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Sistema Solar e exoplanetas

/1 Leitura:

v Caps. 17 e 18 do Livro Astrobiology (Charles Cockel)

v Cap. 9 do livro "Astrobiology: a multidisciplinary

approach” (Lunine)

v Caps. 5 e 6 do livro "Astrobiologia: uma ciencia

emergente” (Galante, Avellar, Horvath, Rodrigues)

C. A. Wuensche (2022)



Procurando vida...

4 Nao inteligente...
v Busca de bioassinaturas no Sistema Solar.
v Busca de planetas extra-solares.

v Busca de bioassinaturas em planetas extra-solares.

4 Inteligente...

v Busca de sinais "nao-naturais” vindos de outro local do Universo (SETI).

Ref: J. Tarter (ARAA, 2001) )
C. A. Wuensche (2022)



Duas estrategias classicas

7 Siga a agua!

7 Busque fontes abundantes e disponiveis de energial!

v Condi¢cao fundamental para habitabilidade

v Disponibilidade de energia torna possivel a reproducao de estados

v Identifica¢ao de bioassinaturas pode ser muito mais eficiente (vida

e moldada e, ao mesmo tempo, molda o meio ambiente).

C. A. Wuensche (2022)



Nosso Sistema Solar...

Varios locais no nosso Sistema Solar podem ter sido, ou ainda

ser, favoraveis a vida.
v Marte?
v Europa?
v Tita?

v Encelado?

C. A. Wuensche (2022)



Liquid Water in the Solar System
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Missoes a Marte

50 missoes ja langadas (la. Em 10/10/1960) 8 jipes desceram em Marte, 6 foram bem

/19 da URSS/Rdssia sucedidos e 3 ainda estao operacionais
Y 24 dos EUA (Curiosity, Perseverance e Zhurong)

v ESA (3), China (2), India (1), Japdo (1) e Emirados Arabes (1) Tipos de missdo: flybyes, orbiters, landers e 1
Bem sucedidos: 27 helicoptero
v Parcialmente: 3

v Ainda operacionais: 13

Falhas
Obs: a soma € maior do que o numero
v foguete: 15 de missGes devido a uma Unica missao
. poder contar varios experimentos/
v aterrisagem: 1 RS )

v lancamento: 9

v instrumento: 10

https://en.wikipedia.org/wiki/List_of missions_to_Mars#tUnrealized_concepts C. A. Wuensche (2022)



A exploracao recente de Marte

7 NASA

v Mars Rovers: Spirit, Opportunity, Curiosity, Perseverance

v Mars Global Surveyor/Mars Pathfinder (Sojourner)

7 ESA

v Mars Express: Beagle 2

JPL HOME EARTH SOLAR SYSTEM STARS & GALAXIES TECHNOLOGY
ar : { I': 4 4
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Mars Exploration Rover Mission =~ ¢ - %%

C. A. Wuensche (2022)



As varias faces de Marte

Thermal Inertia [W/m’K §'7)

| T |

Altitude [km] 24 218 412 606 800

C. A. Wuensche (2022)
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Agua em Marte?

do0i:10.1038/nature07097 naoure

| ET TERS

Hydrated silicate minerals on Mars observed by the
Mars Reconnaissance Orbiter CRISM instrument

John F. Mustard’, S. L. Murchie?, S. M. Pelkey’, B. L. Ehimann?’, R. E. Milliken?, J. A. Grant?, J.-P. Bibring”, F. Poulet?,
J. Bishop®, E. Noe Dobrea’, L. Roach?, F. Seelos?, R. E. Arvidson’, S. Wiseman’, R. Green?, C. Hash®, D. Humm?,
E. Malaret®, J. A. McGovern?, K. Seelos®, T. Clancy’, R. Clark'?, D. Des Marais®, N. Izenberg”, A. Knudson’,

Y. Langevin®, T. Martin®, P. McGuire’, R. Morris'', M. Robinson'?, T. Roush®, M. Smith'’, G. Swayze”, H. Taylor?,

T. Titus'* & M. Wolff’

C. A. Wuensche (2022)
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Agua em Marfte?

doi:10.1038/nature07097 naoure

LETTERS

Hydrated silicate minerals on Mars observed by the
Mars Reconnaissance Orbiter CRISM instrument

John F. Mustard’, S. L. Murchie?, S. M. Pelkey’, B. L. Ehimann?’, R. E. Milliken?, J. A. Grant?, J.-P. Bibring”, F. Poulet?,
J. Bishop®, E. Noe Dobrea’, L. Roach?, F. Seelos?, R. E. Arvidson’, S. Wiseman’, R. Green?, C. Hash®, D. Humm?,

E. Malaret®, J. A. McGovern?, K. Seelos®, T. Clancy’, R. Clark'?, D. Des Marais®, N. Izenberg”, A. Knudson’,

Y. Langevin®, T. Martin®, P. McGuire’, R. Morris'', M. Robinson'?, T. Roush®, M. Smith'’, G. Swayze”, H. Taylor?,
T. Titus'* & M. Wolff’

