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Abstract: Thousands of exoplanets are known to orbit nearby stars, with further evidence that every star in our Milky Way Galaxy has planets.
Beyond their discovery, a new era of &€osexoplanet characterization&€e is underway with an astonishing diversity of exoplanets driving the fields of
planet formation and evolution, interior structure, atmospheric science, and orbital dynamics to new depths. The push to find smaller and smaller
planets down to Earth size is succeeding and motivating the next generation of space telescopes to have the capability to find and identify planets
that may have suitable conditions for life or even signs of life by way of atmospheric biosignature gases. After thousands of years of people

wondering &€ceAre we alone?a€, we are the first generation in human history to be able to make quantitative progress in answering this age-old
guestion.
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The SeorCh'fdr ‘Hobi’robleworlds

\/Thousonds of exoplone’rs are known ond smoll (rocky)
planets are common

/Hobl’roble-plone’rs are dn’ric’ipa’red

v The next generafion ’relescopes will eoch hove a.chanece
at finding and/or ldenhfymg a hobl’roble world
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¥4 EYES on EXOPLANETS "

Explore a 3D simulation of all planets that START ] [ VIDEO

have been discovered around other stars TUTORIALS

contactus | credits | download

Most exoplanets have been discovered
within 1,000 light years of our sun
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¥ FYFS oo EXOPLANETS bet

About the Star

The "habitable zone" of a planetary system
refers to the band of orbits where liquid water
could exist on a planet’s surface, a condition Is
considered necessary for life as we know it. For
the sun, that zone ranges from about the orbital
distance of Venus to about the orbital distance
of Mars. Compared to the sun's zone, other
stars' zones are more distant and thicker for
hotter stars and closer and thinner for cooler
stars.
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Iron core Iron core Iron core 2
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Rocky mantle Rocky mantle .Z, Rocky mante S
lcy outer lcy outer 2 %
layer | layer \ :
Massive ,, Hydrogen- Hydrogen 3
water vapor and helium-rich atmosphere
atmosphere atmosphere g
Water planet Mini-Neptune Rocky planet 5

We work to quontify,"'rhe-'_rdngé of interior Cc:jmposifidn.s' possible-given a planet
mass, size, and incident energy and under the.assumption.of a spherically

symme’rrlc dlfferenhofed pIoneT and common planetary materials
Rogers cmd Secuger (2010)
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« Exoplanets are diverse, covering nearly all
masses, sizes, orbits possible

« Small planets (~twice Earth’s size) are nearly
ten times as common as Jupiter-size planets,
challenging formation theory

For many planets, despite having measured
masses and radii, ambiguity remains
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The Habitable Zone |
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See Seager, "Exoplanet Habitability"”, Science May 2013, Pierrehumbert & Gaidos 2011 , Zsom et al. 2013, Abe et al. 2011
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Compound name | Formula Typical atmospheric Primary temrestrial Example of biological
concentration atmospheric source production
 Nitrogen N2 78% - Denfitrifying bacteria
| Oxygen O3> 21% Photosynthesis Photosynthesis
Water HO 1% - 4% Evaporation Respiration
| _Argon Ar 9340 ppm Outgassing Nor produced
Carbon dioxide CcO: 350 ppm Outgassing, Respiration
biology,
anthropogenic
Neon Ne 18.18 ppm Outgassing Not produced
| Helium ‘He 5.24 ppm Outgassing Not produced
Methane CH. 1.7 ppm Biology Methanogenesis
| Krypton Kr 1.14 ppm Qutgassing Not produced
Hydrogen H: 0.55 ppm H>O photolysis Hydrogenase H> production in
= phototrophs
Nitrous Oxide NO 320 ppb Biology Ammonia oxidation
(nitrification)
Carbon CcO 125 ppb Photochemistry Mammalian CO signaling
monoxide
Xenon Xe 87 ppb Outgassing Not produced
Ozone O3 10 — 100 ppb Photochemistry Inflammation in animals
Hydrogen HCl ~1 ppb Sea salt Halocarbon metabolism (as
chloride chlornide)
| Isoprene CsH; 1—3 ppb Plants Trees
Ethane C:Hs 0.2 - 3 ppb Fires, oceans, Oceanic bacterial metabolism
anthropogenic
Benzene CsHg 0.1 — 1 ppb Aunthropogenic Made by mushrooms, trees
Ammonia NH; 0.1 -3 ppb Biology Nitrogen fixation by many
bacteria
Nitric acid HNO; 0.04 — 4 ppb Photochemistry Nitrifying bacteria (as nitrate)
Methyl chloride CH;Cl 612 ppt Biology Oceanic bacteria
Carbonyl sulfide | OCS 500 ppt Biology Lichens in soils
| Nitric oxides | 'NO, NO: 730 — 300 ppt “Biology |_Ammonia oxidizing bacteria |
Difluorodichloro | CCL:F2 300 ppt Entirely Anthropogenic
methane anthropogenic
Trichlorofluorom | CCIF; 178 ppt Entirely Anthropogenic
ethane anthropogenic
Trichloroethane CH3CCl3 157 ppt Anthropogenic Seaweed
Tetrachlorometh CClLs 121 ppt Anthropogenic Seaweed
ane
Tetrafluorometha | CF, 69 ppt Entirely Anthropogenic
ne anthropogenic
Chlorodifluorom | CHCIF; 59 ppt Entirely Anthropogenic
ethane anthropogenic
Hydrogen sulfide | H:S 30 — 100 ppt Biology Sulfide reducing bacteria
F113 C,Cl3F; 30 — 40 ppt Entirely Anthropogenic

anthropogenic

(o)

All gases present in Earth's
atmosphere to ppt
levels(except noble gases)
are produced by life.

O, Is the most robust
biosignature gas

CH, N,O, and other
"abundant” gases have false
positives

CH;Cl, DMS, and many others
are produced in tiny
quantities

Pirsa: 15060043

Page 20/26



Pirsa: 15060043 Page 21/26



Direct Imaging: |
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NASA Probe-Class Studies 2015

EXOPLANET DIRECT IMAGING:
CORONAGRAPH PROBE 2
MISSION STUDY "Fro.C* T

THE SCIENCE AND TECHNOLOGY DEFINTTION TEAM (ST07)
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Petal prototype used for manufacturing tolerance
verification tests. Credit: NASA/JPL
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