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GLOSSARY

Astrometry:  Obsarvations of the position of co-
lestial objects and how they vary over time. Mea-
surements of the position of a “target” star rela.
tive to the positions of several other stars can be
used to determine ifthe target star has. compan-
fons. The presence of companions is inferrsd
from “wobbles in the apparent motion of the
target star,
Brown dwart: Object formed by the same pro-
cessles) that form stars but of insufficient mass
10 bumn hydrogen into hefium (roughly 80 times
the mass of Jupiter). The lower limit o the mass
f a brown dwarf is unknown.
Planet: Obheﬂwmodbym’uﬂanoldunlnd
9as. This process is different from the process
that forms stars and brown dwarfs.
Planetary system:  System consisting of at least
o planets in Keplerian orbit around a star.,
Pulsar:  Magnetic neutron star that remains
2fter a star has undergone a supernova. Pulsars
rotate. in some cascs as fast a3 a thousand revo-
lutions per second. This gives rise to pulsed radiy
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emission from charged particies present in the
pulsar’s magnetic

of known emission or absorption lines n the light
from a star with the wavelength of those lines
from a source that s at rest with respect to an
observer provides a messure of the velocity of
the star along the line of sight to the observer.
The velocity is determined by the extont of the
Doppler shiftin the observed wavelength,

ver since Copernicus proposed that Earch was part

ofa planctary system that revolved around the San,

s and scientists have long soughe evi-

existence of other planetary systems, It

has only recently been realized fully that we will never
understand

941

19 “Substellar Companions”

TABLE Il

Properties of Newly

Discovered Substellar Companions
— ———

Star Mass*

st Peg' 045
v And® 0.65
55 Cnet 0.84
Rho Cr’ 1L
16 Cyg' 16
47 UMa? =
+ Boo? 39
70 Vie 74
HD 114762° 90
HD 110833¢ 17
BD —04:782° 21
HD 112758 35
HD 98230' 37
HD 18445 39
HD 29587¢ 40
HD 140913 46
BD +26:730° 50
HD 89707 54
HD 217580¢ L

Period (days)
4.2}
4.61

14.65
39.64
804
1090
331
116.7
84.02
270
240.92
103.22
3.98
554.67
1471.70
147.94
1.79
298.25
454.66

* Mass is expressed in Jupiter masses.

EXTRA-SOLAR PLA

Eccentricity
0.00
0.11
0.05
0.03
0.65
0.03
0.00
037

033

0.69
0.28
0.16
0.00
0.54
0.37
0.61
0.02
0.95
0.52

What' s a Planet?

ic Press.
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Introduction

ixtrasolar planets—planets outside the solar sys
ere for along time a mystery for astron A
also orbiting otly t

ambiguous evidence for the existence of extru-
reason why it took so long to find these

s very close to

e, their v. T visual light,

is more than a billion times

But the main problem is not the pha y
best telescopes und instruments are sensitive enough-—hut
it of the close-by star overwhelms the fechle

ers had to rely

v and characte

¢ most successful methoxl

panions. Over the pst 10 yeurs,
racial velocity surveys liave detected more than 150 plan

wbly s similar o Jupiter and

The structures of most known extr

R —

ent from those in our solar system, with giant
Jose to the star and a wide range of or-
ricities. These observational data resulted in
erstanding and

might also

und so far seem to have

lution than has our own

es of planct search will allow
v of planetary systems sim

bitable worlds

the extrusolar
undergone f

like our Earth ure.

2. Detection Techniques

2.1 Astrometry
of positional astro 3

celestial object and its move-

sky. This was one of the first

techniques used to search for planets around other stars
As in other indirect methods, astronomers seck to detect

the position of the star on the
pured to.a number of more d

Transits!

Densities!!