C. A. Wuensche (2022)

Phyllosilicates, a class of hydrous mineral first definitively iden-
tified on Mars by the OMEGA (Observatoire pour la Mineralogie,
L’Eau, les Glaces et ’Activiti¢) instrument ™, preserve a record of
the interaction of water with rocks on Mars. Global mapping
showed that phyllosilicates are widespread but are apparently
restricted to ancient terrains and arelatively narrow range of min-
eralogy (Fe/Mg and Al smectite clays). This was interpreted to
indicate that phyllosilicate formation occurred during the
Noachian (the earliest gcological era of Mars), and that the condi-
tions necessary for phyllosilicate formation (moderate to high pH
and high water activity’) were specific to surface environments
during the earliest era of Mars’s history”. Here we report results

from the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM)’ of phyllosilicate-rich regions. We expand the
diversity of phyllosilicate mineralogy with the identification of
kaolinite, chlorite and illite or muscovite, and a new class of
hydrated silicate (hydrated silica). We observe diverse Fe/Mg-
OH phyllosilicates and find that smectites such as nontronite
and saponite are the most common, but chlorites are also present
in some locations. Stratigraphic relationships in the Nili Fossae
region show olivine-rich materials overlying phyllosilicate-bear-
ing units, indicating the cessation of aqueous alteration before
emplacement of the olivine-bearing unit. Hundreds of detections
of Fe/Mg phyllosilicate in rims, ejecta and central peaks of craters

in the southern highland Noachian cratered terrain indicate

excavation of altered crust from depth. We also find phyllosili-

cate in sedimentary deposits clearly laid by water. These results

point to a rich diversity of Noachian environments conducive to

habitability.

10
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Aqua liquida 2009 e 2015!!!

B S Y Perclorato de sodio, magnesio e calcio (0,4% a 0,6% peso total)

v 4
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C. A. Wuensche (2022) 12
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Poligonos fotografados pela
Phoenix em Marte...

... e fotografados (em cor
falsa) da orbita de Marte

C. A. Wuensche (2022)

.. comparados com um padrao de solo
nas llhas Devon, no Artico Canadense

14



Poligonos fotografados pela ... e fotografados (em cor .. comparados com um padrao de solo
Phoenix em Marte... falsa) da orbita de Marte nas llhas Devon, no Artico Canadense

Perfeitamente explicado pelo processo de congelamento e degelo, em ambos os casos!

C. A. Wuensche (2022)

14



E a existencia de gas metano?

Detectado depois de anos (marcianos...) de observac¢ao da
atmosfera (15/01/2009)

Impossivel de existir por longos periodos de tempo nas condi¢oes

atmosfericas de Marte
Origem geologica ou biologica recente!

Niveis comparaveis aos emitidos por pocos de petroleo na Terra

C. A. Wuensche (2022)
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Methane release:
Northern summer

Methane Concentration
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C. A. Wuensche (2022)



Methane release:
Northern summer

Methane Concentration
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C. A. Wuensche (2022)



Como e produzido?

Fonte: http://science.nasa.gov 0
P/ © C. A. Wuensche (2022)
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http://science.nasa.gov

EUROPA (Satélite de Jupiter)

Oceano submerso?

' ",‘/ ,‘{ "!ﬁ*

C. A. Wuensche (2022) 19



CHARGED PARTICLES SUNLIGHT IMPACTS

Fonte: NASA/JPL ~ B
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C. A. Wuensche (2022)
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Tita

- A Lua de Saturno

C. A. Wuensche (2022)




Tita

Atmosfera muito diferente da
! s'_?l?‘rogenlo e amonia).

Lua e Mercdario

-180 C)

A Lua de Saturno

C. A. Wuensche (2022)




Tita - A Lua de Saturno

Atmosfera muito diferente da
nifrogenio e amonia).
jue a Lua e Mercdario

| .o .e N\ N
. - .l e
) STH '

Clima inospito (T -5"180 C)

Variagdo de brilho nas imagens a direita sugerem

a existéencia de um “continente” em Titd

C. A. Wuensche (2022)




Titd visto pela Cassini
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Tita (em 2006)

p://S0larsystem.nasa.gov

http://science.nasa.gov C. A. Wuerj:sche (2022)
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Tita (em 2006)
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Tita (em 2006)
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Tita (em 2012)

C. A. Wuensche (2022)

http://solarsystem.nasa.gov
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Tita (em 2013)
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Agua em Enceladus?

Observagoes da sonda Cassini indicam grande
possibilidade da presenga de agua LIQUIDA numa
erupcdo (Nasa News, 09/03/2006).

Existencia de vulcanismo (anteriormente, somente a
Terra, Io e Tritao).

Enceladus Temperature Map

Temperature, Kelvin

Predicted Observed
Temperatures Temperatures

http://science.nasa.gov/headlines/y2006/09mar_enceladus.htm

C. A. Wuensche (2022)
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Outros alvos em potencial para exploragado "in situ”....

