Earth spectrum (Figure 3.2). Note high
amounts of CH, generate spectral features
that overlap with the strongest H,O features
in the near-infrared (NIR), so disentangling

these gases will likely require measurements
of multiple bands and/or high signal-to-
noise measurements. A dramatic difference
between modern and Archean Earth is the
lack of O, in the Archean atmosphere (and in
its spectrum).

In the Proterozoic (2.5 bilion years
ago-541 million years ago), significant
atmospheric oxygen accumulation occurred,
irreversibly altering the oxidation state of the
atmosphere and generating a powerful UV
shield in the form of the ozone layer (O, can
be seen in the UV part of the spectrum). It has
been suggested that mid-Proterozoic oxygen
levels may have been as low as 0.1% of the
present atmospheric level, precluding directly
detectable O, spectral features (Planavsky et
al. 2014), although O, might be inferred by
detecting O, in the UV. Thus, the Proterozoic
teaches us that O,, while present, may still
be spectrally invisible. Biologically modulated
season variations in O, may be detectable at
UV wavelengths for the lower oxygen levels
of the Proterozoic (Olson et al. 2018), but
not for modern Earth whose higher levels of
O, mean its UV spectral feature is saturated.
Also, the presence of O, and oceanic sulfate
may have limited mid-Proterozoic CH, to
low (i.e., approximately modern) levels,
diminishing methane’s role as a greenhouse
gas and its spectral features (Olson et al.
2016). However, other biogenic greenhouse
gases that could act as biosignatures, such
as N,O, may have been enhanced in the
mid-Proterozoic due to anoxic and sulfidic
waters limiting availability of metals required
for the enzymatic conversion of N,O back to
N, (Buick 2007).

Phanerozoic or modern Earth (541
million years ago—present) has been heavily
studied in the context of remote sensing and
mission development studies (e.g., Sagan
et al. 1993). Key gases in modern Earth’s
atmosphere include O,, O,, CH,, and CO,,.

3-6
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Why LUVOIR?
[Why direct imaging? / Why from space? / Why NUV-Optical-NIR? / Why so big?]

The most powerful way to characterize potentially habitable worlds is a space-based
telescope with a large aperture, which can conduct direct spectroscopy of habitable
planets over a broad wavelength range.

Understanding the surface and near-surface environment of a potentially habitable planet
is the key to discovering whether that planet can support a liquid water ocean. Direct
imaging provides a direct, and short, line of sight down through the planet’s atmosphere to
probe the planetary surface. Transmission spectroscopy will observe a much longer path
through the planetary stratosphere and is therefore sensitive to atmospheric trace gases.
However, it cannot see the planetary surface, and due to the effects of aerosols and
refraction, it will have difficulty sampling the near-surface atmosphere. Transit observations
are also not sensitive to planets around Sun-like stars (long orbital periods, shallow transit
depths), so they do not allow us to characterize planets more similar to our own.

LUVOIR’s direct imaging spectroscopy will probe deep into planetary atmospheres,
potentially all the way to the surface. This will provide crucial information on near-surface
physical conditions, water vapor abundance, and biosignature gases, including those that
are not abundant at higher altitudes. Because LUVOIR will be observing from space, it will
not have to stare through Earth’s atmosphere, which contains many of the gases LUVOIR
will search for. Those gases include molecular markers of habitable surface conditions
(e.g., water vapor, CO,, CH,, liquid surface water) and biomarkers (e.g., O,, O,, CH,,
biological surface features). Absorption features of all these molecules lie in the near-UV,
optical, and near-IR wavelength ranges.

Of the space-based telescopes being considered for the next decadal survey, LUVOIR has
the largest collecting area and the smallest inner working angle. This will allow LUVOIR to
detect and spectrally characterize a greater number of planets, and characterize a given
planet in a shorter amount of observing time. The combination of tighter IWA and large
collecting area will permit spectral characterization from the near-UV into the near-IR for
most targets.

Observations over multiple, short time intervals will allow for time-dependent observations
that can map planetary surface inhomogeneity and rotational periods. This combination
of advantages means LUVOIR will provide mapping and in-depth spectroscopic
characterization of a large number of rocky planets around other stars, increasing the
probability that we will discover habitability and life, and improving the robustness of the
interpretation of any biosignatures that we may find.

Modern Earth can be used to validate and
constrain models of the remote observable
properties of Earth as an exoplanet (e.g.,
Robinson et al. 2010, 2011), and its
biosignatures and chemical disequilibria
inform the search for life (Hitchcock &

Lovelock 1967; Krissansen-Totton et al.
2016a).

The co-evolution of life and its
environment. Over Earth’s history, life has
co-evolved with its environment, and it is
often impossible to separate the history of
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the two. As a result, the signs of habitability
and life are occasionally the same signatures.
Life has impacted its global environment
in many ways. For example, oxygenic
photosynthesis caused major changes
to the chemical state of the planetary
atmosphere and oceans, which caused the
eventual rise of atmospheric oxygen (Lyons
et al. 2014). This rise of oxygen created an
ozone UV shield, which may have allowed
life to spread from lakes and oceans (where
water is an effective UV shield) onto land
surfaces where it might produce detectable
surface reflectance biosignatures. Earlier
in Earth history, the evolution of methane-
producing microbes (methanogens) may
have generated large atmospheric quantities
of CH,, providing an important Archean
greenhouse gas, in addition to possibly
triggering periods of global organic haze
that would have dramatically impacted the
climate and spectral properties of Earth
(Arney et al. 2016). If LUVOIR finds signs of
life, it will advance our understanding of how
life interacts with its host planets.

Because these interactions between
life and the atmosphere are complex, and
can occur on diurnal, seasonal, and much
longer timescales, studying them will require
sampling a large number of potentially
habitable exoplanets, and time-resolved
high-fidelity observations over the longest
possible baseline for any planets for which
LUVOIR has found signs of life. LUVOIR is
uniquely suited to pursue these goals. The
large aperture of LUVOIR enables a survey
of potentially dozens of HZ exoplanets
that offers the unique and unprecedented
opportunity to witness worlds with a variety
of properties. This includes habitable worlds
at different ages and stages of evolution,
allowing us to compare nascent worlds to
ones much older. LUVOIR will also allow us
to compare planets around a variety of stellar
spectral types, informing our understanding

of how star-planet interactions shape
biospheres. LUVOIR’s large survey has the
potential to deliver profound insights into
how life emerges and survives over time,
and the longer-term impact it can have on
its environment. LUVOIR can search for
planetary variability on diurnal and seasonal
timescales, and serviceability allows for
longer baseline observations (e.g., decadal
timescales). This may allow LUVOIR to test
hypotheses related to the response of the
biosphere to time-dependent phenomena
such stellar activity or insolation variations
due to the planetary orbit. LUVOIR will be
capable of unlocking the story of life in the
cosmos, and in so doing will improve our
understanding of the history of life on Earth.

We emphasize that a wide wavelength
range, spanning from the near-UV (NUV) to
the NIR, is needed to characterize Earth and
detect signs of life during different epochs
during Earth history. One of the goals of
LUVOIR is to be able to detect life on Earth-
analog worlds for as much of Earth history
as possible. Furthermore, this is a specific
example of a more generic goal, which is to
detect biospheres different from Earth. This
is especially important when considering the
history of oxygen in our planet’s atmosphere
(Figure 3.3). O, is regarded as the canonical
biosignature of Earth, and today it can be
detected at visible and NIR wavelengths.
However, it was undetectable in the
Archean eon, so alternative biosignatures
like methane would have to be relied upon
for similar anoxic exoplanets. Methane
in the Archean likely produced stronger
absorption bands than today and may have
been detectable even at visible wavelengths
(Figure 3.2); abundant methane is a much
stronger biosignature if it can be detected
together with CO,, which absorbs in the
NIR and would indicate an atmosphere
in  chemical disequilibrium most easily
explained by biology (Krissansen-Totton et
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Figure 3.3. Oz, the canonical biosignature of
modern Earth, has not always been detectable
during Earth’s history (bottom row). Therefore,
a wide wavelength range from the NUV to
the NIR is insurance against false negative
detections of life. During the Archean eon,
other biosignatures such as methane must
be relied on because oxygen is undetectable.
During the mid-Proterozoic, oxygen can only
be detected via its photochemical byproduct
ozone at NUV wavelengths (top row). Credit:
E. Schwieterman (UCR) / S. Olson (UCR) / C.
Reinhard (GA Tech) / T. Lyons (UCR)

al. 2018). During the mid-Proterozoic, which
encompasses roughly 30% of Earth’s history,
the NUV offers the only wavelengths (from
the UV through the thermal IR) where oxygen
can be detected via its photochemical
byproduct O, (Schwieterman et al. 2018).
This is especially significant given that CH,
levels may have been particularly low during
this same time period (Olson et al. 2016;
Reinhard et al. 2017), removing CH, as
a significant biosignature at this time and
highlighting the need for NUV observations
to detect biosignatures over a significant
fraction of Earth history.

In the following sections, we describe two
signature science cases in detail, covering

the science rationale, target selection,
measurement requirements, and planet
observations.

3.2 Signature science case #1:
Which worlds are habitable?

Planetary habitability is the outcome of the
complex interplay of processes between
the planet, planetary system, and host star.
Understanding which planets can be, and
are, habitable, will require multiple pieces
of information including the nature of the
host star, a census of greenhouse gases,
observed or modeled estimates of planetary
surface temperature and pressure, and—
most importantly—evidence of surface
liquid water. LUVOIR can provide this
information for multiple exoplanets. Because
it is observing in reflected light, it can probe
a planet’s deep atmosphere and surface.
LUVOIR’s direct imaging observations
can therefore provide better sensitivity to
surface habitable conditions than is possible
with upper-troposphere and stratosphere-
skimming transmission observations that
cannot observe below even thin cloud layers.

We now know that small exoplanets with
R < 1.6 R, are most likely to indicate a
rocky world (e.g., Rogers 2015) that is able
to support a surface liquid water ocean.
Compelling Kepler statistics indicate these
small planets are common (e.g., Dressing &
Charbonneau 2013). However, a planet that
exists within the HZ may not support surface
liquid water due to lack of initial volatile
delivery (e.g., Lissauer 2007; Raymond et
al. 2006) or subsequent loss of atmosphere
and volatiles. This may be either due to
its star (Luger & Barnes 2015; Ramirez &
Kaltenegger 2014; Tian 2015) or its small
size (e.g., Mars). Consequently, although HZ
planets are common, the frequency of small,
temperate planets with habitable surface
conditions remains unconstrained, and
can only be determined via observations of
exoplanetary environmental characteristics.
LUVOIR will search for planets orbiting
in or near the habitable zones of their
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host stars (Kopparapu et al. 2013) and
then conduct detailed investigations of
their atmospheric compositions, energy
budgets, surface properties, and seasonal
variability to assess whether any of those
potentially habitable worlds can support a
surface liquid ocean. This study will assess
the frequency of habitable worlds in our
local solar neighborhood and measure the
diversity of habitable planetary environments.
No currently planned mission—including
TESS, JWST, and WFIRST—can carry out
this census of habitable environments, or
characterize planets orbiting Sun-like stars.
In the solar system, the discovery of
subsurface liquid water oceans on several
icy moons has sparked a hope of finding
habitable conditions in the icy moons of
our cosmic backyard. LUVOIR can monitor
plumes and surface features discovered on
Enceladus and Europa over long temporal
baselines, providing valuable information on
the timing and locations of eruption activities.
LUVOIR could also measure reflected sunlight
in Titan’s near-infrared spectral windows,
which provide access to the surface and
sub-haze environment. These studies will
provide much needed remote sensing data
on nearby worlds that can be used in tandem
with spacecraft measurements to gain a
holistic picture of these environments.

3.2.1 Habitable planetary
environments

The search for habitable exoplanets (Figure
3.2) is a search for worlds with liquid surface
water. Water is central to the search for
life beyond Earth, and while subsurface
liquid water may also provide a habitable
environment (e.g., on Europa and Enceladus
within the solar system), the focus on
surface water for exoplanets is driven by
detectability concerns. A biosphere that can
readily exchange gases with the atmosphere
can produce habitability markers and

biosignatures that are more easily detected
over interstellar distances compared to a
subsurface biosphere. In addition to being
a proven solvent for life for a vast diversity
of metabolisms on Earth, water has many
fundamental chemically favorable attributes
for life (Pohorille & Pratt 2012), and it is the
most common polyatomic molecule and
solvent in the universe. Earth, with its surface
water ocean, is the only planet known to
support life. Elsewhere in the solar system,
habitable environments may also exist
where liquid water flows over rock in the
subsurface of Mars (Ehimann et al. 2011),
and in the subsurface oceans of the moons
of Jupiter and Saturn (Carr et al. 1998;
Roberts & Nimmo 2008). Clues to habitable
sub-surface environments may be revealed
by detailed studies of these bodies’ surfaces
and any outgassing, atmosphere, or plumes
of gjecta.

LUVOIR’'s survey of exoplanets will
produce the first empirical constraints on
the limits of the HZ for a variety of stellar
types and broaden our understanding of the
processes that shape habitability. In general,
Earth-like atmospheres are considered
those composed of a background of N, and
greenhouse gases such as H,0 and CO,. The
failure of these principle greenhouse gases
(and others, like CH,, N,O, and O, cf. Section
3.1) to provide a clement temperature range
as a function of incident stellar radiation
defines the limits of the HZ. While LUVOIR
may test this classic habitable zone definition,
it will also explore and test alternate modes of
habitability that may be possible such as: a)
worlds where dense CO, atmospheres may
be formed by the early extreme luminosity of
the host star for planets orbiting M dwarfs
(e.g., Meadows et al. 2018); b) planets
with low water abundance (so-called Dune
worlds; Abe et al. 2011); ¢) planets with
dense H,-dominated atmospheres (Gaidos
& Plerrehumbert, 2013).
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Figure 3.4. LUVOIR can interpret the atmospheric compositions of planets orbiting a variety of
stars. Top: UV spectra of the Sun, Proxima Centauri, a K1V dwarf, and a F2V dwarf. Bottom: UV
absorption cross-sections for key gases. Atmospheric photochemistry is effectively controlled
by the product of the stellar UV and the molecular absorption cross-sections. Thus, different
UV spectra from different stars, which could be obtained with LUMOS, will lead to different
photochemical outcomes. Credit: G. Arney (NASA GSFC) / Proxima Cen: Meadows et al. (2018);
HD97658: France et al. (2016), Youngblood et al. (2016), Loyd et al. (2016); Sigma Bootis: Segura

et al. (2003).

LUVOIR will observe planets in the HZs of
F G, K, and M dwarfs, potentially allowing a
comparison of the evolution of habitability on
planets orbiting stars with different luminosity
evolution (Baraffe et al. 1998) and activity
levels. The differing extreme UV (XUV; A=10-
124 nm) and UV (A < 400 nm) spectra of host
stars will lead to different atmospheric loss
and photochemical processes (Figure 3.4),
both of which affect planetary atmospheric

composition. LUVOIR will characterize how
planet atmospheric composition varies with
and responds to the host star spectrum.
FGK dwarfs. LUVOIR will primarily
target F, G, and K dwarf stars, which offer
the best chance of discovering planets
with evolutionary histories similar to Earth’s
(compared to planets orbiting M dwarfs
which may undergo substantially different
evolutionary paths as described below).
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Figure 3.5. Larger telescopes can observe more of an exoEarth’s spectrum. The colors in each
panel show spectral coverage for stars at different distances from the Sun as a function of
telescope diameter for the visible (515-1030 nm) and NIR (1-2 um) channels. Spectral coverage
of 100% means the entire wavelength range in each channel can be observed for an Earth-like
exoplanet orbiting at the inner edge of the conservative habitable zone (0.95 AU for a G2V star).
We assume IWA ,; = 3.51/D, IWA,,, = 2)/D, and OWA = 64 1/D. A larger fraction of the spectrum
can be observed for hotter stars, whose HZ planets orbit further away and are less prone to being
cut off by the IWA (although the contrast ratio will be less favorable for these stars). Although
the cool M dwarfs have low spectral coverage because of their compact HZs, they have a higher
occurrence rate than hotter stars. The vertical dashed line indicates LUVOIR-A (15-m). Credit: R.

Juanola-Parramon (NASA GSFC)

About 90% of the LUVOIR stellar targets
will be FGK stars, which may represent
something more akin to the Earth-Sun
system, with moderate stellar evolution.
These systems represent our best chance of
finding true Earth analogs to set our home
world in context. FGK dwarfs, compared to
M dwarfs, host HZ planets at large enough
orbital separations that they can be seen
outside the coronagraph inner working angle
(IWA) in direct imaging for a large number
of targets. The IWA measures the smallest
planet-star angle at which a planet can be
resolved, and it scales with A/D where D is
the telescope diameter. Figure 3.5 shows
how the IWA truncates the observable
spectrum for planets orbiting a variety of

stellar types. HZ planets orbiting FGK stars
are less accessible to transit observations
due to the long orbital periods of these
worlds and small transit depths. If transits
can be observed, refraction will likely inhibit
Observations of their lower atmospheres
where water vapor is most abundant on a
habitable planet (Misra et al. 2014a). Initial
ground-based characterizations of HZ
terrestrials with high-resolution spectroscopy
will likely focus their observations on M
dwarf targets, which offer the best planet-
star contrast and best prospects for transit
observations. Space-based direct imaging
observatories, therefore, provide the first and
best opportunity to image terrestrial planets
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in reflected light and characterize Earthlike
worlds orbiting truly Sun-like stars.

M dwarfs. M dwarfs comprise 75% of
the main sequence stars in our galaxy, so
the question of whether their planets can
be habitable is critical to understanding
the distribution of life in our galaxy. While
M dwarf habitable planets are on close-in
orbits around their dim stars, LUVOIR’s large
aperture will provide an IWA that allows direct
observations of planets orbiting nearby M
dwarfs, and they will comprise about 10%
of the stars LUVOIR will survey. LUVOIR
can also conduct transit transmission
observations of M dwarfs in a wavelength
range complementary to JWST, but direct
imaging of M dwarf HZ planets will be the
most effective way of detecting water vapor
in their deep atmospheres. For HZ terrestrial
planets, measurement of deep atmosphere
water vapor will likely elude transmission
spectroscopy measurements of the handful
of M dwarf targets that JWST will observe,
as transmission probes higher stratospheric
altitudes with much lower water abundances
(Meadows et al. 2018; Cowan et al. 2015).
However, recent work suggests that
“habitable moist greenhouse” states with wet
stratospheres are possible for slowly rotating
planets with thick substellar cloud decks that
cool the surface environment. High altitude
water can still be lost to space, but if loss
occurs slowly, this may result in a novel type of
habitable state with observable stratospheric
water vapor in transit observations (Fujii et al.
2017; Kopparapu et al. 2017).