McFadden, L.-A., et al. (Eds.) (2007), Encyclopedia of the Solar System, 2 ed., 966 pp., Academic Press.
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nd Voyages for Planetary
in the Decade 2013-2022

oughout the document

t planets in the solar system as laboratories for
rstanding exoplanets

= Habitable zones

= Need for understanding the solar system ice giants,
Uranus and Neptune - New Flagship mission



Building New Worlds

 What were the initial stages, conditiens
and processes of solar system formatiois
and the nature of the interstellar matter; \
that was incorporated?

* How did the giant planets and ther
satellite systems accrete, and is there
evidence that they migrated to new
orbital positions?

 What governed the accretion, supply of
water, chemistry, and internal
differentiation of the inner planets and
the evolution of their atmospheres, and
what roles did bombardment by large
projectiles play?

NATIONAL RESEARCH COUNCIL
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Planetary Habitats

 What were the primordial sources
of Orge glic e e and where does
‘ inue today?

e Did Mars o \/~r1l1\, glo tanC|ent

to early life, and is there evidence
that life emerged?

 Beyond Earth, are there modern
habitats elsewhere in the solar
system with necessary conditions,
organic matter, water, energy, and
nutrients to sustain life, and do
organisms live there now?

NATIONAL RESEARCH COUNCIL

OF THE NATIONAL ACADEMIES



Workings of Solar Systems

How do the giant planets serve as
laboratories to understand the Eart
solar system and extrasolar planetar; /
systems?

What solar system bodies endang ger e anad
what mechanisms shield the Earth
biosphere?

Can understanding the roles of physics,
chemistry, geology, and dynamics in
driving planetary atmospheres and
climates lead to a better understanding
of climate change on Earth?

How have the myriad chemical and
physical processes that shaped the solar
system operated, interacted, and
evolved over time?

NATIONAL RESEARCH COUNCIL

OF THE NATIONAL ACADEMIES



Origins

THE MOTIVATIONS FOR PLANETARY SCIENCE

<.

In the past, scientists only had one planet to study in detail. Our Earth, however. the only place
where life demonstrably exists and thrives, is a complex interwoven system of atmosphere, hydrosphere,
lithosphere, and biosphere. Today, planetary scientists can apply their knowledge to the whole solar
system. and to hundreds of worlds around other stars. By investigating planetary properties and processes
in different settings. some of them far simpler than Earth, we gain substantial advances in understanding
exactly how planets form, how the complex interplay of diverse physical and chemical processes create
the diversity of planetary environments seen in the solar system today, and how interactions between the
physical and chemical processes on at least one of those planets led to creation of conditions favoring the
origin and evolution of multifarious forms of life. These basic motivational threads will be built upon and
developed into the three principal scientific themes of this report—building new worlds, workings of
solar systems, and planetary habitats—in Chapter 3.

NASA’s Astrophysics Division

The major science goals of the Astrophysics Division are to discover how the universe works.
explore how the universe began and evolved, and to search planetary environments that may hold keys to
[ife’s origins or even might themselves sustain life.- Strong scienfific synergy exists between the studies
of extrasolar planets and Earth’s planetary neighborhood. The former provides an immense variety of
planetary systems in their structures and stages of evolution: known exoplanets now range from super-
Jupiters to super-Earths. The latter affords the opportunity for detailed—often in sitt—examination of the

From “Vision and Voyagers for Planetary Science in the Decade 2013-2022, NRC, 2011



etary System Architecture

How Did the Giant Planets and Their Satellite Systems Accrete
and Is There Evidence that They Migrated to New Orbital Positions?

lanetary Migration investigated in the
olar system for many years
Discovery of ‘hot Jupiters' shows that
ugration 1s a common process
» “Nice Model” for the solar system now
the current working hypothesis - in latest
version Jupiter may have come in to
<2 au.

From “Vision and Voyagers for Planetary Science in the Decade 2013-2022, NRC, 2011



ant planets in the solar system
as laboratories for
mnderstanding exoplanets

How do the Giant Planets Serve as Laboratories to Understand Earth, the Solar System,
and Extrasolar Planetary Systems?