Ganimedes (Japiter)
E paramos por ai...

A viagem ate estrela mais proxima, Alfa Centauri, situada a 4,5
anos-luz (42,5 trilhoes de km), levaria cerca de 173,5 mil anos para

ser percorrida no onibus espacial, a uma velocidade de 28000 km/h

A sonda Juno e o objeto mais veloz produzido pelo homem e se
move a 264.000 km/h

C. A. Wuensche (2022)

29



Saindo do Sistema Solar

“Planets”

“Dwarf
Planets"

C. A. Wuensche (2022)
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Fonte: NASA

Selected Moons of the Solar System, with Earth for Scale
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Planetas e planetas anoes

2 A Uniao Astronomica Internacional, definiu em Agosto/2006,

que, no Sistema Solar, um planeta e um corpo celeste que:

v esta em orbita em torno do Sol

v tem massa suficiente para assumir o equilibrio hidrostatico (forma

aproximadamente esferica), e

v “limpou" a vizinhanga em torno de sua orbita

https://en.wikipedia.org/wiki/IAU_definition_of_planet

C. A. Wuensche (2022)
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Planetas e planetas anoes

2 A Uniao Astronomica Internacional, definiu em Agosto/2006,

que, no Sistema Solar, um planeta e um corpo celeste que:

v esta em orbita em torno do Sol

v tem massa suficiente para assumir o equilibrio hidrostatico (forma

aproximadamente esferica), e

v “limpou" a vizinhanga em torno de sua orbita

E fora do sistema solar?

https://en.wikipedia.org/wiki/IAU_definition_of_planet

C. A. Wuensche (2022)
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Y INPE 7 '

Circa 2008

Sedna

800-1100 miles

In diameter

Quaoar
(800 miles)

Pluto
(1400 miles) (2100 miles)

C. A. Wuensche (2022)

(8000 miles)
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(INPE ’ https://www.esa.int/ESA_Multimedia/Images/2014/06/

Herschel s population_of trans-Neptunian_objects

Largest known trans-Neptunian objects (TNOs)

Dysnomia
y Nix - Styx

. Kerberos

1000 km

Charon

Hi‘iaka 2014 - O satelite Herschel (ESA) observou 132 dos 1400
Makemake  20070R10 Haumea planetas-anoes localizados alem da orbita de Netuno
(4.5—7.5 bilnGes de km do Sol)

(The dwarf
planet Ceres
would fit in
here.)

. Vanth Aciaen

Orcus 2002MS4 Salacia

Updated to Jan 2, 2015 by
R. L. McNish, RASC Calgary Centre

L TR

Fonte: NASA
C. A. Wuensche (2022) 34



Fora do Sistema Solar: exoplanetas
(ou planetas extra-solares)

deteccao direta dificil
detecc¢ao indireta por diferentes processos fisicos

Fontes de referencia sobre exoplanetas

v http://exoplanet.eu

v https://exoplanets.nasa.gov

C. A. Wuensche (2022)
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Science News

3* Share - Blog -’ Cite

First Earth-Like Planet Spotted Outside Solar System Likely a Volcanic

Wasteland

ScienceDaily (Jan. 7, 2010) — When scientists
confirmed in October that they had detected the first
rocky planet outside our solar system, it advanced
the longtime quest to find an Earth-like planet
hospitable to life.

Rocky planets -- Earth, Mercury,
See Also: Venus and Mars -- make up half the
planets in our solar system. Rocky

Space & Time planets are considered better
e Extrasolar Planets  nvironments to support life than
e Solar System planets that are mainly gaseous, like
e Pluto the other half of the planets in our
¢ Astronomy system: Jupiter, Satun, Uranus and
e Jupiter Neptune.
e Kuiper Belt

The rocky planet CoRoT-7 b was
Reference discovered circling a star some 480
e Gas giant light years from Earth. It is, however,

e Equatoral bulge a forbidding place and unlikely to

e Neptune's natural harbor life. That's because it is so
satellites close to its star that temperatures
* Asteroid belt might be above 4,000 degrees F
(2,200 C) on the surface lit by its
star and as low as minus 350 F
(minus 210 C) on its dark side.

How similar is exoplanet CoRoT-7b to Earth? The
newly discovered extra-solar planet (depicted in the
above artist's illustration) is the closest physical
match yet, with a mass about five Earths and a
radius of about 1.7 Earths. Also, the home star to
CoRoT-7b, although 500 light years distant, is very
similar to our Sun. Unfortunately, the similarities
likely end there, as CoRoT-7b orbits its home star
well inside the orbit of Mercury, making its year last
only 20 hours, and making its peak temperature
much hotter than humans might find comfortable.
(Credit: ESO/L. Calcada)

C. A. Wuensche (2022)
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Os primeiros exoplanetas encontrados

Sistema 2M1207 (na constelacao do

Centauro)

Y Primeira observagao direta de um planeta

extra-solar (2004)

v Distancia: 170 a.l.