Although F, G, and K stars may harbor
habitable planets with histories and
characteristics more like Earth’s, M dwarf
planets provide a fascinating complement
from a habitability standpoint as they likely
undergo a significantly different evolutionary
sequence compared to planets orbiting F,
G and K stars. This different evolution can
include possible extreme water loss during

the super-luminous pre-main sequence
stellar phase (Luger & Barnes 2015), tidal
locking (Heath et al. 1999), and extreme M
dwarf activity (Tarter et al. 2007). However,
there are mechanisms that could allow for
habitable conditions even in the face of
these challenges: a) later migration into the
habitable zone or late delivery of volatiles can
mitigate the damage of the super-luminous
pre-main sequence phase (Morbidelli et al.
2000); b) atmospheric circulation on tidally
locked worlds can prevent atmospheric
collapse on the perpetual night side and
generate thick substellar cloud decks that
extend the habitable zone closer to the star
(Kopparapu et al. 2016; Yang et al. 2013);
and ¢) oceans can shield marine life from the
damaging radiation produced by energetic
flaring (Segura et al. 2010)—provided,
of course, that the planet can retain its
atmosphere (e.g., Garcia-Sage et al. 2017).
LUVOIR could directly observe non-
transiting exoEarth planets around the
closest M dwarfs (e.g., Proxima Centauri b),
and it could also observe the same transiting
M dwarf planets targeted by JWST or large
ground-based telescopes in a shorter
complementary  wavelength range for
transit transmission spectroscopy. Uniquely,
LUVOIR’s access to the UV could test for
atmospheric escape processes by detecting
escaping H in transit (Bourrier et al. 2017;
Ehrenreich et al. 2015). Figure 3.6 shows
possible transit transmission spectra of
TRAPPIST-1 b and e for a variety of scenarios,
including habitable and non-habitable states
(Lincowski et al, in prep). The “false positive
O,” planet (green line) represents a world with
abiotic photochemical O, (Section 3.3.2)
that can be can be distinguished from truly
a habitable planet by its lack of H,O features
and through the appearance of strong (O,),
dimer features. These are pressure-induced
features that appear in atmospheres with
extreme amounts of O, characteristic of
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Figure 3.6. LUVOIR could observe planets transiting M dwarfs in the UV-Visible-NIR,
complementing longer wavelength observations of these same worlds with JWST and grounad-
based telescopes. Shown here are possible transmission spectra of TRAPPIST-1 b and
TRAPPIST-1 e for several atmospheric scenarios, including habitable and non-habitable states.
Non-habitable states include a planet with “false positive” O, produced by abiotic photochemical
processes and a Venus-analog. Also included is an Earth analog for TRAPPIST-1 e. Credit: A.

Lincowski (University of Washington).

certain abiotic photochemical processes.
Also included are a Venus-analog world (red
line) that exhibits a relatively flat spectrum
broken only by a few CO, bands in the NIR
and SO, absorption in the UV. The modern
Earth-analog  planet shows  spectral
indicators of H,0, O,, and O,, although the
H,O bands are weak since most of the water
is trapped in the lowest atmospheric scale
height not sensed in transit.

Atmospheric composition of habitable
worlds. To comprehensively characterize
the atmosphere of a detected planet in
reflected light, the presence or absence of as
many gases of interest as possible must be
constrained. It is also important to measure
the continuum flux level and slope set by
Rayleigh and cloud/haze scattering. Table

3.1 summarizes several gases of interest,
and the wavelengths at which they absorb.
In practice, observations out to only ~1.8
um will be obtainable for most Earth-like
targets, because thermal radiation from the
warm telescope mirror (270 K) swamps the
planet signal at longer wavelengths; LUVOIR
is not a cryogenic telescope to prevent UV-
absorbent contamination from condensing
on the mirrors (see Appendix D). For a
modern Earth-like or early-Earth-like HZ
terrestrial planet, at wavelengths from 0.2—
1.8 um, trace gas absorption will be primarily
from important greenhouse gases H,O and
CH,. Absorption from CO,, NH,, O,, O,, CO,
and O, also occurs in this wavelength range
(Table 3.1) and can be used to characterize
diverse terrestrial planet atmospheres, and
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Table 3.1. Desired spectral features for habitability assessment.

Habitability Markers

Molecules/Feature 0.2-1.0 um 1.0-2.0 um
H,0 0.65, 0.72, 0.82, 0.94 1.12,1.4,1.85
H, 0.64 - 0.66, 0.8 —0.85
CO, 1.05,1.21,1.6
CH, 0.6,0.79,0.89, 1.0 11,1.4,1.7
S, 0.2-0.5
H,S <0.3
SO, <0.3
Ocean glint 0.8-0.9 1.0-1.05,1.3
Rayleigh scattering s 0.5

also provide key information to discriminate
terrestrial planets from H,-dominated sub-
Neptune planets. The longer the wavelength
range and the larger number of absorption
bands that can be detected, the greater the
fidelity with which atmospheric composition
can be discerned. Detecting multiple
features improves our confidence in the
unique detection of a specific gas by ruling
out similar, overlapping absorption features
produced by different gases. For example,
CH, and H,O have several overlapping
absorption features at visible and near-
infrared wavelengths, including near 1.1 and
1.4 um, which could be confused in spectra
of low to moderate resolution. LUVOIR’s NIR
channel can obtain spectra at R=200 to help
break this degeneracy (it can also obtain
spectra at R=70). However, in this example,
water can be identified cleanly near 0.94
um, and CH, cleanly near 1.7 um (also near
1 um at Archean-like abundances), allowing
the degeneracy to be broken, and improving
model fitting and retrieval for both gases.
The smaller 8-m aperture (LUVOIR-B) will
reduce the number of planets that this full
wavelength range can be obtained for, but
the study of the 8-m architecture, and its final
design, are not completed. We will ensure
that our major science questions can still be

addressed with LUVOIR-B and will discuss
this in detail in our Final Report.
Atmospheric composition and pressure
affects habitability, as the stability of surface
liquid water depends on both surface
temperature and pressure from the overlying
atmosphere. Both will be challenging to
constrain. A Rayleigh scattering slope, or the
detection of dimer (i.e., a molecular complex
consisting of two identical molecules linked
together) or pressure-induced absorption
features (Misra et al. 2014b), could allow
measurements of atmospheric pressure, at
least to the lowest observable atmospheric
layer. The lowest observable layer may not
be the surface due to cloud cover, scattering
aerosols, or molecular opacity. Detection of
Rayleigh scattering requires observations at
visible wavelengths and does not place strict
requirements on spectral resolution. It will
not be possible to measure temperatures
directly in the absence of planetary thermal
radiation (although thermal detection of
exoplanets orbiting Sun-like stars using
ground-based observations with ELTs could
provide excellent complementary information
on planetary temperature; e.g., Quanz et
al. 2015). However, it may be possible to
constrain temperature, and also habitability,
by retrieving a water vapor profile consistent
with condensation (i.e., a condensation
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curve). Constraints on the water vapor
profile could be obtained by observing water
bands at different wavelengths, which sense
different depths in the atmospheric column.
Water bands between 0.6 and 1 um probe
the near-surface environment, while NIR
water bands at 1.15 and 1.4 pm sense the
middle and upper troposphere.

Other atmospheric features. A
wide spectral range permits discovery of
unexpected atmospheric absorbers and
provides alonger lever arm to constrain cloud
particle sizes and composition through Mie
scattering effects. Blue and UV wavelengths
are particularly important for observing these
effects. Observations of exoplanets may
reveal the presence of hydrocarbon, sulfuric
acid or water vapor hazes in terrestrial
atmospheres, especially at UV-visible
wavelengths (e.g., Arney et al. 2016; Hu et al.
2013; Figure 3.2). Spectral estimates of the
composition, particle size, and optical depth
of the planetary aerosols could also constrain
the albedo of the planet (whether it is more
likely to be reflective, or dark), helping to
improve the inherent size-albedo degeneracy
for directly imaged, non-transiting planets.
Spectral features or scattering slopes of
volcanically-generated species such as CO,,
H,S, SO,, or H,SO, aerosols, especially if
these vary on monthly or yearly timescales,
could indicate active volcanism (Hu et al.
2013; Kaltenegger & Sasselov 2010; Misra
et al. 2015). Geological activity is important
for maintaining planetary habitability on Earth
over long timescales (Walker et al. 1981)
through plate tectonics, the carbonate silicate
cycle, and seafloor weathering (Krissansen-
Totton & Catling 2017). Elemental sulfur
(Sy) particles, produced by photochemical
reactions involving volcanic gases such as
H,S, can produce broad absorption features
at A < 0.5 pm (Hu et al. 2013). H,S and SO,
could be detected in the UV at wavelengths
< 0.3 um. Some gases, which are highly

soluble in water like SO,, could also serve
as desiccation markers, hinting at a lack of a
significant surface ocean.

Direct detection of liquid surface water.
While gas phase water may be detected
through its atmospheric spectral features,
direct detection of surface liquid water may
also be possible for a subset of the most
observable planets through detection of
specular reflectance from liquid water oceans
(the “glint” effect). This phase-dependent
phenomenon can be sought in either
reflection or polarization. These observations
are best made in the near-infrared where the
relative lack of Rayleigh scattering enhances
the detectability of the planetary surface
and the glint phenomenon (Robinson et al.
2010; Zugger et al. 2011). Ocean glint could
be detected with photometric observations
at continuum wavelengths (i.e., between
strong atmospheric absorption bands), and
especially those near 0.8-0.9, 1.0-1.05, and
1.3 um; Robinson et al. 2010), at multiple
planetary phases between quadrature and
crescent. Near-infrared observations also
minimize glint false positive signatures from
polar ice (Cowan et al. 2012) which is less
reflective at longer wavelengths. For an
Earth-twin, clouds and hazes may make the
polarization signature from surface oceans
challenging to detect (Zugger et al. 2011),
and the reflective glint signal may prove
the best option for the direct detection of
surface liquid water. For Earth, glint is most
pronounced 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 functions at such close
planet-star separations will depend on the
IWA of the high-contrast field-of-view and
cannot be achieved for planetary systems
with inclinations below about 60 degrees. An
IWA of 2 A/D in the NIR channel allows glint
detection in the 1.33 um continuum out to
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Figure 3.7. Icy moons of our solar system like Europa (left) and Enceladus (right) offer an incredible
opportunities to find habitable conditions and life in our cosmic backyard. The relative paucity
of craters on Europa testifies to its young surface; the dark linear features point to cracks in the
ice shell leading to the deep ocean. On Enceladus, plumes erupt from the “Tiger Stripes” region
visible around the south pole. Credit: NASA

almost 10 pc for habitable planets around G
dwarfs, and nearly 5 pc for K dwarfs.

3.2.2 Oceanlicy worlds of the solar
system

Within the solar system, the icy moons of
the giant planets remain some of the most
intriguing observational targets, motivated
strongly by their potential to harbor life in
subsurface oceans. While dozens of moons
have or have had oceans, a few special
cases are considered the best targets in
the search for life and prebiotic conditions:
Europa, Enceladus, and Titan. These moons
represent end members of a different
kind of habitable world from the terrestrial
planet: worlds whose icy surfaces, deep
oceans, and interactions of endogenic and
exogenic energy sources give rise to the
physical and geochemical processes that
might create and maintain life. LUVOIR will
conduct game-changing science for the
solar system’s ocean worlds, via multi-epoch

imaging at high spatial resolution (~25 km
resolution at 500 nm for Jupiter at opposition
for LUVOIR-A, comparable to imaging with
the Juno spacecraft) and sensitive spatially
resolved spectroscopy at UV through NIR
wavelengths.

For solar system icy ocean worlds, the
question is not whether these oceans exist,
but rather: “how may we study them?” and
“how do these potentially habitable systems
operate?” Europa orbits Jupiter between lo
and Ganymede in a Laplace resonance, and
it has maintained geologic activity over the
lifetime of the solar system as a result of early
accretional heat, radiogenic activity, and for
at least the past 2.5 billion years, immense
tidal heating from Jupiter. Europa’s surface
is churned over by tectonic and resurfacing
processes and displays so few craters that
it can only be constrained to an age of
40-90 Myr (Figure 3.7). The young age of
the surface implies ongoing surface-ocean
communication, and materials in the cracks
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Figure 3.8. Spectroscopic imaging of Europa and its water jets. The left panel shows an aurora
on Europa observed with HST (Roth et al. 2014). This UV hydrogen emission (Lyman-alpha)
comes from dissociation of water vapor in jets emanating from the surface. The right panel shows
a simulation of how this hydrogen emission from Europa would look to a 15-m UV telescope.
The moon’s surface is bright due to reflected solar Ly-alpha emission. With LUVOIR, one could
monitor the ocean worlds of the outer solar system for such activity and image the individual jets.

Credit: G. Ballester (LPL)

and fissures on the surface may represent
compounds that have upwelled from the
deep sea and/or could be transferred down
into the sea.

Spectroscopic measurements of the sur-
face of Europa have revealed the presence
of a variety of surface materials. Oxidants
such as hydrogen peroxide (H,0,) and sol-
id state O, are generated by charged par-
ticle bombardment from the environment
(Delitsky & Lane 1998). Such oxidants may
be important for fueling metabolisms in the
Europan ocean if they can be transported
through the icy shell (Chyba 2000). Hydrated
salts and other materials have been detect-
ed and absorb between 1 and 2 um, acces-
sible to LUVOIR. These include magnesium
sulfate hydrates (MgSO,enH,O), bloedite
(Na,Mg(SO,),#4H,0) (McCord et al. 1999),
and sulfuric acid (H,SO,enH,O) (Carlson
1999). Typically, these materials occur along
ridges, in chaos terrain, and in craters. Their

composition does not vary across the moon,
suggesting upwelling from a globally mixed
ocean. LUVOIR could monitor for variations
in the surface distribution of these species
that could indicate active upwelling of fresh
material from the underlying ocean.

Plumes have been reported for both
of the ice-covered ocean moons Europa
and Enceladus, which may allow direct
access to the chemistry and composition
of the deep ocean. Two different groups
have employed the HST STIS instrument
to find evidence for transient water plumes
emanating from its surface via observations
of H and O emission (Figure 3.8; Roth et al.
2014) and in UV continuum absorption while
Europa transited the bright surface of Jupiter
(Sparks et al. 2016, 2017). In both cases,
the detections were at the limit of the HST
instrumentation, yielding detections at 3-6 o
levels of significance (for a water column of
~2 x 10 m? to 2 x 10?" m?). While some

3-18

The LUVOIR Interim Report



The Large UV Optical Infrared Surveyor

LUVOIR

Figure 3.9. The surface of Titan (false color) observed in NIR spectral windows as seen by a
2.4-m telescope versus a 15-m LUVOIR telescope. Credit: NASA Cassini / R. Juanola-Parramon
(NASA GSFC)

of the observations were repeated, no
definitive cyclic timing could be discerned;
thus, the frequency and dynamics of these
sporadic plumes is unclear. With the planned
spatial resolution and collecting power of
LUVOIR-A, emission from individual plumes
could be resolved in FUV spectroscopic
imaging observations with the LUMOS
instrument (Figure 3.8). Such observations
would constrain plume frequency, dynamics,
and plume-magnetosphere interactions. ELT
ground-based observatories will be able to
perform complementary NIR studies, yet
strong attenuation of the water signatures
in the infrared due to telluric opacities and
not having access to the UV will severely
hinder the sensitivities obtained using these
facilities.

On Enceladus, plumes are known to erupt
near the south pole from the “Tiger Stripes”
region (Figure 3.7). The mass of the eject-
ed material varies following a diurnal cycle
(Hedman et al. 2013), responding to open-
ings and closings of the fissures (Nimmo et
al. 2014). The plumes themselves operate
stochastically, possibly caused by variations
in tidal stresses (Teolis et al. 2017). Cassini’s

Visual and Infrared Mapping Spectrometer
(VIMS) has revealed that the Tiger Stripes
region is characterized by water, organics,
carbon dioxide, and amorphous and crys-
talline water ice (absorbing at 1.5, 2.0 um;
Brown et al. 2006). While the plumes of
Enceladus have so far only been detected
with the Cassini spacecraft, the reported col-
umn densities of plume material (~1x10%° m?;
Hansen et al. 2006) are not much less than
those inferred for Europa, making it high-
ly likely that the more frequent Enceladus
plumes will be observable with LUVOIR-A
in a similar fashion to those of Europa. The
possible detection of other materials within
the plumes with LUVOIR—for example water
vapor, ice particles, or other more intriguing
trace species from the deep ocean—will be
investigated.

Titan, in addition to its sub-ice internal
ocean, harbors a thick methane- and
haze-rich atmosphere as well as surface
reservoirs of liquid ethane-methane mixtures
(Figure 3.9). Titan’s hazes are transparent
in the NIR and allow access to the surface
and lower atmosphere for monitoring of
surface features. These “spectral windows,”
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Program at a Glance - Potentially Habitable Solar System Worlds

Goal: Monitor potential habitable solar system worlds.

Program details: Observations of solar systemicy moons to monitor surface morphological
and compositional changes, study plume activity, and measure atmospheric properties
(Titan)

Instrument(s) + Configuration: HDI multi-band imaging; LUMOS FUV spectroscopy;
ECLIPS open mask IFS spectroscopy

Key observation requirements: Long temporal baseline observations of icy moons for
monitoring surface changes and plume activity. Spatially resolved FUV (R~30,000) and

NIR (R~70, 200) spectroscopy.

accessible to LUVOIR, have previously been
used to discover methane clouds in the
lower atmosphere (Griffith et al. 1998) and to
find evidence of hydrocarbon lakes (Stephan
et al. 2010). Meanwhile, the UV provides
key diagnostics of the hazes and the
atmosphere. With LUVOIR’s spectroscopy of
the complete observable disk accessible over
a long baseline, we will better understand
the processes acting on the organics / water
reservoirs of Titan.

3.2.3 Strategy for identifying
habitable exoplanets

LUVOIR will revolutionize exoplanet science
by searching hundreds of stars for poten-
tially Earth-like exoplanets and discovering
hundreds of diverse exoplanets in the pro-
cess. Precisely estimating the expected ex-
oplanet science yield necessitates modeling
the execution of such a mission, which in
turn requires constraints on several key as-
trophysical parameters as well as a high-fi-
delity simulator of exoplanet direct observa-
tion missions. A decade ago, such modeling
was not possible. Now, the Kepler Mission
has constrained the frequency of Earth-sized
potentially habitable planets around Sun-like
stars, the Keck Interferometer Nuller and the
Large Binocular Telescope Interferometer
have constrained the presence of warm dust
around nearby stars, and mission simulators
have advanced dramatically.

Here we describe an observational
procedure to find habitable exoplanet
candidates, then establish whether they
may in fact be habitable (i.e., have signs of
water). For planets that remain promising
for habitability and life, the steps for
characterization continue in Section 3.4.
Figure 3.10 shows a graphical summary
of the key questions and the observational
means of answering them. Blue steps shown
in Figure 3.10 are discussed here for planet
detection, while green steps are discussed in
Section 3.4 for planet characterization.

1. Establish target list. LUVOIR’s list
of target stars is already known. Using a
benefit-to-cost metric, we will optimize this
list of stars to maximize the probability of
detecting an exoEarth based on existing
information available in the 2030s—such as
the amount of exozodiacal dust around the
star, stellar multiplicity, and the presence of
other known planets.

2. Determine which point sources are
planets. Once LUVOIR obtains an image
of a potential exoplanet system, metrics
are needed to distinguish planets from
background stars, galaxies, brown dwarfs,
and other confusion sources (Figure 3.11).
A combination of methods could be used to
counter background confusion. Multi-epoch
observations will reveal targets with the same
proper motion as the parent star, an excellent
metric for source confusion discrimination.
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Figure 3.10. Science questions and observational strategy in the search for habitable planets
and life. Blue steps at the top of the figure refer to identifying habitable exoplanets; green steps
at the bottom of the figure refer to characterizing habitable exoplanets. Credit: T. B. Griswold

(NASA GSFC)

During these same observations, LUVOIR’s
coronagraph for Architecture A has a camera
mode that collects photometric data across
a given channel for the whole field-of-view.
Thus, multi-color point-source photometry
will be obtained during these multi-epoch
observations, providing additional information
to discriminate planets from background
objects.