Among the mind-stretching advances in space science of the last ten years is the recognition of
the immense diversity of planets orbiting other stars: those confirmed number nearly 500 as of the writing
of this report.”> These worlds exhibit an incredible array of planetary characteristics, orbits, and stellar
environments. Moreover, some of these planefary systems are found to confamn mulfiple planefs. Some
exoplanets orbit close to their stellar companions; some have orbits that are highly eccentric or even
retrograde. In size and composition known exoplanets range from massive super-Jupiters, mostly
hydrogen and helium, to Uranus- and Nepnme 51zed ice giants, dubbed water worlds. down to super-
Earths seeming to have ice-rock compositions.”* Discovery and characterization of watery Earth-sized
planets are likely within the decadal horizon. New areas of research seek to extrapolate the understanding
of the solar system to exoplanets—therefore more complete knowledge of the origin, evolution, and
operative processes in our solar system, in particular of the giant planets. becomes ever more urgent.’

Exoplanets exist in broad range of stellar conditions and illustrate extremes in planetary
properties. Many exoplanets “inflated” by close proximity to their star have radii much larger than can be
explained by our best thermal history models. Hot Jupiters orbit close in where the internal heat flow is
dwarfed by enormous stellar fluxes: others exhibit the reverse, orbiting far from their central stars.”
Analogously, Uranus’s heat flow is a small fraction of the solar flux but at Jupiter the two are similar.

From “Vision and Voyagers for Planetary Science in the Decade 2013-2022, NRC, 2011



Nt planets in the solar system as
Joratories for understanding
exoplanets - Example

THE ASTROPHYSICAL JOURNAL, 727:77 (7pp), 2011 February 1 doi: 10.1088/0004-637X/727/2/77
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Uses methodology developed to explain volatile and noble
gas enrichment in Jupiter to address constraints on structure
and composition of transiting hot Jupiter HD189733b



Planetesimal Compostion in

Exoplanet Systems
(ad ¥ or Poster ID Formation.04,p 111)

Uses methodology developed to explain proportions of silicate and metal versus
condensed volatile ices in the solar system as a function of the C/O ratio of nebular
gas. Uses measured host star composition to calculate composition of condensates.

N2 “(‘)';3 HD177830 Sun NH3 HD108874

o, 0

° NH3 H2s PH3 0%
o 1%2% 0%

CH30H CH4
2% 0%

Stellar C/O = 0.35 Stellar C/O = 0.55 Stellar C/O =0.71
Silicate+Metal poor Silicate+Metal rich Silicate+Metal rich
H,O ice rich H,O ice No H,O ice

CO ice if cold nebula CO ice if cold nebula CO ice if cold nebula




face liquid water oceans on icy
ded the concept of the HZ beyond
quired for liquid water at the surface’.



Ice Giant Exoplanets Common
Weshiave less information about U and N
than the gas giants
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From “Vision and Voyagers for Planetary Science in the Decade 2013-2022, NRC, 2011
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Flagship Priority 3: Uranus Orbiter
and Prob 5

Uranus and Neptune belong to a distin
the Ice Giants

- Small hydrogen envelopes

- Dominated by heavier elements

- The only class of planet that has never been explored!in
detail

Orbiter to perform remote sensing of planet” s
atmosphere, magnetic field, rings, and satellites.

Atmospheric entry probe. /

Potential for new discoveries comparable to Galileo at
Jupiter and Cassini at Saturn.

Uranus is preferred over Neptune for 2013-2022 for
practical reasons involving available trajectories, flight
times, and cost.

NATIONAL RESEARCH COUNCIL

OF THE NATIONAL ACADEMIES






AT the Frontier
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Figure 19. Geometric albedo vs density of the satellites. The point
for each satellite represents the values of p and p for the mean of the
measured diameters. The density error bar gives the limits of two mass
determinations (Porter, 1960) and the geometric albedo range is deter—
mined from the rotation variation shown by the satellite. The regions
indicated for each satellite indicate the limits of the given error bars
for the range of diameter measurements compiled by Sharonov (1958).
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T. V. Johnson, PhD Dissertation, 1970