v Instrumento: Very Large Telescope (VLT)
v Objeto branco: ana marrom
v Objeto vermelho: planeta com 3 - 10 MJ

v Distancia do planeta a 2M1207: 40 UA

/78 mas
00 AU at /0 pc

Fonte: http://antwrp.gsfc.nasa.gov/apod/ap050510.html
C. A. Wuensche (2022)
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Os primeiros exoplanetas encontrados

Em torno do pulsar PSR1257+12 (1992)
v Distancia: 2300 a.l.

v Primeira observa¢ao de um planeta extra-solar e
de um sistema com mdltiplos (2) planetas, com 3 e
4 Mt

v Periodicidade dos planetas: 67 e 98 dias
v Detectado devido a irregularidade nos pulsos

v Descobridores: Astronomers Aleksander Wolszczan
& Dale Frail ("A planetary system around the
millisecond pulsar PSR1257 + 12“, Nature, 1992)

C. A. Wuensche (2022)

38



Os primeiros exoplanetas encontrados

7 Fora da Galaxia!!!

v Distancia do objeto: 28 milhoes de anos-luz
v Local: Galaxia do Redemoinho (M51)

v Instrumento: Chandra e XMM-Newton

v Metodo: transito (1)

v "M51-ULS-1b: The First Candidate for a Planet in an External
Galaxy”, arXiv:2009:08987

https://www.space.com/first-planet-outside-milky-way-discovery
C. A. Wuensche (2022)
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Gliese 876d: lo. Planeta extrasolar semelhante
a Terra (2005)

Gliese 876: estrela ana v Distancia: 0,021 U.A (3,2 milhoes de

v Tipo espectral: M k)

v'5 planetas, sendo 4 do tipo Japiter /Tsupt = 200 C

confirmados, dois em avaliagao v Massa: 5,9 Mierra
v lo. Planeta de Gliese descoberto v Translagao: 1,94 dias
em 1998

v Distancia: cerca de 15 anos luz
Instrumento: Telescopio Keck

(http://www?2 keck.hawaii.edu)

v visivel com binoculos na constelagao

de Aquarius

C. A. Wuensche (2022)
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Gliese 876 (M4V)
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Gliese 876

Planetas tipo Jl’inier

Gliese 876¢C

Vista do planeta tipo
terrestre a partir de uma
hipotetica lua
de um dos planetas _ ~—

“_Jw

= ....Seme~lhante§_ a Jupiter

-

© 9005 Lynette Cook

~ . — A

Fonte:http://antwrp.gsfc.nasa.gov/apod/ap050614.html C. A. Wuensche (2022)



Proxima Centauri b

O exoplaneta rochoso mais proximo da Terra
Estrela Hospedeira: ana vermelha (0,15 MSol)
Periodo anual: 11,2 dias

Massa: 1,3 My

Distancia: 4,2 anos luz

Distancia a estrela: 7,5 milhoes de km

G. Anglada-Escude et al. Nature (2016)

C. A. Wuensche (2022)
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Sirius A

-

Gliese 205
Lacaille 9352
Kapteyn’s Star
Proxima

Jupiter

Relative Size of the Alpha Centauri

- €= Alpha CentauriB b

Proxima

Centauri
Alpha

Centauri B >un

Alpha
Centauri A

CREDIT: PHL @ UPR Arecibo

Creditos: ESO C. A. Wuensche (2022) Créditos: PHL (Arecibo)




Y INPE '

narr

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

NEAR RORILE

A warm terrestrial planet in orbit around
Proxima Centauri, closest star to the Sun rages 4082 437

O NATURE.COM/NATURE

RV (km/hour)

| |

20

C. A. Wuensche (2022)
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UM HISTORICO DAS DESCOBERTAS DE
PLANETAS EXTRA-SOLARES

C. A. Wuensche (2022)



N 1995 - 1997

@
MERCURY VENUS

0 i 2
ORBITAL SEMIMAJOR AXIS (AU)

Fonte: http://cannon.sfsu.edu/~gmarcy/planetsearch/multi_panel. jpg

C. A. Wuensche (2022)
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TauBoo
HD187123
HD75289
HD209458
Ups And
51P
HD217107
HD130322
55Cnc
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HD195019
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HD114762
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70Vir
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HD10697
47UMa
14Her

Por volta de 1999

« OON,
s 23M,

s d7M,

'1 2
Orbital Semimajor Axis (AU)

Fonte: http://cannon.sfsu.edu/~gmarcy/planetsearch/multi_panel. jpg

C. A. Wuensche (2022)
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http://exoplanet.eu/catalog.php

185 planetas confirmados
151 sistemas planetarios
19 sistemas com maultiplos planetas

3545 planetas confirmados
2660 sistemas planetarios
597 sistemas com maltiplos planetas

492 planetas confirmados
388 sistemas planetarios

45 sistemas com multiplos planetas

1849 planetas confirmados
1160 sistemas planetarios
471 sistemas com multiplos planetas

3971 planetas confirmados
2967 sistemas planetarios
652 sistemas com maltiplos planetas

1894 planetas confirmados
1192 sistemas planetarios
478 sistemas com multiplos planetas

Em 19/05/2019
4069 planetas confirmados
3041 sistemas planetarios

659 sistemas com maltiplos planetas

Em 27/05/2019
2486 dias desde o pouso da Curiosity

10000 dias desde a descoberta do primeiro exoplaneta!!!