3. Constrain orbits. Multi-epoch
observations will reveal targets with the same
proper motion as the host star and place
constraints on orbits, with observations likely
in the V band. About four detections of the
planet spaced out over the orbit are needed
to constrain the orbit. Some observations will
miss the planet, so on average of 6 visits per
star may be needed for orbital determination.
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Figure 3.11. /s that a planet? A high resolution simulated view of the solar system at a distance
of 10 pc including expected noise and confusion sources: scattered light from interplanetary dust
(aka. exozodiacal dust), background galaxies, and background stars. Credit: Roberge et al. (2017)

4. Search for water. A useful wavelength
range for initial habitability assessment (i.e.,
the search for atmospheric water vapor) is
0.87-1.05 um for two reasons. First, this
channel is less likely to be cut off by inner
working angle constraints compared to
longer wavelength water features. Second,
the 0.94 um H,O feature is accessible, as is
the 1.0 um CH, feature, which could provide
evidence of an atmosphere rich in CH, (e.g.,
an Archean Earth analog or a Jupiter analog).
The H,O and CH, features do not overlap
significantly in this wavelength range, which
will remove possible degeneracies for the
type of planet under observation. The H,O
band at 1.12 um, although stronger, overlaps
closely with the 1.1 um CH, feature, leading
to potential misinterpretation of planets with
abundant CH, but no water.

3.2.4 Exoplanet yields for the
baseline LUVOIR-A concept

Using new exoplanet vyield estimation
methods (e.g., Stark et al. 2014), we
have estimated the quantity and quality of
exoplanet science that the LUVOIR mission

concept could produce. Here we summarize
the exoplanet yield that would result from
a habitable planet search with the baseline
15-m LUVOIR-A concept. This initial 2-year
campaign includes a survey of hundreds
of stars that would take us through Step 4
in Figure 3.10, establishing a target list for
more detailed characterization to be carried
out subsequently (Steps 5-10 in Figure
3.10), following the strategy outlined in
Section 3.4. Note that although this report
discusses extending the LUVOIR mission
lifetime via servicing, the whole strategy
shown in Figure 3.10 is designed to fit
within a 5-year program. In practice, planets
to receive more detailed characterization
would be selected through competed
proposals because LUVOIR is planned as a
guest observer facility. A detailed description
of the exoplanet science yield calculations,
the techniques used, assumptions made,
and justification for the adopted observing
strategy appears in Appendix B.

ExoEarth candidates are defined to
be on circular orbits and reside within the
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conservative HZ, spanning 0.95-1.67 AU for
a solar-twin star (Kopparapu et al. 2013). We
only consider planets with radii smaller than
1.4 R_,,, and radii larger than or equal to
0.8a°°R__ ., where a is semi-major axis for a
solar-twin. The lower limit on our definition of
the radius of exoEarth candidate comes from
an empirical atmospheric loss relationship
derived from solar system bodies (Zahnle
& Catling 2017). The upper limit on planet
radius is a conservative interpretation of an
empirically measured transition between
rocky and gaseous planets at smaller semi-
major axes (Rogers 2015).

We estimate the vyield of detected
exoEarth candidates for the baseline
LUVOIR 15-m mission to be 51+7° ., where
the range is set by uncertainties on n_, ., and
finite sampling uncertainties (see Appendix
B). If the frequency of habitable conditions
is 10%, then 29 exoEarth candidates would
be required to guarantee seeing one true
exoEarth at 95% confidence. Thus, LUVOIR
should be able to detect at least a small
number of true “Earths”—or discover that
habitable conditions on planets in their
stars’ habitable zones are rare. Following
the detection of habitable planet candidates
(i.e., a positive water vapor detection), we
will continue to characterize the rest of the
spectrum following the strategy in Section
3.4.

While searching for and characterizing
exokarth candidates, LUVOIR will detect
dozens of other planets, from hot rocky
worlds to cold gaseous planets. These other
planets are essentially detected “for free”
during the exokarth search. Figure 3.12
shows the expected exoplanet yields of all
planet types when optimizing the observation
plan for the detection of exoEarth candidates
(green bar). Following the planet classification
scheme in Kopparapu et al. (2018), the other
planet class types in this figure are: rocky
planets (radii of 0.5-1 R___), super-Earths

Earth

(radii of 1-1.756 R__,), sub-Neptunes (radii
of 1.75-3.5 R, ), Neptunes (radii of 3.5-6
Re.) and Jupiters (radii of 6-14.3 R_, ).
ExoEarth candidates are a subset of the
rocky and super-Earth planets within their
stars’ habitable zones. “Hot” planets (red
bars) receive 182 to 1x Earth’s insolation;
“‘warm” plants (blue bars) receive 1 to
0.28x Earth’s insolation; “cold” planets (ice
blue bars) receive 0.28 to 0.0035x Earth’s
insolation.

Figure 3.13 summarizes the expected
target list LUVOIR’s search program. LUVOIR
will observe ~260 stars covering a wide
variety of spectral types, primarily FGK stars
with some M dwarfs and a few A dwarfs.
Target stars will be within 25 pc; most will
be brighter than 7th magnitude. LUVOIR will
achieve a high average HZ completeness,
and the majority of its time would be spent
observing planets around high completeness
stars.

In reality, yields may vary from the
expected values shown in Figure 3.12
due to astrophysical uncertainties and
the actual distribution of planets around
nearby stars. The yield uncertainties shown
in Figure 3.12 are estimated as the root-
mean-square combination of the NASA
Exoplanet Exploration Program Analysis
Group SAG13'" 1-c exoplanet occurrence
rate uncertainties and the uncertainty due
to the random distribution of planets around
individual stars. The latter was estimated
by assuming that planets are randomly
assigned to stars, such that multiplicity is
governed by a Poisson distribution, and that
each observation represents an independent
event with probability of success given by
that observation’s completeness. Error
bars do not include uncertainty in the
median exozodi level, any uncertainties
in mission performance parameters, or
uncertainty in  observational efficiency.

1 https://exoplanets.nasa.gov/exep/exopag/sag/
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Figure 3.12. Exoplanet detection yields for different classes of planets from an initial 2-year
habitable planet survey with the LUVOIR-A concept. Red, blue, and ice blue bars indicate hot,
warm, and cold planets, respectively. The green bar shows the expected yield of exoEarth
candidates, which are a subset of the warm rocky and super-Earth planets. Planet class types
from left to right are: exoEarth candidates, rocky planets, super-Earths, sub-Neptunes, Neptunes,
and Jupiters. Planet types other than exoEarth candidates are detected “for free” during the
2-year search campaign. Color photometry and orbits are obtained for all planets. Two partial
spectra are obtained for all planets in systems with exoEarth candidates. Credit: C. Stark (STScl)

The uncertainties for the cold planet yields
are likely underestimated, as the SAG13
occurrence rates are purely extrapolations in
this temperature regime.

The role of precursor/follow-up
knowledge for exoplanet direct imaging.
Counter-intuitively,  precursor knowledge
of the host stars and orbits of exoEarth
candidates does not greatly increase the
total number of such planets discovered and
characterized, in the case where a direct
observation mission is target-limited rather
than time-limited. This is the situation for
both LUVOIR observatory concepts, A and

B. However, such precursor knowledge is
of great value for increasing the observing
efficiency of exoplanet direct observation
missions. A full explanation of this issue will
be provided in Stark et al., in preparation.
Here we summarize the main conclusions
about exoplanet precursor and supplemental
studies for future missions like LUVOIR and
HabEx.

1) Orbit determination is required to quantify
the energy fluxes incident on an exoplanet
from its host star. This is particularly
necessary to show that an exoplanet is
located in its star's HZ. If not done in

3-24

The LUVOIR Interim Report



The Large UV Optical Infrared Surveyor LUVOIR

Target List

Nsmrs = 25 9 [ Nohserva[ions =1539
d..=24.6pcl0O,,, =24mas

80
(5] 80 ” 500
N ” £ 400 60
= g 60 : 8
— 2 2 300 O 40
< S 40 8 Al
B * 2 200
Q 20 = 20
o 100
(‘,3; 0 0 0
A F G KM A F G KM A F G KM

Q
he]
2 80 g 500
g= e 2 400f
&0 g 60 g
g 2 § 300F

S 40 2
> = 20 200
S 20 < 100F
g 0 0
> 012345678 910111213
< My
. 140 ] 800 ]
Q8 120F 3 g
g g 100f 3 2 600F ]

5 80F 3 5
S 2 wb ] 2 400 .
A - o
= 40¢ 1 B a00f ]
— 20 ] =
]
) 0.06 0.11 0.19 0.34 0.60 1.05 1.85 3.24 5.7010.00 0.06 0.11 0.19 0.34 0.60 1.05 1.85 3.24 5.70 10.00

0o (mas) Bor (mas)
% HZ Completeness Exposure Time (h) Detection Coronagraph Characterization Coronagraph
E ()1)0I (3.33 . 0.6? TOO 0 I27 . 54l ;l 0 . l. % I3 . 4 0 . 1I ? .3 . 4
3 A '3=ﬁ.;‘p A e A
g A R A R F
% ° - ° .
S G 0 #—G—v—r—."“;{'r?‘ S - =
4 as ,.-__.._':iﬁ_-r~.--‘__-
0 0 ° D o
QI K QRS0 Ko QR0 Ko o,
> :o. S :o. S ‘n. s
= el el el
S e £ Y Mg
k= & ¥ &
soe 0, St L a0 o 020 R oo o,

g 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
— d (pe) d (pc) d(pe) d (pe)

Figure 3.13. Summary of targets selected for observation in the exoEarth search campaign for
the LUVOIR 15-m concept. The bottom right panels show which coronagraph was used for each
star: 1=Small-IWA APLC, 2=Medium-IWA APLC, 3=Large-IWA APLC, 4=Vector Vortex. Credit:
C. Stark (STScl)

advance of direct observations, then it bulk properties and to constrain the
should be done concurrently. effects of surface gravity on the observed

, , atmospheric spectrum. This information

2) Mass measurements are highly desirable coud be obtained either through

H 1
in-order to understand an exoplanet's precursor, concurrent, or follow-up work.

The LUVOIR Interim Report 3-25



LUVOIR

The Large UV Optical Infrared Surveyor

habitable zone rocky exoplanets

Program at a Glance - Detecting Habitable Exoplanet Candidates

Goal: Detect habitable exoplanet candidates around a range of FGKM stars.
Program details: Observations of nearby stars in target list to search for water-bearing

Instrument(s) + Configuration: ECLIPS coronagraphic imaging and spectroscopy

Key observation requirements: Contrast < 10%; photometry near 500 nm to detect
planets; spectroscopy at R=70, SNR=5 to detect water near 900 nm

3) Precursor observations that identify stars
with detectable exoplanets (especially
those in the HZ), and which develop
orbital ephemerides sufficient to predict
when the targets could be best observed,
are desirable for mission planning. This
information could reduce the mission
resources (e.g., integration time) devoted
to exoplanet searches and thus save
them for other uses.

4) Thenumberof HZs (orice lines) accessible
to a given imaging mission architecture is
a 1:1 function of the inner working angle
of that architecture. When the mission has
sufficient observing resources to study
all the exoplanets of interest outside its
design IWA, it is target-limited and the
effect of prior knowledge on mission yield
is small. When there are more accessible
targets outside the IWA than mission
resources to study them, the effect of
prior knowledge on mission yield may be
substantial.

5) The primary targets of direct observation
missions are stars with HZs outside
the design IWA. Precursor knowledge
showing the absence of a HZ planet
may be used to de-prioritize certain
target stars. However, a target's value
to comparative planetology and planet
formation studies should be taken
into account before excluding it from
observation.

The scope of the observing program(s)
required to address ltems 1-3 depends on
whether these measurements are done prior
to a mission, concurrently, or afterwards.
Precursor observations would need to
survey all primary targets accessible to
the mission design, whereas concurrent
or follow-up observations would only need
to study the subset of stars with planets of
interest. Exoplanet orbits may be determined
in advance with ground-based radial velocity
instruments or concurrently from a series of
exoplanet direct imaging observations with
LUVOIR/HabEXx. Either ground-based radial
velocity instruments or a dedicated space
astrometry mission could make exoplanet
mass measurements. It may also be possible
to make the necessary mass measurements
by equipping the direct imaging mission with
the appropriate astrometric or radial velocity
instrument. A dedicated astrometry mission
would likely be the most expensive option to
fulfill ltems 1-3, while ground-based radial
velocity would likely be the least expensive
(with other options falling in between).
However, a factor of 5-10 improvement in
radial velocity measurement accuracy on
Sun-like stars will be needed before this
method, either from ground or space, could
measure the masses of rocky exoplanets.

3.3 Signature science case #2:
Which worlds are inhabited?

LUVOIR will provide an unprecedented
capability to search for life beyond the solar
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system by characterizing the surfaces and
atmospheres of a large sample of terrestrial
planets in the HZ and searching for signs of
life (Figure 3.14). A planet-wide biosphere
can modify its environment to leave
characteristic indications of its presence
such as specific gases (Des Marais et al.
2002; Sagan et al. 1993; Schwieterman et al.
2018), atmospheric chemical disequilibrium
(Hitchcock & Lovelock 1967; Krissansen-
Tottonetal. 2018, 20164a), surface reflectance
features (Gates et al. 1965; Hegde et al.
2015; Schwieterman et al. 2015; Seager et
al. 2005) and time-dependent modification
of environmental characteristics caused by
biological processes (Meadows 2008, Olson
et al. 2018). Not all features produced by life
will be detectable; LUVOIR will only be able
to detect the subset of biosignatures that
produce absorption features in its wavelength
range. In addition to detecting potential
biosignatures, it is important to gather
additional information so that biosignatures
can be interpreted in the context of the whole
planetary and stellar environment, a process
that can help rule out abiotic processes called
“false positives” that can mimic biosignatures.
Biosignature assessment is then completed
with a search for other corroborating
contextual signs of habitability and life.
Detection and interpretation of biosignatures
and environmental features requires high-
contrast, high sensitivity, moderate resolution
spectroscopy, and a broad wavelength range
to detect multiple spectral features from
both potential biosignatures and telltale false
positive indicators. A large mirror enables a
wider wavelength range to be obtained for
any given IWA, and the IWA (not the OWA)
is what limits the wavelength range that
can be observed for most habitable zone
planets at distances accessible to LUVOIR.
LUVOIR’s survey of possibly dozens of
nearby exoEarths offers the best chance in
the coming decades to answer at long last

Figure 3.14. LUVOIR will provide a statistical
search for life on nearby exoplanets. In the
2040s, LUVOIR will offer the best chance
of answering the question “Are we alone
in the universe?” Exotic photosynthetic life
may generate novel surface reflectance
biosignatures, as suggested in this image, and
LUVOIR’s direct observing capabilities can
search for these types of novel photosynthetic
pigments. Credit: NASA

whether we are alone in the universe, and to
place Earth’s biosphere in context.

3.3.1

There are several target biosignatures to
be sought, and also signs of disequilibrium
chemistry that may allow us to constrain
surface fluxes of gases that are unlikely to
be produced by abiotic planetary processes.
Absorption features from biosignatures and
biosignature false positive discriminators are
provided in Table 3.2. Key environmental
characteristics to be sought for interpretation
of biosignatures include planetary mass/size/
density, atmospheric mass and composition,
the nature of the planetary surface, and
stellar characteristics including spectral type,
UV activity, and age.

While the specific target gases identified
for Earth (Table 3.2) will be searched for, a
more generic search for biosignatures is to
determine fluxes (i.e., flow rates) of gases into
the environment and constrain sources and
sinks for those gases. This can be done by
searching for environmental characteristics
thatare out-of-equilibrium, implyingaconstant
replenishment of a gas against chemical or

The search for biosignatures
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Table 3.2. Desired spectral features for biosignature assessment. Note some gases relevant to
habitability are also biosignatures and so also appear in Table 3.1 (e.g., methane is a greenhouse
gas important to habitability that can also be produced by life).

Biosignatures & False Positive Discriminants (indicated with )

Molecules/Feature 0.2-1.0 um 1.0-2.0 um
O, 0.2, 0.63, 0.69, 0.76 (strong) 1.27
O, 0.2-0.3 (strong), 0.4-0.5
0, (0,-0,) 0.345, 0.36, 0.38, 0.45, 0.48, 0.53, 0.57, 0.63 1.06, 1.27 (strong)
Co* 1.6
CH, 0.6,0.79,0.89,1.0 11,1.4,1.7
N,O 1.5,1.7,1.78, 2.0
Organic haze <0.5
Vegetation Red Edge 0.6 (halophile), 0.7 (photosynthesis)

photochemical destruction. For instance,
O, is out of kinetic equilibrium with CH, on
Earth, implying significant surface fluxes for
these gases that cannot readily be explained
by abiotic processes (Etiope & Sherwood
Lollar 2013; Hitchcock & Lovelock 1967).
If no other (abiotic) plausible explanation
can be found, the gases in question could
represent unexpected biological processes
and should be explored further. Below we
describe specific target biosignature gases.

Oxygen (O,). The highest priority
biosignature gas is molecular oxygen
(Meadows 2017). O, is the byproduct of
oxygenic photosynthesis, currently the
dominant metabolism on our planet and
possibly the most productive metabolism
for any planet (Kiang et al. 2007b, 2007a).
Oxygenic photosynthesis uses cosmically
abundant water, atmospheric CO,, and
sunlight to create biomass and power life.
Oxygen is unusual for biogenic products
in having its strongest features in the
visible and near-infrared. Because its high
abundance results in even mixing throughout
the atmospheric column, it produces strong
spectral features even above a planet-wide
cloud deck. Oxygen (or its photochemical
byproduct ozone) may have been detectable
in Earth’s spectrum since the Proterozoic
period (2.5 bilion years ago-541 million

years ago; Segura et al. 2003; Kaltenegger
et al. 2007), although recent geochemical
results may indicate a significant rise in O, as
recently as 0.8 Gyr (Planavsky et al. 2014).
Although the photochemical destruction
of H,O and CO, may generate abiotic O,,
along with telltale spectral signatures of
these processes (Meadows 2017; Section
3.3.2), discrimination between abiotic and
biological sources of O, can also hinge on its
production rate and the nature of O, sinks in
the environment. Consequently, constraints
on atmospheric and surface composition are
required to determine if the biosignature gas
has the measured concentration because
there is a large surface flux of the gas in an
environment that has strong sinks for it, or if
there is a weaker, possibly abiotic source of
the O, in an environment with fewer sinks.
Ozone (O,). Ozone is a photochemical
byproduct of O,. Because it produces UV
spectral features that are detectable at low O,
levels that render O, itself spectrally invisible
(e.g., Domagal-Goldman et al. 2014), it can
be used to infer atmospheres with low (e.g.,
low Proterozoic-like) oxygen concentrations
(Figure 3.2). As a photochemically produced
gas, its production rate also depends on
the UV spectrum of the host star in addition
to the amount of O, in the atmosphere.
The very strong O, Hartley-Huggins band
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can be detected between 0.2-0.35 pm.
In atmospheres with low oxygen levels,
O, concentrations are highly responsive
to changes in O, levels. Over the course
of a planet’s orbit, changes in seasonally-
dependent biological O, production would
induce changes to strength of the UV
ozone spectral band as a type of temporal
biosignature (Olson et al. 2018). The weaker
Chappuis band extends between 0.4-0.7 um
and is prominent in the spectrum of modern
Earth that has abundant O, (Krissansen-
Totton et al. 2016b).