C. A. Wuensche (2022)
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http://exoplanet.eu/catalog.php

Em 19/05/2022

185 planetas confirmados
151 sistemas planetarios
19 sistemas com maultiplos planetas

5037 planetas (+2640 candidatos)

2660 sistemas ple

3545 planetas cc

. 3713 sistemas planetarios
597 sistemas corr

492 planetas confirmados
388 sistemas planetarios

45 sistemas com multiplos planetas

1849 planetas confirmados
1160 sistemas planetarios
471 sistemas com multiplos planetas

823 sistemas com multiplos planetas

3971 planetas confirmados
2967 sistemas planetarios
652 sistemas com maltiplos planetas

1894 planetas confirmados
1192 sistemas planetarios
478 sistemas com multiplos planetas

Em 19/05/2019
4069 planetas confirmados
3041 sistemas planetarios

659 sistemas com maltiplos planetas

Em 27/05/2019
2486 dias desde o pouso da Curiosity

10000 dias desde a descoberta do primeiro exoplaneta!!!

C. A. Wuensche (2022)
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Uma comparagao rapida

Borucki et al. Science, 340, 6132, pp.

Kepler-62 System 587-590 (3 May 2013)

Solar System

Q. EXPAND

C. A. Wuensche (2022)



Planet Detection Methods

Michael Perryman. Rep. Prog. Phys.. 2000, 63, 1209|(updated November 2004 )
[corrections or suggestions please to michael .perrymania-esaint
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Star accretion (7)

Coliding
planetesimals (17)

(784 systems, 170 multipie)
rumibers from exoplanet su)

Radio emission
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November 2013 Exoplanet Detection o
Fadan, Iscellaneous
1030 exoplanet Methods [—.
_Photometry

Photometry X-ray emission (1)
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debris disks
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M. Perryman, Resource Letter Exo-1: Exoplanets, Am. J. of Phys., 82, 552 (2014 vwuenscne (cuce)



Detec¢ao X Caracterizagao
1 Detec¢ao (COROT e Kepler)

Detectar presenca de exoplaneta em torno de uma estrela
Determinar massa para distinguir das anas marrons

Determinar orbita em torno da estrela

4 Caracteriza¢ao (Hubble, MOST, Spitzer e Kepler)

Determinar raio
Determinar propriedades da superficie

Determinar propriedades da atmosfera

C. U. Keller, Astronomical Data Analysis (2011) C. A. Wuensche (2022)




Velocidade radial (oscilagao):
Periodo

semi-eixo maior

Excentricidade

limite inferior para massa

C. U. Keller, Astronomical Data Analysis (2011)

determinados?

C. A. Wuensche (2022)

Quais parametros fisicos sao

Transitos (oculta¢ao):
Periodo

semi-eiXo maior
Inclinagao

Raio

temperatura do planeta

atmosfera do planeta

56



Cinco maneiras de caracterizar um
planeta extra-solar (em 2019)

1 Velocidade radial (oscilagao)

2 Obscurecimento da luz da estrela (transito)

2 Amplificagao da luz de uma fonte (microlenteamento gravitacional)

7 Movimento em relacao a estrelas vizinhas (astrometria)

7 Visualizagao direta (obscurecimento da estrela central)

https://exoplanets.nasa.gov/5-ways-to-find-a-planet/
C. A. Wuensche (2022)
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1 - Velocidade Radial

4 Ambos (estrela e planeta) giram em torno do centro de massa do sistema.

4 O desvio Doppler da luz emitida pela estrela sera maior quanto maior a
massa do planeta ou menor a distancia entre o planeta e a estrela.

1/3 -
P onG1/3  Mpsen(i) 1
Porb (M* - MP)2/3 \/1 — e?
+ P, — periodo orbital - e — excentricidade da orbita
- G - constante gravitacional * Mp — massa do planeta

» i = inclinacao da orbita * M« - massa da estrela

C. A. Wuensche (2022)



1 - Velocidade Radial

Uobs — 287 4

2 Para orbitas aprox. circulares e Mp << Mx, temos:

M + Psen(1)
P1/3M2/3

- P, — periodo orbital em anos
- Mp — em massas de Jupiter

- em massas solares

- Japiter - 12,4 m/s
- Saturno - 2,8 m/s

- Terra - 9 cm/s

- Estrelas massivas reduzem o sinal

- Estrelas de baixa massa aumentam o sinal

C. A. Wuensche (2022)
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1 - Velocidade Radial

C. A. Wuensche (2022)
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1 - Velocidade Radial

C. A. Wuensche (2022)
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1 - Velocidade Radial

C. A. Wuensche (2022)
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1 - Velocidade radial

Highly Eccentric Orbit: 16 Cyg B

XK= 46.6 m/s
w= 86.8 deg.

Radial Velocity Curve
of the Star [m/s]

Circular Orbit: rho CrB

K= 67.4 m/s e =

0. 03
w=210.0 deg.  Sinfi)=

0.3 {*)

Radial Velocity Curve
of the Star [m/s]

sl

0.8

Orbital Phase
8.G. Korzennik (CH, © 1997)

1 111l

BELEENEN

0.2
Orbital Phase

S.G. Kovzennik (CHA, © 1997)

C. A. Wuensche (2022)




1 - Velocidade radial

Highly Eccentric Orbit: 16 Cyg B

XK= 46.6 m/s
w= 86.8 deg.

Radial Velocity Curve
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C. A. Wuensche (2022)




Velocidade radial: problemas

Correcdo para o movimento orbital da terra (ate 30 km/s) e rotacao da terra (0,5 km/s)

Analise do periodo orbital

Apenas bom para estrelas legais como o Sol

Estrelas quentes (O, B, A) nao possuem linhas espectrais

Rotagao estelar, manchas estelares, oscilagoes, convec¢ao impactam a amplitude do sinal Doppler

Estatistica

Efeitos de selecao: alguns aspectos das distribuicoes observadas sao inconsistentes com a populagao real de
exoplanetas

dependem da abordagem de detec¢ao de exoplanetas

a massa e principalmente um limite inferior para a massa real

C. U. Keller, Astronomical Data Analysis (2011)

C. A. Wuensche (2022)




2 - Transito

Orbitas praticamente perpendiculares ao plano do céu (i=90).

Obtem-se a massa do planeta por velocidade radial e o raio do planeta
pelo transito.

Telescopios no solo consequem detectar apenas planetas grandes, para
planetas tellricos e necessario observar com satelites.

Possivel de detectar com pequenos telescopios (< 1 m diametro)

Variacoes no tempo de transito podem revelar outro planeta escondido

C. A. Wuensche (2022)
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41 Intensidade do sinal

AT _(RP)Q
I R,

v Raio da estrela R«

v raio do planeta R,

4 Cerca de 1% para Japiter e Sol

C. U. Keller, Astronomical Data Analysis (2011)

2 - Transito

2 Duragdo do transito proporcional a P13 (R«/Mx)!/3
2 Duragao do transito permite tambéem estimativa de R«

4 Mudanca de intensidade fornece raio do planeta

C. A. Wuensche (2022)

R,'@

R.
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Transito - 1 planeta

C. A. Wuensche (2022)
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Transito - 1 planeta

C. A. Wuensche (2022)
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Transito - 1 planeta

C. A. Wuensche (2022)
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Transito — 2 planetas

C. A. Wuensche (2022)
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Transito — 2 planetas

C. A. Wuensche (2022)
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Transito — 2 planetas

C. A. Wuensche (2022)
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Transito — varios planetas

C. A. Wuensche (2022)
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Transito — varios planetas

C. A. Wuensche (2022)
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Transito — varios planetas

C. A. Wuensche (2022)
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Transito: observaveis derivados

71 Periodo

4 Inclinagao da orbita (i=90 °)

4 Raio do planeta

4 Temperatura do planeta a partir do eclipse secundario

1 Escurecimento do limbo da estrela

1 Bom para grandes planetas proximos a estrela

C. U. Keller, Astronomical Data Analysis (2011)

C. A. Wuensche (2022)
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C. A. Wuensche (2022)

Transito de Venus - 8 Junho 2004
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Observagdo do transito de HD209458, usando o telescépio de 28 cm

Transito do planeta extrasolar HD209458

do Miniobservatorio do INPE (Eder Martioli e Julio Tello)

4 Durag¢ao: 2h30

/1 Metodo: fotometria diferencial

7 Varia¢ao na intensidade: < 2%

/1 Data: 07-08/09/2004

7 Periodo: 3,5 dias

http://www.das.inpe.br/miniobservatorio/projetos/transito.htm

—0.85

—-0.8

Am

—0.75

-0.7

HD209458 - 08/09/2004 -
T T T T T T | T ¥ b v

MiniObs INPE

1

)

] L}

A | l A A A
3256.550000

C. A. Wuensche (2022)
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HJD 2450000 +

1
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http://www.das.inpe.br/miniobservatorio/projetos/transito.htm

Primeira detec¢ao de planeta do
tipo terrestre

CoRoT (Leger et al. 2009) HARPS (Queloz et al. 2009)

1.0D002 F '

—
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Massa: 4,8 M+,
Densidade: 5,6 g/cms3

C. A. Wuensche (2022)
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Transito: problemas

Baixa probabilidade, mas simples observac¢ao

Muitos falsos positivos:
Eclipse tangencial da estrela da sequencia principal
Binarias eclipsante (gigante e sequencia principal)