Methane (CH,). Methane can be
produced by biological and geological
processes, Wwith  biological processes
dominating on Earth. The ratio of biological to
abiotic production rates on Earth is possibly
close to 65:1 (Etiope & Sherwood-Lollar
2013; IPCC 2007). Methanogenesis is a
simple anaerobic metabolism that produces
CH, from CO, and H,, and is primordial on
Earth (Ueno et al. 2006; Woese & Fox 1977).
Almost all abiotic mechanisms that produce
CH, on an Earthlike planet involve water-
rock reactions (Etiope & Sherwood-Lollar
2013), and so methane in an atmosphere
can also indicate habitability by implying
the existence of liquid water. Methane’s 1.4
and 1.7 um bands are weakly detectable at
modern CH, concentrations, and it has other
shorter wavelength bands that are possibly
detectable at higher Archean-like (e.qg.,
~0.1% of the atmosphere; 4-2.5 billion years
ago) concentrations (Figure 3.2). CH, also
shows strong bands between 0.8-1.4 um for
a modern Earth-like planet orbiting M dwarf
stars like Proxima Centauri b (Meadows et al.
2018), and possibly also for planets orbiting
later K dwarfs (Arney et al. in prep.) due to
the longer photochemical lifetime of methane
around these types of stars. Interpretation
of methane as a biosignature, even more
so than oxygen, hinges on understanding
its sources and sinks, which will require

thorough characterization of the environment
coupled to modeling. Large methane fluxes
may imply biology (Guzman-Marmolejo et al.
2013). Simultaneous detection of CH, and
O, will strengthen the biosignature kinetic
disequilibrium argument. For anoxic planets,
simultaneous detection of abundant CH, and
CO, (i.e., CH, mixing ratios > 10 indicates
an atmosphere in chemical disequilibrium,
and therefore a potential biosignature
(Krissansen-Totton et al. 2018).

Nitrous Oxide (N,O). Nitrous oxide is
produced by life, and it may have been
present in large quantities during parts of
the Proterozoic eon (Buick 2007; Roberson
et al. 2011). Known abiotic sources are
minor, and include lightning and reactions
involving dissolved nitrates in hypersaline
ponds (Samarkin et al. 2010). Nitrous oxide’s
strongest bands occur longward of the
LUVOIR wavelength range; other bands exist
between 1.4 and 2 um, but these bands are
weak and tend to overlap with other gases
that are likely to be present (such as H,O and
CQO,) and would therefore require either very
high abundances, or high signal-to-noise
data to recover.

Other potential biosignatures. To
increase the chances of detecting life,
especially given the likely diversity of terrestrial
planetary environments and considering the
varied dominant life forms throughout our
own planet’s history, other biological impacts
on planetary environments should be sought
in the UV-visible-NIR wavelength range.
These may include atmospheric disequilibria,
hazes, surface reflectivity, and temporal
variations in atmospheric composition or
surface albedo due to life processes.

Hazes. Hazes are photochemically
produced particles. Organic haze produces
a strong, broadband UV-blue absorption
feature. Organic haze is generated primarily
via the photolysis of CH,, but can only form
in the presence of Earth-like CO, amounts
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if CH, source fluxes are at vigorous levels
consistent with biological production rates
(Arney et al. 2018). Additionally, in the
presence of other methyl-bearing biological
gases such as dimethyl sulfide (C,H.S)
and methanethiol (CH,SH), organic haze
can form at a lower CH,/CQO, ratio than for
atmospheres where the methyl groups are
solely sourced from CH,, strengthening
the interpretation of biological involvement.
Similarly, the formation of sulfur aerosols such
as S, (which produces a blue-UV absorption
feature akin to organic haze) is impacted by
the H,S/SO, ratio (Hu et al. 2013), and H,S
is produced by biological and geological
processes. Constraints on the H,S flux
required to produce an S, haze in a given
atmosphere may suggest the involvement of
biology if high production levels are inferred.

Surface reflectivity. Leaf structure
produces a steep increase in reflectivity near
0.8 um known as the “red edge” (Gates et al.
1965; Seager et al. 2005), which produces a
<10% modulation in Earth’s disk-integrated
brightness at quadrature. Other biological
pigments can also produce strong reflectivity
signatures (Hegde et al. 2015; Schwieterman
et al. 2015). Reflectance edges, which are
discontinuities in planetary reflectance as a
function of wavelength, could occur through
the visible and NIR, depending on the
pigmented and/or photosynthetic organism
producing the signature. Unexpected
reflectance signatures that do not match
abiotic compounds could therefore suggest
life.

Temporal changes. On Earth, life
produces seasonal changes in vegetation
coverage and albedo, and periodic changes
in gas abundances. CO, concentrations
change seasonally (~10 ppm) due to changes
in temperature and sunlight intensity, which
modulate photosynthetic drawdown of CO,
in the spring and summer, and its release
back to the atmosphere with vegetation

decomposition in  autumn and winter
(Keeling et al. 1976). Methane also changes
seasonally by ~10-20 ppm. At low O, levels,
seasonal O, variations might be discerned
from variability in O, (Olson et al. 2018).
Seasonal variations like these could also
be sought in exoplanet spectra (Meadows
2008; Schweiterman et al. 2017), but would
require very high precision, high signal-to-
noise spectral data to detect changes on
this Earth-like scale, as well as observations
at multiple points during the planet’s orbit to
capture any seasonal variability.

3.3.2 False positives for life

Any claims of evidence of life beyond Earth
will be met with appropriate scrutiny from
the scientific community. Attempts will
be made to determine ways in which the
claimed evidence for life could be produced
without invoking extraterrestrial biology.
The exoplanet astrobiology community has
spent considerable effort simulating ways
in which non-biological processes could
mimic proposed exoplanet biosignatures,
in particular atmospheric O, and O,. These
efforts have identified multiple such “false
positives” for biologically produced O, and
O,, as well as the observations required to
discriminate between them and the “true
positives” associated with global biological
O, production (see Meadows 2017 for a
review).

All of the known abiotic O, and O,
generation mechanisms rely on photolysis of
water vapor or CO, and a dramatic shift in
the redox state of the planet’s atmosphere.
These changes to the bulk atmospheric
composition could be driven by H loss
caused by photolysis of high-altitude H,O
on planets without a water “cold trap”
(Wordsworth & Pierrehumbert 2014) or by
massive H loss from the planet as a result of
high stellar luminosity early in the star/planet
history during the pre-main sequence phase

3-30

The LUVOIR Interim Report



The Large UV Optical Infrared Surveyor

LUVOIR

(Luger & Barnes 2015). This latter process
can potentially build up atmospheres
with hundreds of bars of abiotic O,, but is
probably only relevant to planets orbiting M
dwarf stars.

Preferential loss of H from the planet’s
atmosphere raises the planet’s O/H ratio.
This sets up favorable conditions for
photochemical accumulation of abiotic O,
and O,, as the lack of H atoms will decrease
the rate at which O, and O, are chemically
destroyed. These slow destruction rates
allow O, and O, to accumulate despite
the relatively slow production rates. In an
extreme case, where the planet is devoid of
H,O but relatively high in CO,, both O, and
O, can build up in the atmosphere, as the
recombination of photolyzed CO, is slow (Hu
et al. 2012; Tian et al. 2014; Harman et al.
2015; Gao et al. 2015). Planets with H,O
can also accumulate potentially detectable
amounts of O, if they have limited reservoirs
of reduced (H-bearing) gases such as
methane (CH,) in the atmosphere and are
orbiting F- or active M-type stars (Domagal-
Goldman et al. 2014; Harman et al. 2015).

The most direct ways to rule out all of the
false positives for biological O, production
within  LUVOIR’s wavelength range are
to 1) constrain the total abundance and
atmospheric pressure of O, to rule out the
ocean loss scenario (Schwieterman et al.
2016) and 2) constrain the atmospheric
redox state by detecting the presence of
H-containing species in the atmosphere,
specifically H,O and CH,. The detection of
significant quantities of H,O would indicate
an atmosphere with at least some H atoms
and would make many of the abiotic
O, accumulation scenarios unlikely. The
detection of CH, would indicate substantial
atmospheric H, a significant flux of reduced
gases to the atmosphere, rapid chemical
destruction of O, and O,, and therefore
kinetic disequilibrium, which is thought to

be one of the strongest remotely detectable
biosignatures (Hitchcock & Lovelock, 1967).

In some circumstances, detection of CH,
togetherwith O, may be difficult. The detection
of modern-day Earth’s CH, concentrations
will be challenging if it is not possible to
access wavelengths longer than 1.5 um due
to IWA constraints. Other host stars, such as
M dwarfs (Rugheimer & Kaltenegger 2017;
Segura et al. 2005) and late K dwarfs (Arney
et al. in prep), may increase detectability
of planetary CH, and O, simultaneously at
wavelengths shorter than 1.5 um, due to the
longer photochemical lifetime of CH, around
these stars. For situations where O, and CH,
cannot be accessed simultaneously, the
different mechanisms for generating O, and
O, abiotically would each have to each be
ruled out individually.

To rule out all known abiotic O,/O,
generation processes, LUVOIR will:

1. Search for the presence of other
O-bearing molecules in the atmosphere
(e.9., CO,, SO,) to estimate the potential
for these gases to be photolyzed and
generate O, abiotically (Figure 3.15).

2. Measure the spectral properties of the
star in the ultraviolet to understand the
energy available to photolyze O-bearing
gases and drive H escape.

3. Search for the byproducts of the
photolysis of O-bearing gases (e.g., CO).

4. Search for spectral features associated
with water and water clouds, to determine
if the planet has a cold trap that would
prevent H-loss associated with high
stratospheric water vapor content.

5. Constrain the potential for a cloud
deck by estimating the pressure of the
atmosphere. This could be done by
accurately constraining the Rayleigh
scattering slope and presence of
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Figure 3.15. A planet with detectable ozone but no life. This spectrum shows a model of an
Earth-size exoplanet orbiting a F2V star. The abundant O, is photochemically produced from
non-biological O, (Domagal-Goldman et al. 2014). Such a world could be mistaken for an
inhabited Proterozoic Earth-like planet (Figure 3.2). However, the strong CO, features present
in this spectrum suggest the abiotic nature of the oxygen, as a CO,-rich atmosphere has a high
likelihood of generating oxygen through photochemistry around this type of star. Credit: LUVOIR

tools / S. Domagal-Goldman (NASA GSFC)

aerosols, modeling the shapes of well-
resolved absorption features, or detecting
the presence of collisionally induced
absorption (CIA) features (e.g., O,-O,;
Misra et al. 2014D).

6. LookforO,-O, ClAfeatures near 1.06 and
1.27 um that would indicate a massive
O, atmosphere more likely to be due to
ocean loss than a biosphere.

This combination of measurements will
be able to identify or rule out all of the known
false positive mechanisms by detecting
observable features of these processes and
estimating the efficiency with which they
could lead to O, and O, accumulation.

The other way to strengthen a potential
biosignature is to identify independent,
secondary features from life. These will be
particularly strong if they are associated
with the same biological process as the first
biosignature. For example, the O, and O,
in Earth’s atmosphere come from oxygenic
photosynthesis. LUVOIR could also detect
the seasonal drawdown and release of CO,,
and/or surface reflectance features like the
vegetation red edge and pigments, both of
which are associated with organisms that
utilize oxygenic photosynthesis. No abiotic
spectral mimic is known to exist for Earth’s
vegetation red edge (Schwieterman et al.
2017). However, this “edge feature” may
exist at other wavelengths on exoplanets,
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Earth twin at 5 pc with LUVOIR-A, 15 hours per coronagraphic bandpass

Fplanet/Estar X 109
]

0.05

wavelength [um]

Figure 3.16. The spectrum that could be obtained with LUVOIR-A for an Earth twin orbiting
a Sun-like star at 5 pc in 15 hours per coronagraphic bandpass, or roughly four days of total
observing time, assuming that two channels can be observed concurrently. This integration time
is sufficient to obtain SNR = 10 on the continuum in the V band. Although the planet is dim in
the UV, low-resolution photometry in the NUV channel (as shown here) allows the drop off from
O, absorption to be detected. Credit: LUVOIR tools / G. Arney (NASA GSFC) / T. Robinson
(Northern Arizona University) / J. Lustig-Yaeger (University of Washington).

based on the spectral properties of the stars
(Kiang et al. 2007a), and mineral surfaces
could mimic these features if they occur at
other wavelengths. Cinnabar and sulfur,
for example, produce steep reflectance
features at 0.6 and 0.45 um that may mimic
shorter wavelength reflectance “edges”
(Schwieterman et al. 2017). Any seasonal
variations would also need to be distinguished
from the effects of abiotic photochemistry.
LUVOIR’s large, in-depth survey of
numerous potentially habitable exoplanets
provides an additional unique pathway to
increase the confidence of a detection of
extraterrestrial life: the integrated confidence
level that biosignatures have been detected
on at least one of LUVOIR’s targets will rise
if the same signals are detected on multiple
worlds. For example, if LUVOIR detects
the simultaneous presence of oxygen and

methane on one rocky world in the habitable
zone, this could be explained by a transient
phenomenon or by a binary planet system,
with one CH,-rich world and one O,-rich
world (e.g., Rein et al. 2014). Because
both of these scenarios are highly unlikely,
detection of multiple planets showing the
simultaneous presence of O,and CH, would
provide significantly stronger evidence that
we are not alone in the universe than the
detection of O, and CH, in a single planet.

3.4 The strategy for habitability
and biosignatures confirmation

LUVOIR will enable the comprehensive
assessment of planetary habitability, and
a search for signs of life, on dozens of
potentially habitable exoplanets. However,
many potentially habitable planets may be
uninhabitable, and some habitable planets
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Figure 3.17. Integration times required to obtain SNR=10 on an exoEarth orbiting a Sun-like
star at a distance of 5 pc for different-sized coronagraphic telescopes. The calculations assume
total system throughput representative of LUVOIR-A with R,,. = 140 and R,,, = 70. Credit: G.

VIS NIR

Arney (NASA GSFC) / T. Robinson (Northern Arizona University) / J. Lustig-Yaeger (University of

Washington)

may be uninhabited. A high-fidelity spectrum,
over a wide wavelength range is insurance
against  misinterpretation of  planetary
characteristics.

For planet characterization, we assume
that SNR=10 on the planet continuum is
required to constrain gas abundances,
based on the results of spectral retrieval work
using R=140 in the visible channel (Brandt &
Spiegel 2014; Feng et al. 2018) and R=70
in the NIR. The R=140 spectral resolution
in the visible is driven by the requirement to
accurately characterize the O, A-band, and
also to sufficiently retrieve H,0, O,, and O,
abundances (Feng et al. 2018). The NIR
resolution is chosen to measure the broad
NIR features like H,0O and CH,. Note that
LUVOIR-A also includes an option for R=200

in the NIR to resolve the narrow CO, feature
near 1.5 um. Figure 3.16 shows what an
Earth-twin orbiting a solar analog at 5 pc
might look like to LUVOIR-A in 15 hours of
integration time per coronagraphic bandpass
to obtain SNR > 10 on the continuum for
most of the spectrum. Figure 3.17 shows
the exposure times needed to obtain for
SNR=10 with a coronagraph as a function of
wavelength for an Earth-like exoplanet with
different sized coronagraphic telescopes
with performance like LUVOIR-A for planets
orbiting solar-analog stars 5 pc away.

As a proof-of-concept for the types of
observations LUVOIR will be able to perform,
here we outline a series of steps (summarized
in Table 3.3) that could be followed to
characterize Earth analogs. The order of
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Table 3.3. This table presents a series of spectral observations that could be followed for habitable
exoplanet characterization with LUVOIR-A, with increasing wavelength coverage for each step
and cumulative additions to the science return. Values in the third column show the number of
stars in our target list for which the entire wavelength range needed for a given step is accessible

Wavelength
Range

Purpose

to LUVOIR-A given our IWA and OWA assumptions.

Number of stars in target list with
complete wavelength coverage over

this range for an orbiting exoEarth

Characterization Steps
0.675-1 um Constrain water, search for O,, CH, 201
(Step 6)
0.565-1.1 um | O,, false positive O, indicators, additional 191
(Step 7) H,O and CH, features
0.4-1.32 um | Organic haze, S, particles, additional O,, O,, 190
(Step 8) H,O, CH,, CO, at high levels
0.2-1.7 um UV absorbers like O,, Earth-like CO, 184
(Step 9) concentrations, additional CH,, H,O features

these observations may change depending
on adjustments to the wavelength ranges of
the coronagraph channels and according to
prior spectral information that may lead to
prioritization of specific gas detections. We
continue our discussion from the numbered
steps outlined in Section 3.2.3 for detecting
potentially habitable exoplanets (Figure
3.10), beginning at Step 5 to pick up where
the previous discussion left off. These steps
are shown in green text to match the color
coding of Figure 3.10. Detailed spectral
yield calculations are ongoing and will be
presented in our Final Report. Good targets
may allow for full spectral characterization in
approximately several days of observing time
(Figure 3.17), with additional time for follow-
up, higher resolution observations, and/or
searches for seasonal variability.
5.Characterize the staranddetermine
planet masses. A well-characterized host
star spectrum is important for understanding
the characteristics of orbiting planets. In
particular, the UV spectrum of the star and
constraints on stellar activity will be important
for understanding the potential for planetary
atmospheric loss and photochemical
processes. The LUMOS instrument on board

LUVOIR could be used for these stellar
observations.

It will be important to estimate the mass
of the planets observed by LUVOIR. If not
available via ground-based radial velocity
observations, estimates of planet masses
could be obtained with astrometry using
the HDI instrument on board LUVOIR. We
will require extremely precise astrometry
(< 0.1 pas) to measure the masses of Earth-
like exoplanets, and the design of HDI is
baselined to meet this goal.

6. Search for O, and abundant CH,
and constrain water abundance. To
constrain water abundance and search for
O, and CH,, observations can be obtained
over 0.675-1 um. The presence of H,O will
already be known from initial observations,
but higher SNR follow-up will be required to
constrain abundance. Key features in this
spectral range include: H,O (0.65, 0.72,
0.82, 0.94 pm), O, (0.69, 0.76 pm), and CH,
(0.79, 0.89, 1.0 um, for high Archean-like
levels). We consider this a critical wavelength
range for spectral characterization due to the
availability of habitability markers (water) and
key biosignatures (oxygen, methane).
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Program at a Glance - Confirming Habitability and Biosignatures

Goal: Detect and characterize inhabited exoplanets.

Program details: Obtain NUV/Visible/NIR spectra of potentially habitable planets and
search for biosignatures. Measure abundances of biosignature gases and search for
surface reflectance biosignatures. Characterize host stars.

Instrument(s) + Configuration: ECLIPS coronagraphic spectroscopy to characterize
planets; LUMOS UV spectroscopy for host star characterization

Key observation requirements: Contrast < 107 SNR=10 & R=140 to measure O, at
0.76 um; R=70 in the NIR channel to measure water and CH,; R=200 in the NIR channel

to detect CO,; NUV photometry to detect O, and other UV absorbers (SNR=5)

7. Search for abundant ozone and
false positive O, indicators. Next, the
spectrum could be extended to bluer and
redder wavelengths to include the 0.565-
0.685 pum bandpass and the 1.0-1.1 um
bandpass. The extreme case of massive O,
accumulation from high stellar activity in the
system’s early history (Luger & Barnes 2015)
could be ruled out by the absence of O,-O,
CIA features, which become stronger at high
O, levels (e.g., > 10 bars O,). Such features
can be present in this spectral range at 0.57,
0.63, and 1.06 um, in both our visible and NIR
bandpasses. Very high CO, levels that might
indicate abiotic photochemical O, generation
may also be detectable through the CO,
feature near 1.05 um. The long wavelength
side of the broad ozone Chappuis band
(0.5-0.7um) can also be seen in the visible
bandpasses for planets with modern Earth-
like oxygen amounts. Additional important
features that could be detected in this
wavelength range are H,O (1.12 um), and
CH, at high Archean-like abundances (0.6,
1.1 um).