Eclipsando binaria proxima (foreground ou background)

C. U. Keller, Astronomical Data Analysis (2011) C. A. Wuensche (2022)
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NUMBER

C. U. Keller, Astronomical Data Analysis (2011)

Transito: problemas

0.001

2 Apenas alguns por cento dos candidatos sao exoplanetas reais

7 Precisa de confirmacgdo de velocidade radial com grandes telescopios (24m)

- PLANETS

TARGET EB

- BAKCGROUND EB

L 0.1  DEPTH OF SIGNAL

www.oca.eu/ cassiopee/ COROTWeek10/Communications/F_Pont.pdf

C. A. Wuensche (2022)
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3 - Microlenteamento

A luz de um objeto distante & curvada e amplificada devido a gravidade de um
objeto situado na linha de visada entre nos e o objeto.

Objetos massivos no halo da nossa galaxia podem agir como lentes gravitacionais.

Normal

C. A. Wuensche (2022)

74



AGM
DZ(QCZ

ap =

* a—angulo de lenteamento

* 0 - semi-angulo de deflexao SOUrce lens observer
. M- do obieto (lent plane plane plane
massa do objeto (lente) POSICIONAMENTO
« D,—distancia lente — observador _
D, — distancia lente — fonte (?“ S~ .o
« Dg — distancia fonte — observador TS~ :
fonte observador

GEOMETRI

lente

——
—
—
——
L _—
’—
. ——
— —
—
——_—
——
——

D. . D

LS . I

1)

C. A. Wuensche (2022) 75



D,.,=D; " —-D;" Rschw = M

Amplificacao
da imagem

C. A. Wuensche (2022)



3 - Microlenteamento

C. A. Wuensche (2022)
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Deteccao de planetas por microlenteamento
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Microlenteamento: vantagens

Capaz de encontrar os planetas mais distantes e menores de qualquer
metodo atualmente disponivel

Mais sensivel aos planetas que orbitam em distancias moderadas a
grandes de suas estrelas (complementar a velocidade radial e transito),

Capaz de observar dezenas de milhares de planetas simultaneamente.
Se um evento de microlente ocorrer em qualquer lugar dentro do
campo de estrelas observado, ele sera detectado.

C. A. Wuensche (2022)
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Microlenteamento: desvantagens

Eventos ocorrem uma Gnica vez

Distancia do planeta detectado da Terra e conhecida apenas por aproximagao
grosseira. Ao lidar com planetas a dezenas de milhares de anos-luz de distancia,
iIsso poderia significar erros de milhares de anos-luz!

Eventos raros e aleatorios - a passagem de uma estrela precisamente na frente de
outra vista da Terra.

Imprevisivel!!!

Detecgoes por microlenteamento até a 24/01/2019: 89 planetas

C. A. Wuensche (2022)
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4 - Imageamento direto

C. A. Wuensche (2022)
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4 - Imageamento direto
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4 - Imageamento direto
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5 - Astrometria

C. A. Wuensche (2022)
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Sumario das tecnicas de deteccao

Observavel

Jupiter

Terra

Possivel detectar hoje?

Deteccao direta

separacao angular no céu

1 arcsec

0,2 arcsec

N3o (Jupiter) / Nao (Terra)

Razao de brilho estrela/planeta

10-° (V)/104 (IR)

10-10 (V)/10-6 (IR)

N3o (Jupiter) / Nao (Terra)

Velocidade radial 13 m/s 3cm/s Sim (Jupiter) / Sim (Terra)
Oscilacao astrométrica 1 miliarcsec 0,6 microarcsec Sim (Jupiter) / Sim (Terra)
Transito

Precisao fotometrica 1% 0,01%
- Sim (Jupiter) / Sim (Terra)
Duracao 25 h 11 h

Microlenteamento

Amplificacao a 4 kpc

<10% (V)

< 1%

Duracao

< 3 dias

<4h

Sim (Jupiter)
Nao (Terra)

Lunine (2005), update C.A. Wuensche (2019)

C. A. Wuensche (2022)
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Sumario por tecnica de detecgao
(em 20/05/2019)

METODO PLANETAS SISTEMAS SISTEMA COM
PLANETARIOS MULTIPLOS PLANETAS
Velocidade radial 838 630 144
Pulsar timing 42 35 6
Lenteamento 95 90 3
Imageamento direto 126 100 2
Transito 2947 2212 481
Astrometria 8 1 0
Transit Timing Variation (TTV) 10 9 1
OUTROS 4 3 1
TOTAL 4069 3041 659

Exoplanet.eu

C. A. Wuensche (2022)
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—xoplanet Populations
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small Planets Come In Two Sizes
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<epler Habitanle Zone Planets

As of June 2017
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Potentially Habitable Exoplanets

Ranked by the Earth Similarity Index (ESI)
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Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. ESI measures similarity to Earth size and insolation. CREDIT: PHL @ UPR Arecibo (phl.upr.edu) Oct 5, 2020