8. Search for blue wavelength
absorbers, Rayleigh scattering, and
other NIR absorbers. Next, the spectral
coverage could be extended to include 0.4—
0.565 um range in the visible, and also to
include the 1.1-1.32 um range in the NIR.
The short wavelengths could show signs of

blue absorbers including organic haze for
methane-rich atmospheres (< 0.5 um, and
haze can be a biosignature), S, particles
for planets exhibiting high levels of volcanic
outgassing (0.2-0.5 um), and the full O,
Chappuis band. In the NIR, an indicator
of high CO, atmospheres is its 1.21 um
band, which is critical for constraining CO,
photolysis as a potential abiotic source of O,
and O, (Schwieterman et al. 2016). Additional
constraints on O, could come from 1.27 um
band for modern O, levels.

9. Observe the UV and search for
Earth-like CO, in the NIR. By extending
the spectrum in the NIR to include the 1.31-
1.6 um bandpass, additional H,0 (1.4 um)
and CH, (1.4 pm) features can be observed,
and importantly, a CO, band detectable
at modern Earth-like concentrations and
greater is present near 1.6 um. This CO,
band can be used to compare to CH,
abundances to determine whether haze or
CH, can be interpreted as biosignatures
(Arney et al. 2018; Krissansen-Totton et al.
2018). Methane may be detected near 1.7
um at modern Earth-like abundances. While
NIR observations are obtained, the NUV
could also be observed. Planets will generally
be dim in the UV, but the spectral falloff
due to NUV absorbers could be detected;
the low-resolution photometry LUVOIR will
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Retrieving Earth’s 24 Hour Rotation Period
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Figure 3.18. Larger telescopes enable more
accurate planet rotation rate measurements.
This chart shows retrieved rotation periods (left)
and estimated errors on the period (right) for
an Earth-Sun analog at 5 pc observed across
a grid in telescope aperture diameter and total
system throughput (Lustig-Yaeger et al. 2018,
in prep). Credit: J. Lustig-Yaeger (University of
Washington).

obtain in the NUV improves signal-to-noise.
For some atmospheres, like the Proterozoic
Earth, weak O, may be detectable and even
quantifiable in the UV because the bottom
of the band is not near zero flux and could
therefore be measured (Figure 3.2, middle
panel).

10. Revisit: Time-dependent and
multi-epoch observations. Photometry
of the brightest imaged planets at time-
resolved intervals of hours during a single
visit can be used to search for time-
dependent changes in planet brightness or
color which could be indicative of surface
or cloud inhomogeneity (e.g., Ford et al.
2001; Cowan et al. 2009). These data could
either be taken as multiple photometric
images (Step 2 of our characterization
strategy; Figure 3.10), or extracted from
long spectral integrations obtained for other
purposes, as long as discrete time intervals
in the longer integration could be retrieved

at sufficient S/N. Rotational mapping and
unmixing models (e.g., Cowan and Strait
2013) can infer the colors and geographic
distribution of uniquely identifiable surfaces
that contribute to the observed variability
with 2-3% hourly multiband photometry
spanning a single planetary rotation (see also
Cowan et al. 2009). Once a rotational period
is determined, variability that deviates from
this periodic signal could indicate transient
phenomenasuch as clouds (Palléetal. 2008).
Longer time baseline observations that span
a substantial portion of the orbital period
will enable searches for seasonal variability
(e.g., Olson et al. 2018) and the construction
of more precise (two-dimensional) surface
maps (Kawahara and Fuji 2010; Fuji and
Kawahara 2012).

Large aperture telescopes are essential
for time-variability studies. To resolve the
rotation period of the planet (Figure 3.18),
the individual integrations that comprise
a time-series observation must sample at
significantly shorter time intervals than the
rotation period. To that end, the rotation
period of Earth can be determined to
within 10% for a 15-m telescope with 5%
throughput. Smaller aperture telescopes
must sacrifice time-resolution for S/N, in
effect, eliminating the ability to study the
time-variability of rapidly rotating planets.

Obliquity determination can be performed
with excellent photometry at a few distinct
orbital phases (Schwartz et al. 2016), or
with nearly continuous low S/N monitoring
(Kawahara 2016). Observations of this quality
require a large space telescope like LUVOIR.

As a final note, the combination of the
planet’s orbit determined in Observational
Strategy Step 3 (Figure 3.10) and the
photometric/spectral observations of the
planet throughout as much of its orbit as
possible, will provide a comprehensive and
powerful dataset to characterize the planetary
environment. With these observations, one
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Synergies During the LUVOIR Era

In the next 5-10 years, we may be able to obtain transmission spectra of habitable zone
planets orbiting M dwarfs, which are observationally favored for transmission spectroscopy
due to their relatively large transit depths and frequent transits. This will constitute our
first search for potential biosignatures on potentially habitable exoplanets. This search will
likely continue in the LUVOIR era, and this technique may be augmented with a second
generation of adaptive optics systems and ELT instrumentation. These advances also
may enable ELTs to conduct direct spectroscopy measurements, albeit limited to planets
in orbit around M dwarfs.

In addition to a search for signs of life, this research on M dwarf planets will provide
intriguing insights into terrestrial planet evolution, as the high stellar activity and early high
luminosity of their host stars create a different photochemical environment. However, this
same energy source may also cause ocean loss for planets in the habitable zone (see
Section 3.2.1). This presents a double-edged sword for a biosignature search, as this
energy may accentuate the signals from some biosignature gases (such as CH,), but also
make atmospheric and ocean retention less likely.

Regardless of the result of these future observations of M dwarf habitable planets, LUVOIR
will provide complementary observations on these targets. If biosignatures are detected
with ELTs, LUVOIR will confirm the presence of these gases, by detecting them from
space and with a complementary shorter wavelength range tied to other molecular lines.
LUVOIR can observe transits of the same M dwarf planets targeted by JWST and ground-
based telescopes, and it can observe the nearest M dwarf habitable zone worlds in direct
imaging. And if planets around M dwarfs are found to suffer catastrophic volatile loss,
LUVOIR’s UV transit spectroscopy capabilities will probe the atmospheric loss process
(Chapter 4).

Additionally, LUVOIR will conduct a biosignature search on a complementary set of targets,
by observing terrestrial planets orbiting stars like our own Sun. Should prior searches for
life prove unsuccessful, LUVOIR will expand our search for life to planets in more familiar
stellar environments. And if prior searches for biosignatures prove successful, LUVOIR
will expand the diversity of stellar environment for which we can find biosignatures. Either
way, LUVOIR will represent a dramatic leap forward in our ability to understand how life is
a function of its stellar environment.

can constrain planetary obliquity, determine 3.5 Summary

atmospheric changes in response to long-
term variations in incoming and outgoing
radiation, and search for longer term
variations in surface albedo, cloud patterns
and gas abundances that may be indicative
of planetary atmospheric dynamics, seasonal
changes in climate, planetary volcanism, and
other environmental processes.

LUVOIR is a history-making telescope
and offers humanity’s best chance of
answering the ancient question “Are we
alone in the universe?” If there is a global
biosphere on a planet orbiting a star in the
Sun’s neighborhood, LUVOIR will find it by
identifying atmospheric and surface features
that can only be produced by life. If life exists
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Table 3.4. Summary science traceability matrix for Chapter 3

Scientific Measurement Requirements Instrument Requirements
Measurement Observations Instrument Property Value Value
Find habitable Direct detection of | Direct imaging ECLIPS | High contrast | Contrast < 10-19);
exoplanets habitable planet and spectroscopy imaging near R~ 70 (H,0)
candidates and of rocky 500 nm,
search for water exoplanets in spectroscopy
vapor habitable zones near 900 nm
to S/N=5
Explore Long temporal Direct imaging HDI NUV to NIR | NUV, UBVRI (UVIS
habitability of baseline monitoring | and spatially imaging channel); JH (NIR
solar system of icy moons to resolved channel)
moons detect surface spectroscopy LUMOS FUV mulii- FUV G120M,
changes, of moons and .
study plumes, plumes object G150M, G180M;
and measure spectroscopy R ~ 30,000
atmospheric ECLIPS Open mask Ry~ 70 or 200
properties NIR IFS
spectroscopy
Detect and Abundances of Direct imaging ECLIPS | High-contrast | Contrast < 10°;
characterize biosignature gases, | (S/N=5) and NUV/VIS/NIR R~ 140 (O,);
inhabited surface reflectance | spectroscopy imaging and Rys~ 70 (H,O/
exoplanets biosignatures (S/N>10) of spectroscopy | CH,); Rz~ 70
exoplanet (CO,); NUV
atmospheres photometry (O,)
Characterize Measure UV Point-source LUMOS uv LUMOS G120M,
exoplanet host | spectrum and spectroscopy of spectroscopy | G150M, G180M,
stars activity of host stars | exoplanet host G155M, G300M;
stars R ~ 30,000

within our own solar system, LUVOIR will help
other missions search for it. In both cases,
LUVOIR will place the search for life inside
a global context, and within an expanded
understanding of planetary processes.

For worlds in our solar system, LUVOIR’s
imaging and spectroscopic capabilities will
allow global mapping of the atmospheric and
mineralcompositionforworldslargeandsmall.
For exoplanets, LUVOIR’s large aperture and
wide spectral range will provide a rigorous
assessment of exoplanet biosignatures as
well as their global environmental contexts.
This environmental context will include a
search for key markers of global habitability,
including signs of a hydrological cycle, and
the presence of clouds and oceans. LUVOIR
will conduct this search for signs of life and
habitability on dozens of worlds orbiting a

diversity of Sun-like (FGK) stars, representing
an expansion on prior and concurrent
searches for biosignatures on M-dwarf stars.
Finally, LUVOIR will also complement these
prior observations of potentially habitable
planets around M-dwarfs with space-based
observations that will expand the wavelength
coverage for transit spectroscopy of these
worlds.

Overall, LUVOIR willconduct observations
of dozens of potentially habitable worlds
around a wide variety of stars. These
observations will complement many other
facilities, including ground-based telescopes
and orbiters/landers to solar system targets.
And each of these investigations will provide
scientific context for the others; what we
learn from LUVOIR’s observations of the
solar system will influence our interpretation
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of LUVOIR’s observations of exoplanets, and
vice versa. As such, LUVOIR will serve as the
flagship observatory foranew area of scientific
research: comparative astrobiology.
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4 How do we fit in? Planetary systems and comparative planetary

science

We learn about planets by comparing them
to each other. The atmospheres of Venus,
Earth, Mars, and Titan, for example, feature
varying mixtures of atmospheric gases,
clouds, and hazes. While only oneis habitable,
our understanding of how planetary surface
temperature and climate are influenced by
the interaction of atmospheric constituents
with incident solar flux and gross planetary
properties has been profoundly informed
by comparative studies of all these worlds.
Atmospheric escape processes, exemplified
by the loss of water from Venus, sculpt
planetary and exoplanetary atmospheres
alike. Recognizing such synergies illuminates
our understanding of individual solar system

2018). Credit: M. Vargic

Figure 4.1. Artist’s conceptions of some of the 3,706 confirmed exoplanets (as of March 16,

worlds and informs our interpretation of all
types of exoplanets, thereby revealing how
the processes we understand well from
studies of the Earth connect with those of
other planets. By studying the processes
at work among the stunning diversity
of exoplanets (Figure 4.1) LUVOIR will
exponentially increase the opportunities for
comparative exoplanet science.

We also learn by watching as planets
are formed and observing the outcomes,
including the detritus, of this process.
The architecture of planetary systems,
how planets are arranged by mass and
composition, and the characteristics of
debris disks and remnant planetesimals all
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State of the Field in the 2030s

Radial velocity: \Ne expect a factor of ten improvement in ground-based radial velocity
measurement precision, to ~10 cm/s. This is size of the signal that the Earth imparts on
the Sun when the solar system is observed edge on. Depending on details regarding the
stellar jitter and instrumental noise, precise radial velocities provide a possible, but not
assured, path to finding and measuring the masses of terrestrial planets in the habitable
zones of FGK dwarfs in the LUVOIR era.

Astrometry: The ESA Gaia astrometry mission is expected to discover ~21,000 planets
between 1-15 Jupiter masses in long period orbits (Perryman et al. 2014). The nearest
discovered giant planets, with good mass and orbit constraints, will be excellent targets
for LUVOIR comparative planetary studies.

Millimeter/submillimeter observations: The Atacama Large Millimeter/Submillimeter
Array (ALMA) will study all phases of planet formation, with spectroscopy of molecular and
atomic gas and high spatial-resolution (but still 2 to 3 times less than LUVOIR) mapping of
cold dust in protoplanetary and debris disks.

Transit photometry: Starting in 2018, NASA's all-sky Transiting Exoplanet Survey
Satellite (TESS) is expected to detect thousands of relatively nearby transiting planets.
The ESA Characterizing ExOPlanets Satellite (CHEOPS) will follow up previously detected
exoplanets. The ESA PLAnetary Transits and Oscillations (PLATO) mission, planned for a
2026 launch, has the goal of detecting transiting terrestrial planets.

Transit spectroscopy: NASA's James Webb Space Telescope (JWST) will yield detailed
characterization of 10-100 close-in exoplanets ranging from super-hot gas giants around
all types of stars to temperate terrestrials around low-mass stars. Both NASA and ESA
are considering dedicated transit spectroscopy missions for the 2020s (FINESSE and
ARIEL, respectively). These missions would build on JWST by enabling a homogeneous
and statistical census of the atmospheres of hundreds of close-in giant planets. However,
a large sea of Earth- to Neptune-mass planets around solar-type stars will not yet be
characterized by the 2030s.

Microlensing: The Wide-Field InfraRed Space Telescope (WFIRST) microlensing survey
will detect thousands of exoplanets further from their host stars, leading to a statistical
census of planets with masses > 0.1 M_ . from the outer habitable zone out to free
floating planets.

High-contrast imaging: \WFIRST will also develop high-performance coronagraphic
imaging and spectroscopic technology in space but will only be able to detect a few
large exoplanets (gas and ice giants). Second generation instruments on the planned
thirty-meter class ground-based telescopes (ELTs) will image thermal emission from young
giant planets at much smaller spatial separations and around fainter stars than currently
possible, will image and characterize some giants in reflected light in the near-IR, and will
detect terrestrial planets in the habitable zones of a handful of nearby low-mass stars.

provide clues to the formation processes that  the bodies of the Kuiper belt contain a frozen
produce the variety of observed planets and record of the formation of the planetary
their atmospheres. Within the solar system, system we understand most thoroughly, our
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own. By characterizing all types of planets,
discovering and observing Kuiper belt
objects, and observing circumstellar debris
disks, the users of LUVOIR will dramatically
enhance our understanding of the process
of planet formation.

This chapter explores some of what we
can learn from the exoplanetary and planetary
science LUVOIR will enable beyond the
search for life. We discuss and present a few
exemplary LUVOIR science cases relating to
the atmospheres of non-habitable planets,
planet formation, atmospheric escape, and
solar system science, focusing on the value
of science enabled by large sample sizes.
There are of course countless additional
opportunities for exoplanet science with
LUVOIR. Many such additional investigations
are comprehensively documented in the
ExoPAG Science Analysis Group 15 report
“Science Questions for Direct Imaging
Missions” (Apai et al. 2017), which is an
excellent reference for understanding the
exciting diversity of exoplanet science
beyond the search for habitable worlds.
Some additional exoplanet science cases,
including transit observations beyond the
UV, are described in Appendix A of this
document.

The “Signature Science” cases discussed
in this chapter represent some of the most
compelling types of observing programs on
a wide range of exoplanets that scientists
might do with LUVOIR. As compelling as they
are, they should not be taken as a complete
specification LUVOIR’s future potential in
these areas. We have developed concrete
examples to ensure that the nominal design
can do this compelling science. We fully
expect that the creativity of the community,
empowered by the revolutionary capabilities
of the observatory, will ask questions,
acquire data, and solve problems beyond
those discussed here—including those that
we cannot envision today.

4.1 Signature science case #1:
Comparative atmospheres

The most compelling exoplanetary charac-
terization discoveries so far have arisen from
comparative studies of planets. By revealing
the diversity of exoplanet radii, including the
stunning ubiquity of sub-Neptune sized plan-
ets, as well as unexpected trends in plane-
tary system architectures, the Kepler mission
inaugurated era of systematic comparative
exoplanetology. LUVOIR will build on these
results by thoroughly characterizing the at-
mospheres of hundreds of directly imaged
and transiting exoplanets, over a much wid-
er range of conditions than exist in the solar
system, vastly improving our understanding
of the fundamental atmospheric processes
affecting habitable and inhospitable planets
alike.

There will be plenty of opportunities
for such studies. The search for exoEarth
candidates will uncover hundreds of other
types of planets (Stark et al. 2014). Figure
4.2 illustrates the vyield of detected planets
of various sizes and temperatures expected
to be found in the LUVOIR Architecture A
habitable planet search. These additional
exoplanets are ice and gas giants at a range
of orbital distances from a variety of stellar
primaries as well as non-habitable terrestrial
and super-Earth sized planets. About 150
sub-Neptune sized planets around a variety
of stellar types and at various equilibrium
temperatures are expected. For some
planets, follow up characterization could be
done simultaneously with long exposures to
obtain spectra of habitable zone terrestrial
planets. In other cases, alternate coronagraph
masks and additional exposure time might be
needed. For all of these worlds, LUVOIR will
enable a host of science programs, ranging
from studies of atmospheric dynamics in gas
giants to searches for evidence of volcanic
gases in the atmospheres of terrestrial

4-4
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Figure 4.2. Planets of all types detected by LUVOIR Architecture A during a 2-year habitable
planet survey. The histograms show the number of planets detected in six size bins: exoEarth
candidates (defined in Chapter 3; green bar), rocky planets (0.5-1 R_,,), super-Earths (1-1.75
R.,.) sub-Neptunes (1.75-3.5 R__,), Neptunes (3.5-6 R_, ), and Jupiters (6-14.3 R_, ). Red,
blue, and ice blue bars indicate hot, warm, and cold planets, respectively. Right panels show the
breakdown by stellar type. A detailed description of the exoplanet science yield calculations can

be found in Appendix B.

planets. The SAG15 report (Apai et al. 2017)
discusses such programs and many others.

The most promising avenue among
the wealth of science made possible by
this diversity of worlds will be systematic,
comparative studies of planetary
atmospheres. Many of the more massive
planets will have been detected by RV
surveys or GAIA, thereby providing masses,
while astrometry with HDI will measure or
constrain the masses of smaller planets.
Planets with known masses, incident fluxes,
and measured atmospheric composition
will provide a laboratory for testing theories
for planet formation, atmospheric evolution,
photochemistry, and cloud processes. In
this section we briefly summarize some of
the highlights of such investigations made
possible by LUVOIR.

4.1.1 Diversity of composition

LUVOIR will characterize atmospheric diver-
sity among the planets within each system
that it observes, systematically measuring

atmospheric composition of gas and ice gi-
ants, sub-Neptunes, super-Earths, and small
rocky planets. Atmospheric composition is
of special interest as the particular species
present depend on atmospheric tempera-
ture and pressure regulated by the incident
stellar flux and, for giant planets, emergent
planetary flux from the deep interior. The at-
mospheres of all solar system giants are en-
hanced over solar abundance, a fingerprint
that is generally attributed to the details of
planetary formation process (Figure 4.3;
Mordasini et al. 2016). For terrestrial planets,
composition is a signature of initial atmo-
spheric formation as modulated by escape,
crustal recycling, and other endogenic and
exogenic processes (such as impacts and
volcanos).

The visible atmospheres of the relatively
cool giant planets probed by direct imaging
are directly connected to their deep interiors
by a continuous convection zone and the bulk
composition of their atmospheres will reflect
that of the planet as a whole (Fortney et al.

The LUVOIR Interim Report
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Figure 4.3. Metallicity of Solar System and
extrasolar giant planets. Transiting planet
metallicity derived from retrievals of H,O
abundance inferred from transit spectra. Solar
system abundances are from remote and in
situ measurement of CH, The dashed line
shows the notional trend of decreasing [M/H]
with increasing planet mass, a prediction of the
core accretion gas giant formation mechanism.
The red error bar shows expected precision of
LUVOIR retrigvals of gas giant CH, and H,O
atmospheric abundances based on retrieval
studies for WFIRST (Lupu et al. 2016). Credit:
J. Bean (U of Chicago).

2007). This is different from the atmospheres
of the hot transiting giant planets, which
are disconnected from their deep interiors
by a radiative zone that extends to 100
to 1000 bar or more. Thus, LUVOIR will
characterize a distinct population of planets
with notably different atmospheric structure
and composition than most of the transiting
planets expected to be observed with JWST,
although note LUVOIR can also observe
planetary transits in a wavelength range
complementary to JWST.

Understanding how atmospheric com-
position varies with planet mass and stellar
properties is vital, since planet formation
models predict a wide range of enrichments
in elements compared to stellar abundanc-
es (e.g., Oberg et al. 2011; Fortney et al.

2013; Madhusudhan et al. 2016; Mordasini
et al. 2016; Thorngren et al. 2016; Espinoza
et al. 2017). Observations of transiting giant
planets suggest a trend of decreasing atmo-
spheric heavy element enrichment with in-
creasing mass that mirrors the one seen in
the solar system (Figure 4.3). LUVOIR us-
ers will test whether such trends hold for the
cooler, more distant population of planets
that more closely resemble solar system gas
and ice giants. LUVOIR will also constrain
the atmospheric composition of planets at
the sub-Neptune/super-Earth boundary to
understand if these are distinct planet types
or simply a continuum of compaosition.

LUVOIR will obtain reflected light spec-
tra of dozens of gas and ice giants, down
to sub-Neptune/super-Earth sizes, at a vari-
ety of orbital distances around stars of vary-
ing mass and metallicity, thus balancing the
population of planets expected to be char-
acterized with JWST transit studies. Optical
photometry and spectra of detected planets
will readily constrain the presence or ab-
sence of atmospheres from the distinctive
appearance of Rayleigh and cloud particle
scattering. Atmospheric composition can be
derived from optical and near-IR spectrosco-
py, as the wavelength ranges and spectral
resolutions required for detecting gases in
terrestrial atmospheres (Chapter 3) will also
permit measurement of H,O, NH,, CH,, Na,
and K in gas giants and additional species
in the atmospheres of lower mass planets.
Atmospheric metallicity can be determined
using CH,, H,O, and NH, bands in optical
(Figure 4.4) and near-IR spectra. For plan-
ets warm enough that atmospheric water is
not condensed into clouds, such spectra will
also constrain carbon-to-oxygen ratios, a key
indicator of formation and migration history.
For systems with potentially habitable plan-
ets, atmospheric characterization of any gi-
ant planets will also provide valuable insights
into the formation history of the system.
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Figure 4.4. Model albedo spectra of gas giant planets with atmospheric metallicity (log(m))
varying from solar to about thirty times solar. The most distinctive absorption features are those
of CH,. The shaded regions show the influence of gaseous H,O opacity, which, counterintuitively,
is stronger at lower metallicity because of the feedback in this model between cloud height and
water vapor abundance. Observations by LUVOIR users will inform our understanding of such
water vapor/cloud feedback effects. Credit: R. Macdonald (Cambridge University).

While atmospheric chemistry among
the hydrogen-helium dominated giant
planets can likely be grossly predicted, the
atmospheric diversity of terrestrial planets
discovered by LUVOIR wil doubtless
exceed our imagination. By carrying versatile
integral field spectrographs covering a wide
wavelength range, LUVOIR is well equipped
to characterize the atmospheres of all types
of terrestrial planets. A few examples of the
diversity of worlds LUVOIR will be able to
search for and characterize include:

a) Hot exoEarths / exoVenuses are predict-
ed to be the end-state of planetary evolu-
tion for rocky worlds with high O, or CO,
atmospheres and rocky planets interior
to the habitable zone of the star (Berta-
Thompson et al., 2016; Luger & Barnes,

2015; Schaefer et al., 2016). Worlds
undergoing catastrophic ocean and at-
mospheric loss may exist in the habit-
able zone (Meadows et al., 2016) and
their characteristics will vary with stellar
spectral type (Segura et al., 2003, 2005,
2007; Meadows et al., 2016). Optical and
near-IR spectra will constrain H,0, O,,
and CO, abundances, providing insight
to this critical class of planets that define
the inner edge of the habitable zone.

Water-rich atmospheres may also exist
in the usual habitable zone, either on the
path to the “exoVenus” end-state, or as
a long-term stable configuration of the
planet’s atmosphere (Goldblatt et al.,
2016).

The LUVOIR Interim Report
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Continuum SNR > 10

Program at a Glance - Comparative Atmospheres

Goal: Measure atmospheric composition for a wide range of non-habitable exoplanets.

Program details: Optical and near-IR spectra of giant through terrestrial planets at multiple
separations around variety of stellar types. Acquired via a mix of dedicated observations
and concurrently during long integrations on habitable zone planets.

Instrument(s) + Configuration: High contrast spectroscopy with ECLIPS IFS
Key observation requirements: Spectral bandpass from 400 nm to 1400 nm; R ~ 100;

c) Extremewaterlosscanleadto “Dune-like”
worlds with little surface water reservoirs
but temperate climates (Abe et al., 2011).
Such worlds would be identified by their
Rayleigh scattering slope and lack of
bright clouds or water vapor.

d) Terrestrial planets of different ages and
atmospheric redox states may mimic a
similar evolution that occurred throughout
Earth’s history (Arney et al., 2017; Lyons
et al., 2014); this evolution may occur on
worlds with or without life (Catling et al.,
2018). Such evolution can be driven by
atmospheric loss, which when scaled-
up can lead to evaporated core rocky
worlds that are the remnants of massive
atmospheric loss from larger planets
(Gillon et al., 2017; Luger et al., 2017).

e) Terrestrial-sized planets with dense
envelopes that were not lost can exist
beyond the habitable zone, and due
to the greenhouse effect from their H,
envelopes, lead to planets with stable
oceans well beyond the *“traditional”
habitable zone (Owen & Mohanty, 2016).
Pressure-induced  absorption  from
high-pressure H, atmospheres will be
detectable in the optical and near-IR by
ECLIPS.

Comparing the nature of all such
terrestrial planets to each other and to any
habitable worlds discovered by LUVOIR
will place these planets in context. For

example, if exoVenus-type planets turn out
to be ubiquitous, the relative importance
of the runaway greenhouse mechanism
will be apparent. However, the diversity of
such worlds (do they always sport bright
sulfuric acid clouds?) will only emerge
through comparative studies of multiple
planets. Since we cannot readily predict
likely atmospheric compositions for all of the
terrestrial planets LUVOIR will discover, the
most important capability for characterizing
these worlds will be flexibility. As discussed
more fully in Chapter 3, LUVOIR’s spectral
range for coronagraphic spectroscopy
provides the ability to detect and measure
the abundances of a large array of possible
gases, including H,0, CH,, O,, O,, and CO,,.
Figure 4.5 shows simulated ECLIPS spectra,
of both giant and terrestrial planets, that give
a flavor of LUVOIR’s powerful capabilities for
atmospheric characterization.

4.1.2 Photochemistry and hazes

Photochemical processes play key roles
in shaping the atmospheres of all solar
system planets. In the solar system giant
planet stratospheres, CH, photochemistry
generates hydrocarbons such as C,H, and
C,H,; these molecules can polymerize into
more complex hydrocarbon species, some
of which condense into aerosols. These
hydrocarbons strongly absorb UV and blue
light on Jupiter and Saturn. On Venus,
complex sulfur chemistry transforms SO, and
H,O into H,S0O, that condenses into the thick
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Figure 4.5. Simulated LUVOIR spectra of planets orbiting a Sun-twin star at 10 pc. The simulated
data plotted with grey bars were generated using the online LUVOIR coronagraphic spectroscopy
tool, assuming the LUVOIR-A architecture (15-m telescope), the current ECLIPS-A instrument
parameters, and exposure times of 96 hours per coronagraph band. Input model spectra are
over-plotted with colored lines. The Venus model spectrum was provided by the Virtual Planet
Laboratory (VPL), generated using the Spectral Mapping Atmospheric Radiative Transfer (SMART)
model (Meadows & Crisp 1996; Crisp 1997). The super-Mars model was created by scaling a
Mars model spectrum from VPL to a radius of 1 R, and an orbital separation of 1 AU. The
super-Mars data were rebinned to increase S/N. The warm Jupiter model spectra are from Cahoy
et al. (2010) and the warm Neptune model spectrum is from Hu & Seager (2014). Image credit:
LUVOIR Tools.

cloud deck (Yung and Demore 1982). through volcanic outgassing; such aerosols
On Earth, the UV-shielding ozone layer is can produce detectable spectral signatures
the result of oxygen photochemistry, and that may be remotely identified as a sign
sulfur aerosols like H,SO, can be produced of vigorous volcanism on terrestrial planets
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Figure 4.6. Two examples of the impact of photochemical hazes on planet spectra. (Left) Model
albedo spectra for a cloud-free 0.8 AU Jupiter-like planet (grey) along with spectra for various
column abundances of sulfur (Sy) haze particles. In addition to markedly raising the red continuum
flux level, note the strong NUV absorption of these hazes. Credit: Gao et al. (2017). Right panel:

Model spectra of clear and hazy Archean Earth atmospheres. Credit: G. Arney (NASA GSFC)

(Misra et al 2015; Hu et al 2013). The hazy
disk of Titan, a consequence of CH, transport
and photochemistry is another distinctive
example of the importance of hazes.
Likewise, no characterization of an exoplanet
atmosphere —potentially habitable or not—
will be complete without an understanding
of the role photochemical hazes play in its

atmosphere.
Evidence of hazes has already been
inferred from the featureless transit

transmission spectra of several exoplanets
(Bean et al. 2010, Kreidberg et al. 2014,
Knutson et al. 2014a, 2014b, Sing et al.
2014). Exoplanet atmospheres observed

by LUVOIR will sample compositional and
incident UV flux conditions not found in the
current solar system, yielding a diversity of
haze types. Examples of the potential impact
of two plausible types of hazes, sulfur hazes
on a warm giant planet and hydrocarbon
hazes on an Archean Earth-like terrestrial
planet, are shown in Figure 4.6.
Understanding the diversity of photo-
chemical outcomes and how they relate to
atmospheric and, for terrestrial planets, sur-
face composition, temperature, and pres-
sure will be a complex task, but one that will
greatly inform our understanding of such pro-
cesses as a whole. For multi-planet systems

Program at a Glance - Atmospheric Hazes

Goal: Constrain presence of atmospheric hazes all planets detectable in each system
observed.

Program details: UV and optical low-resolution spectroscopy and/or photometry of
a wide range of planet classes (giant through terrestrial) at multiple separations around
variety of stellar types. Measure UV spectra of host stars.

Instrument(s) + Configuration: ECLIPS high contrast low-resolution spectroscopy and/
or multi-color photometry. LUMOS UV spectroscopy.

Key observation requirements: Spectral bandpass from 250 nm to 1000 nm; R ~ 10;
Continuum SNR > 10
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understanding photochemistry in one plan-
et’s atmosphere will inform our understand-
ing of the other planets, including potential-
ly habitable ones. Measurements of the UV
spectrum of the host star will also be critical
for understanding these processes and in-
terpreting exoplanet atmospheres. LUVOIR
observations will illuminate how haze opacity
varies with planetary and stellar characteris-
tics, clarify the role hazes play in potentially
habitable planets, and improve our ability to
model photochemical processes in all types
of planetary atmospheres

The UV capability of ECLIPS will be
crucial for constraining photochemical hazes
as they often absorb strongly in the blue
and UV. S, particles, expected in warm giant
planet atmospheres as a consequence of
sulfur photochemistry, and organic hazes,
which form from methane photochemistry
and cause Titan’s characteristic orange
color, both produce strong UV-blue
absorption features. The organic hazes
could be detected at low spectral resolution
at wavelengths shorter than 0.5 um for hazy
Archean Earth although thinner hazes will
require extending to shorter wavelengths
(< 0.4 um; see blue spectrum in right panel
of Figure 4.6).

Although WFIRST may image some
exoplanets, the bluest WFIRST photometric
band cuts off at about 0.55 um, too red a
wavelength to usefully characterize hazes.
Studies have also showed that hazes
and clouds that are opaque in transit
transmission observations—thus obscuring
other atmospheric features—can still allow
observations of deep atmospheric features
in direct imaging (Charnay et al 2015;
Morley et al 2015). Thus, a UV-coronagraph
equipped LUVOIR would provide an
outstanding platform for detecting and
characterizing photochemical hazes in a
great variety of planetary atmospheres. The
understanding LUVOIR observers will gain

from understanding hazes in a diversity
of atmospheres will doubtless aid the
interpretation of habitable planet hazes as
well.

4.1.3 Clouds

All Solar System planets with an atmosphere
harbor condensate cloud layers. Clouds
influence the atmospheric pressure-tem-
perature structure of a planet, the reflected,
emission, and transmission spectra, as well
as planetary albedo and energy balance.
Because clouds can play such a defining role
in controlling the emitted and reflected flux,
no characterization of an atmosphere—in
particular abundance measurements—can
be complete without an understanding of
the nature of its cloud decks. To date clouds
have also been studied in hot Jupiters via
transmission and emission spectroscopy,
spectral phase mapping, and in reflect-
ed light. Brown dwarfs and directly imaged
planets are strongly impacted by their cloud
layers and there have been robust studies of
clouds in these objects.

Most of our current knowledge on cloud
properties and compositions still comes
from studies of Solar System planets (most
importantly, Earth and Jupiter). Water vapor
and water ice clouds in Earth can be studied
in-situ and via remote sensing; models
developed to explain their behavior and
properties are often used as a starting point
for models of extrasolar planet clouds (e.g.,
Ackerman & Marley 2001), although the full
diversity of cloud processes in all types of
exoplanets has not yet been explored.

Clouds may also be used as temperature
indicators and tracers of atmospheric
dynamics (circulation, mixing, turbulence).
The atmospheres of giant planets sport a
layered set of clouds, which respond to
atmospheric temperature. Cold giants, like
Jupiter, are characterized by the presence
of ammonia clouds. In warmer giants the
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Program at a Glance - Clouds
Goal: Constrain presence and composition of the cloud layers all planets detectable in
each system observed.

Program details: UV through low-resolution spectroscopy and/or near-IR photometry
of a wide range of planet classes (giant through terrestrial) at multiple separations around
variety of stellar types.

Instrument(s) + Configuration: ECLIPS high contrast low-resolution spectroscopy and/
or multi-color photometry.

Key observation requirements: Spectral bandpass from 250 nm to 1000 nm; R ~ 10;

Continuum SNR > 10

evaporation of first the ammonia, and then
the water cloud decks will alter the visible
spectra, as a given mass planet is found
progressively closer to its star (Figure
4.5). Clouds may also mask the presence
of specific atmospheric absorbers even if
present at large abundances below a thick
cloud deck.

A systematic survey of cloud properties
across all types of planets will be
transformative for building better models of
cloud behavior under varying conditions.
In particular the characterization of most
habitable planets will likely ultimately rest on
cloud models, so a broad, systematic survey
of cloud properties in all types of planets
with LUVOIR will directly impact habitable
planet studies. An understanding of how
global cloud properties (altitude, thickness,
patchiness of various species) vary with
observable planetary properties will be one
of the most important legacies of LUVOIR
exoplanet science.

LUVOIR users will aim to understand
which particular cloud species are present
in which atmospheres, the processes that
control cloud particle sizes and vertical
distributions, the dynamical and radiative
feedbacks between clouds, atmospheric
thermal structure, and global dynamics. For a
few favorable planets, LUVOIR observations
will shed light on how clouds respond to

global planetary diurnal and seasonal cycles.
Time-resolved high-precision observations
(photometric and spectroscopic light curves)
have been obtained with HST and ground-
based telescopes for some young giant
planets. Extending such studies to cooler
atmospheres in reflected light will be possible
for bright planets for which photometry can
be obtained in an hour or so.

The capabilities of ECLIPS to obtain UV
to near-IR reflected light spectra are well
matched to illuminating cloud processes.
Cloud particle sizes are best constrained
through large wavelength coverage, permit-
ting size identification through Mie scattering
effects which vary with wavelength. Cloud
vertical thickness and number density also
strongly influence planetary reflection spec-
tra in the optical. In addition, for a few well-
placed planets, the large aperture permits
high cadence photometry, allowing searches
for rotational modulation from clouds, tracing
atmospheric dynamics and measuring rota-
tion periods.

4.1.4 Atmospheric evolution and
escape

Atmospheric escape is a fundamental physi-
cal process that leads atmospheric constitu-
ents to become unbound from a planet and
alters the composition of the remaining at-
mosphere. Understanding the relative roles
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Figure 4.7. Atmospheric escape. Left: Average Lyman alpha line profiles of the M-type star
GJ436 that hosts a warm Neptune-mass planet. The solid lines correspond to out-of-transit
(black), pre-transit (blue), in-transit (green), and post-transit (red) observations from individual
spectra. The line core (hatched region) cannot be observed from Earth because of the interstellar
medium absorption along the line of sight. Right: Polar view of a three-dimensional simulation
representing a slice of the comet-like cloud coplanar with the line of sight of the GJ436 system.
Hydrogen atom velocity and direction in the rest frame of the star are represented by arrows.
Particles are color-coded as a function of their projected velocities on the line of sight (the dashed
vertical line). Inset: zoom out of this image to the full spatial extent of the exospheric cloud (in
blue). The planet orbit is shown to scale with the green ellipse and the star is represented with

the yellow circle. Credit: Ehrenreich et al. (2015).

of escape, outgassing, and accretion in a
variety of exoplanet atmospheres is critical
to understanding the origin and evolution of
planetary atmospheres. LUVOIR UV transit
observations will both identify the escaping
species and constrain the physics of escape.

The first observations of escape were
obtained by Vidal-Madjar et al. (2003), who
obtained STIS far-ultraviolet transmission
spectra of the close-in giant planet
HD209458b revealing that the planet
possesses a highly extended hydrogen
atmosphere due to heating by stellar
X-ray and EUV photons. Subsequent HST
observations have also detected various
metals in the exospheres of giant planets
including carbon, oxygen, and magnesium
(Vidal-Madjar et al. 2004; Linsky et al. 2010),
as well as escaping hydrogen from the warm
Neptune-size planet GJ436b, which showed
a large tail of escaped planetary material
(Figure 4.7; Ehrenreich et al. 2015).

Atmospheric escape is a key factor
shaping the evolution and distribution of
low-mass close-in planets (e.g., Owen &
Wu 2013) and their habitability (e.g., Cockell
et al. 2016). Indeed, many highly irradiated
rocky planets (e.g., CoRoT-7b, Kepler-10b)
might be the remnant cores of evaporated
Neptune-mass planets (e.g., Lopez et al.
2012). As a consequence, atmospheric
escape also has a major impact on our
understanding of planet formation (e.g., Van
Eylen et al. 2017).

Upcoming missions will provide us with
a large number of transiting planets covering
the whole parameter space necessary
to thoroughly study escape from an
observational perspective. For example, the
TESS mission is expected to find about 1700
planets orbiting nearby stars, some of which
(~15) will be Earth-size planets in the habitable
zone of M-dwarfs. The PLATO mission will
greatly exceed these numbers, particularly
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by extending the search to longer-period
planets (Sullivan et al. 2015; Rauer et al.
2014). LUVOIR is the only mission capable of
characterizing the extended atmospheres of
a statistical sample of these worlds, essential
for understanding the global properties of
atmospheric escape and understanding how
the physics of UV-driven atmospheric mass
loss determines the long-term stability of all
types of planetary atmospheres.

The observational census of atmospheric
escape requires the acquisition of UV
transmission spectroscopy observations for
about 100 transiting planets orbiting stars
(later than spectral type A5V). The complete
sample of planets is necessary to understand
how atmospheric escape correlates with
stellar and planetary system parameters. The
observations should be carried out at both
FUV and NUV wavelengths for the brightest/
nearest systems (for Lyman-alpha in
particular it is necessary to observe systems
within 60 pc due high ISM absorption).
Moreover, because stellar UV emission from
active stars can be highly variable from one
transit to another, it is important to obtain
high S/N detections within an individual
transit (Bourrier et al. 2017).

LUVOIR observing program. The target
planetary systems will be well distributed on
the sky and the identification of the best
targets will be possible only after the results
of the CHEOPS, TESS, and PLATO missions
are in hand (still before the launch of LUVOIR).
The observations will need to cover UV
wavelengths (100-400 nm) where a large
number of strong resonance lines of various
elements are present. These features, plus a
large number of weaker resonance lines of
several metals will be the primary target of
the observations.

The observations will aim not only at
measuring transit depths and shapes, but
also at measuring the velocity profile of the
absorbing material along the line of sight.

In this way, it will be possible to provide a
set of strong observational constraints on
models of atmospheric escape. From the
few relevant HST observations of transiting
planets obtained so far, it appears that the
typical velocity of the escaping material is
of the order of 10-20 km/s. This requires
instruments with a resolving power 40,000—
60,000 to resolve the velocities, readily
achievable with LUMOS.

Obtaining these observations simulta-
neously for a range of species is particularly
valuable since different species probe dif-
ferent regions in a planet’s photo-evapora-
tive wind. For example, while Lyman-alpha
can trace material beyond the planet’s Hill
sphere as it interacts with the stellar wind,
metal lines like Cll trace the inner bound por-
tions of a planet’s upper atmosphere, where
the photo-evaporative wind is launched and
Lyman-alpha is heavily extincted by the ISM.
Additionally, detection of these metal lines
provides a way to probe atmospheric com-
positions, which is not subject to the effects
of clouds lower in the atmosphere.

The need to reach high-enough signal-
to-noise ratios (S/N) for multiple species
in a single transit drives the specifications
on the effective area, which in turn places
constraints on the telescope diameter and
component efficiencies. The exposure times
are then driven by the transit durations
and the need to get enough out-of-transit
coverage to make sure transit asymmetries
can be unambiguously detected. Additionally,
high time resolution (~ 1 second) is required
to be able to detect and characterize flaring
events of the host stars that need to be
taken into account in the data analysis and
interpretation. The transit durations observed
will cover a wide range of transit durations
depending on stellar type and the planet’s
irradiation, ranging from ~1 hour for planets
close-in planets around very late M dwarfs
like those in the TRAPPIST-1 system (Gillon
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space.

transits in the NUV and FUV.

Program at a Glance - Evaporating Exoplanets

Goal: Fully constrain the physics of atmospheric escape for planets across parameter

Program details: High S/N FUV and NUV spectra to detect outflows in ~100 transiting
planets and fully map multiple escaping species for ~25 transiting planets.

Instrument(s) + Configuration: LUMOS G120M, G150M, G300M

Key observation requirements: Large aperture to obtain S/N > 20 per R ~ 30,000
resolution element spectra of the cores of stellar chromospheric emission lines in single

et al. 2017) up to 15 hours for planets in the
habitable zones of Sun-like stars.

As an example of an observing program
to characterize the mass-loss characteristics
of low-mass planet, we reconsider GJ 436D,
a 4.3 Earth radius warm Neptune on a 2.6-
day orbit around M2.5 dwarf with a V-band
magnitude of 10.7. Although, this planet has
been studied carefully in Lyman-alpha (e.qg.,
Bourrier et al. 2016), it is not currently possible
to detect other species with current facilities
(e.g., Loyd et al. 2017). LUVOIR, using the
LUMOS instrument’s G150M mode will
achieve a 5-sigma detection of the velocity-
resolved absorption profile in the 133.5
nm C Il line in just 20 minutes. This would
provide carbon detections in ~10 points as
the planet’s Hill sphere transits, probing all
the way into the inner bound portions of the
upper atmosphere which are inaccessible
to current observations. Moreover, while GJ
436 b is an ideal example, upcoming surveys
will uncover a large sample of planets around
bright nearby stars that can be characterized
to a similar level, enabling us to repeat these
observations for dozens of planets spanning
the full range of planetary parameter
space. The Sullivan et al. (2015) simulated
TESS catalog predicts that about 25 TESS
planets will be amenable to transit maps of
the densities, abundances, and velocities
for multiple species in their escaping
atmospheres.

4.2 Signature science case #2:
Planetary system architectures

The history of a planetary system is
encoded in its architecture, the system-
wide configuration of planets and asteroid/
comet belts. Architectural information
includes the number, masses, spacing,
and orbits of the planets; as well as the
structure, mass, and composition of any
accompanying debris from asteroids and
comets (aka. planetesimals). Our own solar
system’s architecture—including the orbits
and compositions of our asteroid and Kuiper
belts (e.g., DeMeo and Carry 2014), the
spacing and eccentricities of the terrestrial
planets (e.g., Chambers & Wetherill 1998),
and the orbits of the giant planets (e.qg.,
Raymond et al. 2004)—informs us about the
formation, early environment, and habitability
of the Earth. Similarly, exoplanetary system
architectures provide context for exokarths;
for example, an Earth-size exoplanet in a
system with a nearby, highly eccentric Jupiter
grew up in a very different environment from
one tightly packed together with seven other
rocky planets.

The large number of mature and young
planetary systems LUVOIR will observe allows
fundamental, systematic investigations of the
environmental influences on planet formation
and evolution. These studies are enabled
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by LUVOIR’s ability to simultaneously map
each exoplanet system in detail across the
field of view of ECLIPS. Such observations
complement techniques that characterize a
portion of each planetary system (e.g., transit
spectroscopy) and surveys that provide
planet occurrence rates (e.g., microlensing).
Furthermore, LUVOIR will catalog the
chemical outcomes of planet formation
around a range of stars by measuring
the bulk composition of young extrasolar
comets and asteroids, measured through
outgassing arising from collisions. LUVOIR
also has a unique role to play in filling out our
inventory of the smallest and coldest bodies
in the solar system, which hold vital clues to
its early history.

4.2.1

The formation and evolution of even mature
planetary systems (>1 Gyr) is imprinted in
their residual architectures. By characterizing
system architectures for multiple planetary
systems, LUVOIR will open a window to
understanding how planetary formation
proceeds under a diversity of environments.

4.2.1.1 Orbital dynamics aid
determination of planet masses and
radii

The attributes of mass and radius are
fundamental for characterizing exoplanets.
The determination of bulk density allows
us to distinguish rocky worlds from planets
with substantial gas-envelopes or ice or
water worlds. Masses and radii constrain
surface gravity and are needed to interpret
spectra of planetary atmospheres. Circa
2018, most planet masses are measured
via the radial velocity technique, with a
small number determined from transit timing
variations. Neither of these methods can
currently provide mass measurements for
true analogs of our Earth around solar-type
stars. Therefore, the capability of measuring

Mature exoplanet systems

exoplanet masses with extremely precise
astrometry (~0.1 pas) is a key attribute of the
High Definition Imager (HDI). Such astrometric
measurements will yield reliable orbits and
masses for planets with M > 1M__ orbiting
> 1 AU from G2V stars within 10 parsecs
(the mass measurement limit is smaller for
lower mass stars). Additionally, LUVOIR’s
immense  light-gathering  power,  short
integration times, large instantaneous field of
regard, and rapid repointing will enable deep
imaging of each exoplanet target star many
times, ensuring both an accurate orbital
solution as well as a high chance of planet
discovery. The combination of direct imaging
using ECLIPS and precision astrometry with
HDI will robustly disentangle multi-planet
systems (Guyon et al. 2012).

Since a planet’s brightness in reflected
light is a function of the planet radius,
albedo, and orbital phase, determining
the radius is difficult. Repeat imaging in
multiple filters at different orbital phases is
key to untangling these degeneracies. As
an example, for a planet with a substantial
atmosphere observed at crescent phases,
the forward lobe of Rayleigh scattering tends
to dominate over atmospheric and surface
absorption at blue wavelengths, reducing
the albedo uncertainty. Exploratory retrieval
studies show that at phase angles greater
than ~100, degrees measurement of planet
brightness in the blue offers improved
constraints on planet radii compared to more
gibbous phases (Nayak et al. 2016). Further
retrieval studies of simulated directly imaged
planets observed in reflected light will identify
the optimum strategy for constraining radii,
and hence bulk density and composition, of
both terrestrial and giant planets.

4.2.1.2 Orbits, compositions, and
formation

on planet orbits,
and dynamical history of

Linking  information
compositions,
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mature exoplanet systems can provide deep
insightsintotheir past formationandevolution.
For example, giant planets can affect volatile
delivery to the inner solar system, leading to
potential differences in composition between
terrestrial planets in systems with and without
giant planets. Atmospheric composition of
giant planets also provides clues to their
formation and evolution. Gas giant planets
formed by the core accretion mechanism are
expected to have atmospheric heavy element
abundances in excess of those of their parent
stars. Available data on hot transiting planets
already point to a trend of atmospheric heavy
element enrichment with mass (Figure 4.3).
LUVOIR will extend such comparisons to
cooler, more solar system-like giant planets,
and uncover systematic deviations from the
trend that might indicate other formation
mechanisms (like gravitational collapse) for
subsets of planets.

Furthermore, differences in atmospheric
bulk composition (recorded as C/O ratios)
for planets at similar orbital distances may
indicate migration has moved some of them
from their birthplaces to the locations we see
today. Planet migration can also establish
planets in orbital resonances and alter their
eccentricities. Thus, measurement of orbits,
masses, and atmospheric composition for all
the planets in any system together permit a
much richer understanding than any of these
measures alone. Integral field spectroscopy

at R=70 will be able to measure precise
volatile inventories for a hundreds of gas
and ice giant planets, enabling comparisons
of C/O ratios over a wide range of orbital
separations and identifying relationships
between composition, mass, and orbit.

4.2.1.3 Mature debris belts

Even in old planetary systems, asteroids,
comets, and Kuiper Belt objects (KBOs) left
over from the planet formation phase persist.
Erosion of these planetesimals produces
interplanetary dust, which can actually be the
most easily observed feature of a planetary
system, due to the large total surface area of
the dust grains. Dust in the warm inner region
of the solar system is called zodiacal dust,
which largely comes from comets (Nesvorny
et al. 2010). The spatial distribution of
interplanetary dust in the solar system —with
the signs of planets imprinted in it—is shown
in Figure 4.8.

Although sufficiently high levels of exo-
zodiacal dust can obscure exoplanets from
view, planetesimal belts and the dusty debris
they produce serve as records of the sys-
tem’s early history and provide constraints on
present day orbital properties. A belt located
near a planet yields constraints on its mass
and orbit: for example, a sufficiently massive,
nearby, and/or elliptical planet would disturb
the belt, which provides information on how
the planet’s orbit has (or has not) changed

Program at a Glance - Planetary System Architectures

Goal: Catalog the architectures of planetary systems around older main sequence stars

Program details: High contrast direct observations and astrometric measurements of
nearby main sequence stars to measure bulk properties (masses, orbits, atmospheric
composition) of all detectable planets and debris belts

Instrument(s) + Configuration: ECLIPS broadband coronagraphic imaging and integral
field spectroscopy, HDI high precision astrometry

Key observation requirements: Contrast < 10-%; OWA > 48 A/D; astrometric precision
= 0.1 pas
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over time. Gravitational interactions between
a planet and planetesimals can trap some of
the latter into dynamical resonances, which
can then be revealed through clumps in the
interplanetary dust. Such trapping can serve
as a record of the planet’s migration histo-
ry (e.g., Malhotra 1993). Furthermore, if we
assume a planetesimal belt is roughly co-
planar with the planetary system, we obtain
an immediate estimate of the inclination of
the system and can constrain a planet’s or-
bit with fewer observations. High resolution,
high contrast imaging of exoplanets will si-
multaneously reveal interplanetary dust, pro-
viding dynamical and contextual information
without additional observational demands.

4.2.2 Young exoplanet systems

Young exoplanet systems offer valuable
windows into the later stages of planet for-
mation. Building rocky worlds and the final

Modern Solar System in true color
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sculpting of planetary systems involve dy-
namic and sometimes violent processes.
The young comets and asteroids that are the
building blocks of larger planets are collid-
ing and fragmenting, exposing dust and gas
from their interiors. The orbital distribution
of dusty debris from those collisions will tell
us about the timescales for rocky planet for-
mation and the properties of young planets.
Spectroscopy of the gas provides a unique
opportunity to measure the bulk composition
of planetary material as a function of stellar
type. These studies of terrestrial planet for-
mation via debris in young systems will com-
plement studies of giant planet formation
through observations of younger protoplane-
tary disks (Chapter 7). LUVOIR’s small inner
working angle will be needed to probe with-
in the ice lines of young planetary systems,
which in theory divide inner rocky planet
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Figure 4.8. The architecture of the modern Solar System, showing the interplay between planets
and debris dust. The left panel shows a model of the entire system out to a radius of 50 AU from
the Sun, while the inset panel zooms in on the inner system. For ease of viewing, the Sun and
possible astrophysical background sources are not included. The bright region at the center of
the image is emission from warm debris dust (aka. exozodiacal dust). Two circular gaps in the
dust are visible, the inner one caused by Jupiter and the outer one marking the 3:2 mean motion
resonance with Neptune. Neptune also creates a partial gap in its immediate vicinity. Credit:
Roberge et al. (2017)
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formation regions from the cold icy regions
where giant planets form.

4.2.2.1 Young debris belts:
morphology and architecture

Young debris disks are a powerful probe of
the formation and early dynamical evolution
of planetary systems. On a massive
scale, countless numbers of extrasolar
planetesimals—the building blocks of both
terrestrial and giant planets—are colliding
with each other and producing disks of dust
and gas debris that can be observed in detall
(Figure 4.9). Since the ages of most debris
disks span a plausible range of timescales for
terrestrial planet formation (~ 10 to hundreds
of Myr), the process can be observed in
action, thereby constraining when and
where it occurs, and shedding light on how

processes vary from system to system and
as functions of stellar properties.

Space- and ground-based instruments —
including HST, ALMA, GPI, and SPHERE—
have imaged debris disks containing planet-
sculpted dust structures that help constrain
the orbital properties and dynamical history
of giant planets in young systems (e.g.,
HR8799; Booth et al. 2016). However, current
instruments lack the spatial resolution,

sensitivity, and inner working angle to image
warm material in the innermost regions
of debris disks. The following features
enumerate the types of formation signatures
that LUVOIR can detect as a function of
separation from the host star and stellar age,
mass, and metallicity.

Figure 4.9. LUVOIR can peer into the unseen inner regions of young planetary systems. This
image shows the famous Beta Pictoris debris disk, with the gas giant exoplanet Beta Pic b imaged
at two epochs in its orbit (2003 and 2009). The semi-major axis of the planet’s orbit is ~ 10 AU
(Lagrange et al. 2010). This planet is likely responsible for the long known “warp” in the inner
portion of the dust disk (e.g., Heap et al. 2000). The inset panel shows a blow-up of the innermost
region with the LUVOIR-A coronagraph inner working angle (red circle) and outer working angle
(orange circle) overlaid. LUVOIR can search for warm dust and additional planets in the region
between the two circles. Credit: ESA / A.-M. Lagrange
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Figure 4.10. Signposts of terrestrial planet
formation—dust rings moving outwards with
time. Credit: Kenyon & Bromley (2004).

Dust from sites of ongoing terrestri-
al planet formation. As terrestrial planets
grow in a disk of planetesimals, they dynam-
ically stir nearby bodies, generating collision-
al cascades that produce copious dust con-
centrated in rings. The dust is subsequently
removed largely by radiation pressure. The
dynamical simulation in Figure 4.10 shows
that the region of active formation—marked
by bright dust rings—moves outward with
time. The growth timescale is expected to
depend on radial distance from the star and
the local solid disk mass, which may be cor-
related with the host star mass and metal-
licity.

These theories can be tested with high
resolution, high contrast images of young
debris disks with arange of ages. Current high
contrast instruments, with their large inner
working angles and relatively low contrast (>
107%), can only obtain such images for the
outer regions of bright disks around early-
type stars. Millimeter/submillimeter facilities
like ALMA are insensitive to warm dust in
inner regions of disks. Figure 4.11 shows
that ECLIPS can obtain high-resolution
images reaching within the ice lines (~ 3
AU for the solar system; e.g., Martin & Livio
2012) of nearby young disks within about
135 pc. LUVOIR also has the sensitivity to
extend such imaging studies to fainter disks
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Figure 4.11. Observing the terrestrial planet
forming regions of young exoplanet systems
with LUVOIR. The plot shows the distance out
to which a coronagraph can observe the warm
region inside the ice line of a Sun-like star (~ 3
AU) as a function of telescope diameter. The
coronagraph IWA = 3.5 A/D and the assumed
observation wavelength is 400 nm. In the blue
region, the ice line is inside the IWA, so only
cold material can also be observed. In the pink
region, the ice line is outside the IWA, so warm
material can be observed. The mean distances
to a few nearby young (< 100 Myr) stellar
associations are indicated with horizontal lines
(BPMG = Beta Pic Moving Group, TW Hya =
TW Hydrae Association, Tuc-Hor = Tucana-
Horologium Association, Pleiades = Pleiades
Open Cluster). Observing inside the ice lines
of Sun-like stars in the Pleiades requires a
telescope with D > 15 m. Credit: A. Roberge
(NASA GSFC).

around lower mass stars than are currently

possible.
Gravitationally  sculpted features
associated with terrestrial planets.

Dust structures produced by dynamical
interactions between planetesimals and
planets can provide constraints on young
planets’ masses and orbits. The Beta Pic dust
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Program at a Glance - Terrestrial Planet Formation

Goal: Map the spatial distribution of dust coming from destruction of planetesimals during

Program details: High resolution, high contrast direct imaging of dust in debris disks
around solar-type and low-mass stars in nearby young moving groups with a range of

Instrument(s) + Configuration: ECLIPS broadband coronagraphic imaging
Key observation requirements: Contrast < 10, OWA > 48 A/D

disk displays an example of a planet-induced
warp (Figure 4.9). Other types of structures
include gaps cleared of planetesimals by
resonances with a planet (Figure 4.8)
and dust clumps marking planetesimals
captured into resonance during a planet’s
migration (e.g., as invoked for Beta Pic in
Dent et al. 2014). By comparing properties of
planets within younger protoplanetary disks
to those inferred within older debris disks,
the evolution of planetary systems, planet
migration, growth of planets through giant
impacts after the dissipation of the primordial
gas disk, and planet-planet gravitational
interactions can be traced. However, as
for the observations described immediately
above, the smaller inner working angle and
greater sensitivity of ECLIPS will be needed
to see the subtler dust structures created by
terrestrial planets.

4.2.2.2 Bulk composition of planetary
material: extrasolar planetesimals

While the surfaces and atmospheres
of exoplanets can be directly studied,
their interiors remain hidden. Measuring
planetesimal compositions offers  the
opportunity to infer the bulk composition of
planetary material that formed around various
types of stars. Compositional differences
betweenrelativelyunprocessedgasinyounger
protoplanetary disks vs. gas produced
from planetesimals in older debris disks set
expectations for giant planet atmospheres
accreted purely from relatively unprocessed

primordial gas vs. those contaminated by
planetesimal impacts. These measurements
also inform the possible make-up of sub-
Neptune atmospheres accreted during the
protoplanetary phase vs. those outgassed
from a planet’s interior. But even in the solar
system, to probe the interior composition
of planetesimals, one needs to break them
open, as was done by NASA's Deep Impact
mission to comet Tempel 1. Fortunately, this
breaking open is exactly what is happening
to planetesimals in debris disks.

The goal is to determine the bulk
composition of planetesimals around a
variety of young stars by measuring elemental
abundances of material in debris disks.
Determining the composition of dust in debris
disks is and will remain difficult, because the
grains are relatively large and their spectral
features are broad, weak, and ambiguous.
Spitzer Space Telescope infrared spectra of
many debris disks showed silicate emission
features in very few cases, and little could
be learned about the dust composition even
when the emission was present (e.g., Chen
et al. 20006). Instead it is the gas component
that can provide abundances of all the major
elements.

Gas in debris disks has been hard
to detect, since the gas masses are low
relative to those in younger protoplanetary
disks (e.g., Dent et al. 2005). In contrast
to those young gas-rich disks, debris gas
appears to be primarily atomic rather than
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Program at a Glance - Composition of Planetesimals
Goal: Measuring bulk composition of gas coming from young planetesimals in edge-on
debris disks.
Program details: Spectra of stars with a range of masses in nearby young moving groups.

Instrument(s) + Configuration: POLLUX and LUMOS UV / optical point-source
spectroscopy

Key observation requirements: Spectral bandpass from 100 nm to 400 nm; R ~ 65,000

to 120,000; Continuum SNR > 10

molecular, since the dust masses in debris
disks are too low to shield molecular gas
from rapid photodissociation. The advent of
sensitive radio spectroscopy with ALMA has
provided the opportunity to survey a limited
number of gas species in many debris disks
(specifically, CO and neutral carbon). But
such observations cannot provide a full
compositional inventory of gas in debris
disks, as emission lines of other important
species (water, atomic oxygen, and metals)
are not accessible.
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Figure 4.12. lonized carbon gas coming
from planetesimals in the 49 Ceti debris disk,
observed via UV absorption spectroscopy using
HST. The additional redshifted gas apparent in
the second observation (Visit 2) comes from
vaporization of star-grazing planetesimals
transiting the central star. Credit: Miles et al.
(2016).

1337

To access a wide range of atomic
species in debris disks, astronomers have
instead employed sensitive UV / optical
absorption spectroscopy, using the host
stars as the background light sources. An
example appears in Figure 4.12, which also
shows time-variable gas coming from star-
grazing extrasolar planetesimals. Far-UV
spectroscopy is vital for these studies, as the
strong absorption lines of many atomic and
molecular gases are only available in that
bandpass. This is the technique that was
used to inventory the gas in the Beta Pic
and 49 Cet disks, both around intermediate
mass A-type stars (Roberge et al. 2006,
Roberge et al. 2014). In both cases, the gas
elemental composition appears extremely
and unexpectedly carbon-rich. The reasons
for this are not fully understood at this time.
For this technique to work, the disks must
be edge-on to our line of sight to the central
stars (like doing transit spectroscopy of an
exoplanet, but all the time). But even more
importantly, current UV spectroscopy with
the Hubble Space Telescope is not sensitive
enough to employ this technique on anything
but a handful of UV-bright, nearby A-type
stars.

The UV spectrographs on LUVOIR
(LUMOS and/or Pollux) will extend this
powerful observational technique to gas in
disks around later types of stars. For the first
time, we will be able to look for differences
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Figure 4.13. At left, an HST image captures
the nucleus and dust coma of C/2017 K2 at a
heliocentric distance of 15.7 AU (Jewitt et al.
2017). Atright is the series of discovery images
of MUG9, the next New Horizons mission target,
obtained with HST WFC3

in the volatile and refractory composition
of planetesimals as functions of stellar
mass and metallicity. To do this, we will use
high-resolution  point-source  absorption
spectroscopy at UV / optical wavelengths.
In some cases, high spectral resolution
(R > 100,000) will be needed to separate
circumstellar absorption lines from interstellar
ones. The instruments’ bandpasses cover
many strong absorption lines of critical
species, including volatiles (e.g., H, C, N,
O, CO, and OH), lithophiles (e.g., Na, Mg,
Al, Si), and siderophiles (e.g., Mn, Fe, Ni).
Furthermore, access to absorption lines from
more than one energy level and ionization
state is important for determining the gas
excitation temperature and the ionization
balance of the gas. Both are needed to
calculate the total elemental abundances.
Similar observational techniques applied to
metal polluted white dwarf stars can be used
to measure the bulk composition of planet
fragments after tidal disruption at the end of
their lives (details in Appendix A).

4.2.3 Solar System comets,
asteroids, and KBOs

The vast collection of icy bodies in the
outer solar system contains an echo of the
primordial processes that led to the formation
and modern distribution of the giant planets.

This population is extremely diverse, ranging
from geologically active, atmosphere-bearing
dwarfplanetsto small, porous undifferentiated
planetesimals that are structurally reflective
of primordial condensation and aggregation
processes (Figure 4.13). Studies of the
composition, size distribution, organization,
and orbital dynamics of these objects
offers our best window into the epoch of
planet formation, from which we are able to
constrain the structure of the solar system’s
protoplanetary disk, the mechanisms of
small body accretion, and the process of
planetary migration. Furthermore, as the only
remnant sub-planetary population available
for direct study, the observed properties
of these objects are broadly applicable
to our understanding of planetary system
development in other star systems.

It is only over the last 25 years (Jewitt
and Luu, 1993) that we have begun to map
the distribution of Trans-Neptunian Objects
(TNOs) in the Kuiper-Edgeworth Belt (KEB),
the inner of two icy body reservoirs. Over
1800 TNOs have been directly observed,
ranging in diameter from ~25 km (1999
DA8, Gladman et al, 2001) to >2300
km (e.g., Pluto, Eris). Prior to this, the
existence of orbital reservoirs was inferred
entirely from comets, icy bodies that are
gravitationally perturbed into the inner solar
system where they become visible by virtue
volatile sublimation and proximity to Earth.
Comet orbital properties reflect their original
reservoir, with short period (P < 20 years)
comets (SPCs) in the Jupiter and Encke
families following prograde orbits centered
on the ecliptic in a manner consistent with an
origin in the KEB, while long (P > 200 years)
period comets (LPCs) display an isotropic
distribution of inclination and direction
consistent with a more spherically distributed
Oort cloud. Orbital simulations suggest that
the evolution from the stable reservoirs to an
active comet proceeds by slow accumulation
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Figure 4.14. The limiting diameter detectable
at SNR ~ 5 is shown as a function of distance
for a single image that is depth-optimized to the
Classical Kuiper-Edgeworth Belt. The results
from HST (in 670 sec) and LUVOIR (in 75 sec)
are compared. Credit: W. Harris (Arizona LPL)

of gravitational perturbation by galactic tides
(for LPCs) and successive orbit-crossing
events (for SPCs) over time scales of up
to 0.1 Gyr, with the majority being lost to
gjection before entering the ‘activity zone’
inside 2.5 AU (e.g., Duncan, Levison, and
Dones, 2005). With projected lifetimes of
order 10°-10° years, the typical active comet
is therefore a short-lived remnant of a much
larger population of evolving objects in the
region beyond Jupiter.

The major factor limiting the study of
icy planetesimals is detection efficiency for
small bodies. These objects are only visible
due to reflected sunlight that experiences
inverse square dilution in both the outbound
and reflected directions, resulting in a
R* brightness function with heliocentric
distance. This effect is magnified in the gas
coma, because the rate of sublimation from a
nucleus decreases rapidly with temperature,
resulting in a lower scattering column density
with increasing heliocentric distance. This
combination of factors results in a severe
observational bias against smaller and less
active bodies that is reflected in the clear
difference in the observed size distributions
of TNOs and SPCs, where even the largest

SPC nuclei (e.g., 109P/Swift-Tuttle) are
smaller than every known TNO, and the
paucity of gas production measurements
fromm comets beyond 2.5 AU.

HST is currently the deepest telescope
for detection of small bodies by virtue of the
much lower sky-background and its use of
diffraction limited imaging. WFC3 broadband
(F350LP filter) imaging can currently identify
(SNR~5) a 15 km diameter object in a circular
orbit at 40 AU in ~600 s (the crossing-time
fora 0.08" resel). The LUVOIR HDI will extend
the HST advantage as a detection tool, even
when compared with the next generation
of 30-m class ground based telescopes.
Over the same bandpass, LUVOIR-HDI
would achieve SNR~5 detection of 3.5 km
diameter objects over a ~70 s resel-crossing
time, a 4-fold reduction in limiting diameter
in 1/8th the time (Figure 4.14). In addition to
point source detection, the HDI and LUMOS
instruments would provide a 100x increase in
sensitivity to the surface ice composition and
low surface brightness UV emission from the
gas comae of TNOs (Figure 4.15). LUVOIR
is essential for the following types of studies.

Population statistics. The deepest
wide-field surveys available are currently
unable to detect objects <10 km in diameter
beyond the orbit of Saturn, yet dynamical
models identifying the KEB as the source of
SPCs and Centaurs require that such bodies
must be extremely common. LUVOIR-HDI is
capable of extending the detection threshold
down to 1-10 km sizes typical of SPCs. A
campaign targeting size distributions in the
classical KEB between 40-50 AU would
identify any objects in this region > 3 km in
diameter at a rate, including time-sequenced
returns to establish motion, of 1 sg-deg per
day of integration. In addition to small KEBs,
these observations would obtain trailed
images of Centaurs between 6-30 AU to
depths of 0.5-2 km and detect Sedna-sized
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Figure 4.15. Brightness of centaurs and trans-Neptunian objects compared to the capabilities of
a LUVOIR-class observatory with sensitive spectrometers in the UV/Optical/NIR spectral range.
LUVOIR will permit a unique characterization of the deepest regions (40-50 AU) of our solar
system (objects with m<33), also permitting unprecedented studies of their atmospheres (m<20),
surface composition / variability (m<22) and their origin and evolution via studies of their rings and
binary configuration (m<24). Credit G. Villanueva (NASA-GSFC).

Dwarf planets at distances up to 1000 AU
(Sedna’s aphelion).

Moons and rings. The cold classical
Kuiper Belt’s binary population is thought
to be a primordial remnant produced during
the epoch of planetesimal formation. With
negligible binding, binary pairs of 100 km
objects have shown separations >10° that
sharply constrain subsequent perturbations.
Binary occurrence increases rapidly with

decreasing separation to the limit of HST’s
angular resolution. LUVOIR will be able to
characterize the occurrence rate of Kuiper
Belt binary systems down to the Roche limit
for objects with diameters as small as 120
km (Figure 4.15), approximately the size at
which the Kuiper Belt size distribution breaks
from a steep to shallow slope. Two of the
largest Centaurs, Charliko and Chiron, are
thought to support ring systems. Their origin
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Pluto: 8-m telescope

Pluto: 15-m telescope

Figure 4.16. LUVOIR high spatial resolution and spectroscopy in the 0.5-2.5 um range can
provide spectral characterization ranging from high fidelity spatial, diurnal, and seasonal coverage
of larger Dwarf Planets to more complete identification of surface composition on smaller bodies.

Credit: NASA/ New Horizons/R. Juanola-Parramon (NASA GSFC).

is amystery, and determining the rate at which
they occur, along with understanding the
processes that create, maintain, and destroy
them, has implications for the occurrence
rate of small satellites, sub-surface volatile
reservoirs, and collision rates in the outer
solar system.

Surface composition. NASAs New
Horizons mission has revealed the complex
cryogenic world Pluto (Figure 4.16), which,
like Neptune’s moon Triton, has a spatially
heterogeneous surface composition shaped
by a variety of poorly understood processes
including both geologic activity and
atmospheric transport of CO, N,, and CH,
ices. More remote (e.g., Eris) and smaller
(e.g., Sedna, Makemake) TNOs have spectra
dominated by CH, absorption. Surface and
seasonal variations, including sublimation/
condensation of atmospheres, on all of these
worlds are poorly constrained and can be
directly addressed by LUVOIR spectroscopic
study in the 0.5-2.5 um range. In contrast to
the hydrostatically organized dwarf planets,

smaller TNOs are spectrally featureless or
present surfaces with small amounts of non-
volatile water ice. This likely represents their
primitive, more homogeneous structure.
LUVOIR’s high sensitivity, spectroscopic
capabilities and spatial resolution will permit
a deep characterization of the surface
composition on smaller bodies.

Volatility. Comets are the primary means
through which we obtain volatile composition
information from icy planetesimals. However,
the sample is skewed by the strong
temperature dependence of CO, CO,,
and H,O sublimation, the R* reduction in
scattered surface brightness, and a historical
emphasis on wide-field observations of
photochemical fragments (e.g., CN instead
of HCN or HNC). These factors combine bias
study toward the global properties of the most
active nuclei at small heliocentric distances.
This emphasis lacks perspective on factors
including  compositional  heterogeneity,
seasonal patterns in surface temperature,
the characteristics of low-activity objects
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Program at a Glance

Goals: (1) Measure the size & spatial distributions and the rate & scale of binary/ring
systems among the Centaurs and in the Kuiper belt. (2) Determine the orbital distribution
of Trans Neptunian Objects. (3) Obtain the spectral properties of small (diameter < 100 km)
bodies beyond Neptune. (4) Measure cometary volatiles.

Program details: Deep broadband optical/NIR imaging surveys with HDI; optical/NIR
point-source spectroscopy; UV spatially resolved spectroscopy.

Instrument(s) + Configuration: HDI multi-band imaging; HDI grism spectroscopy or
ECLIPS spectroscopy (without coronagraph masks); LUMOS multi-object spectroscopy.

Key observation requirements: Tiled imaging with repeats to obtain orbits; non-sidereal
drift matched to orbital motion; spectral bandpasses 0.5 - 2.5 ym and 100 nm — 200 nm.

(e.g., Main Belt Comets, the Jupiter Trojans),
the characteristics of sublimation beyond
the distance where H,O ice contributes, and
the role of exotic processes such as thermal
electron impact excitation (Feldman et al.,
2015). For objects beyond the orbit of Mars,
the dominant volatile ice is either CO (e.g.,
Jewitt et al. 2017) or an exothermic reaction
such as the amorphous to crystalline H,O
ice conversion (Prialnik and Bar Nun, 1990).
Particularly for distances beyond the orbit of
Jupiter, the composition of a comet coma has
been partially sampled for only a few objects,
and, in several cases, is detectable only
from an associated dust coma. The broad
spectral coverage of LUVOIR will combine
observations of atomic species (O, C, S, H,
and D) in the UV with the classical visible
band fragment molecules (OH, CN, C,, etc.)
and their near-IR parents between 1-2.5
microns. Moreover, it will have the sensitivity
to detect, or place far more stringent limits
on gas production from low activity, volatile
rich bodies including some Trojan asteroids
and the Main Belt Comets and to monitor the
characteristics of ice sublimation for nuclei in
the CO dominated region of comet orbits.

4.3 Summary

Before the Kepler mission flew we knew
of only a few hundred exoplanets, most
discovered by the radial velocity method
and thus lacking information on planetary
radii. Kepler added thousands of confirmed
and candidate planets to the list of known
exoplanets, but perhaps the greatest
contribution to exoplanet science was the
discovery of exceptional diversity among
planets. Super-earth and sub-Neptune sized
planets, not represented by any solar system
objects, turned out to be exceptionally
abundant. This diversity of planet types
broadened our vision and led to a revolution
in efforts to understand planet formation and
evolution.

LUVOIR will enable an equivalent new
era of comparative exoplanet science.
Instead of comparisons of planet sizes and
masses, LUVOIR will empower its users to
conduct comparative studies of planetary
atmospheres, including their composition,
chemistry, clouds, dynamics, photochem-
istry, and escape processes for hundreds
of planets. By improving our understanding
of fundamental planetary processes on all
types of planets our ability to interpret ob-
servations of and deeply understand habit-
able planets will only be magnified. Likewise,
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Table 4.1. Summary science traceability matrix for Chapter 4

Scientific Measurement Requirements Instrument Requirements
Objectives | Measurement Observations Instrument Property Value
Explore the Direct Direct spectroscopy | ECLIPS High-contrast Contrast <
diversity of measurement of exoplanets at VIS, NIR 10'% R ~ 100
planetary of exoplanet multiple separations spectroscopy
atmospheres | atmosphere from a variety of
compositions stars; S/N>10
Constrain the | Detection, Stellar point-source | LUMOS FUV, NUV G120M,
physics of mapping, and spectroscopy during spectroscopy G150M,
atmospheric characterization | transit for ~100 G300M;
escape of exoplanet planets R ~ 30,000
outflows
Examine Haze/cloud Direct spectroscopy | ECLIPS High-contrast Contrast
exoplanet detection and and/or photometry UV, VIS low- <10'% R ~ 10
atmospheric characterization | of exoplanets at resolution
hazes and multiple separations spectroscopy
clouds from a variety of and/or imaging
stars; UV stellar LUMOS uv G120M,
Spectroscopy spectroscopy | G150M,
G180M
G300M;
R ~ 30,000
Determine Masses, orbits, | Direct imaging ECLIPS High-contrast Contrast
planetary atmospheric and spectroscopy; VIS, NIR < 10%
system composition precision stellar spectroscopy OWA > 48 A\/D;
architectures | of planets and | astrometry R~100
debris beits HDI VIS astrometry | < 0.1 pas
precision
Determine Spatial Direct imaging of ECLIPS High-contrast Contrast
morophology | distribution of debris disks around VIS imaging <108
and dust in debris solar-type and low- OWA > 48 A/D
architecture of | disks mass stars over a
debris disks range of ages
Measure bulk [ Chemical Point-source POLLUX / uv R=65,000-
composition composition spectroscopy of LUMOS spectroscopy 120,000
of extrasolar of gas from stars with edge-on from 100-400
planetesimals | planetesimals in | debris disks; S/N > nm
debris disks 10
Characterize Population Deep imaging for HDI Multi-band Tiled imaging
the full statistics, faint object detection imaging, grism | with repeat
population of | morphology, at S/N > 5, time spectroscopy visits; moving
solar system and series imaging for object tracking
minor bodies | composition of [ orbits, spectroscopy | el PS Open mask R-~70 to 200
minor bodies of minor bodies VIS/NIR
spectroscopy
LUMOS FUV multi-
object
spectroscopy
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by providing a new view into the process
and outcomes of planet formation LUVOIR
has the potential to revolutionize our under-
standing of how planetary systems form and
evolve. Equipped with a flexible, powerful
observatory designed to characterize exo-
planets of all stripes, the next generation of
exoplanet astronomers will achieve a com-
prehensive view into the nature of the diver-
sity of planets—particularly including their
atmospheres—and planetary systems.
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