C. A. Wuensche (2022)



Potentially Habitable Exoplanets

Ranked by the Earth Similarity Index (ESI)
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Potentially Habitable Exoplanets

Ranked by Distance from Earth (light years)
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Artistic representations. Earth, Mars, Jupiter, and Neptune for scale. Distance from Earth is between brackets. CREDIT: PHL @ UPR Arecibo (phl.upr.edu) Feb 1, 2019

Fonte: http:/phl.upr.edu/ C. A. Wuensche (2022)



Potentially Habitable Exoplanets

Ranked by Distance from Earth (light years)
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Name Type Mass Radius Flux | msus |Period| Distance ES|
(Me) (Re) (Se) | (K) |(days)| (ly)
001. Teegarden's Star b  [M-Warm Terran >1.05 ~1.02 1.15 | ~ 298 | 4.9 12 0.95
002. TOI-700 d M-Warm Terran ~1.57 1.14 0.87 | ~278 | 37.4 101 0.93
003. Kepler-1649 c M-Warm Terran ~1.20 1.06 1.23 | ~ 303 | 19.5 301 0.92
004. TRAPPIST-1 d M-Warm 0.39 0.78 1.12 | -296 | 4.0 41 0.91
Subterran

005. Proxima Cen b M-Warm Terran >1.27 ~1.08 0.70 | ~ 257 | 11.2 4.7 0.87
006. K2-72 e M-Warm Terran ~ 2.21 1.29 1.30 | ~ 307 | 24.2 217 0.87
007. GJ 1061 d M-Warm Terran > 1.64 ~1.15 0.69 | ~247 | 13.0 12 0.86
008. GJ 1061 c M-Warm Terran >1.74 ~1.18 145 | -~ 311 | 6.7 12 0.86
009. Ross 128 b M-Warm Terran > 1.40 ~1.11 148 | ~317 | 9.9 11 0.86
010. GJ 273 b M-Warm Terran > 2.89 ~1.51 1.06 | ~292 | 18.6 19 0.85
011. Kepler-296 e M-Warm Terran ~ 2.96 1.52 1.00 | ~ 282 | 34.1 544 0.85
012. TRAPPIST-1 e M-Warm Terran 0.69 0.92 0.65 | ~258 | 6.1 41 0.85
013. Kepler-442 b K-Warm Terran ~ 2.36 1.35 0.70 | ~ 263 | 112.3 1193 0.84
014. GJ 667 C f M-Warm Terran >2.54 ~1.45 0.56 | ~249 | 39.0 24 0.76
015. Kepler-62 f K-Warm Terran — 1.41 0.41 | ~ 230 | 267.3 981 0.68
016. TRAPPIST-1 f M-Warm Terran 1.04 1.04 0.37 | ~225 | 9.2 41 0.68
017. Teegarden's Star ¢ [M-Warm Terran >1.11 ~1.04 0.37 | ~225 | 11.4 12 0.68
018. Kepler-1229 b M-Warm Terran ~ 2.54 1.40 0.32 | ~217 | 86.8 865 0.62
019. Kepler-186 f M-Warm Terran ~1.71 1.17 0.29 | ~212 | 129.9 579 0.61
020. GJ 667/ C e M-Warm Terran >2.54 ~1.45 0.30 | ~213 | 62.2 24 0.60
021. TRAPPIST-1 ¢ M-Warm Terran 1.32 1.13 0.25 | ~204 | 12.4 41 0.58

Referéncia: http://phl.upr.edu/

C. A. Wuensche (2022)

Subterrans
(Mars-sized)

Terran
(Earth-sized)

Superterrans
(Super-Earths/Mini-Neptunes)

Total

Lista de planetas potencialmente habitavel (conservadora 05/2022)

20

38

59
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http://phl.upr.edu/
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Teegarden%27s%20Star%20b&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=TOI-700%20d&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Kepler-1649%20c&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=TRAPPIST-1%20d&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Proxima%20Cen%20b&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=K2-72%20e&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=GJ%201061%20d&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=GJ%201061%20c&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Ross%20128%20b&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=GJ%20273%20b&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Kepler-296%20e&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=TRAPPIST-1%20e&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Kepler-442%20b&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=GJ%20667%20C%20f&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Kepler-62%20f&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=TRAPPIST-1%20f&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Teegarden%27s%20Star%20c&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Kepler-1229%20b&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=Kepler-186%20f&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=GJ%20667%20C%20e&type=CONFIRMED_PLANET
http://exoplanetarchive.ipac.caltech.edu/cgi-bin/DisplayOverview/nph-DisplayOverview?objname=TRAPPIST-1%20g&type=CONFIRMED_PLANET

Observac¢ao de atmosferas de exoplanetas

Transito: raio do planeta
Emissdo termica: atmosfera emissora, temperatura e gradiente, curva de fase termica
Espectros de transmissao: alta atmosfera, exosfera

Reflexao: albedo, curva da fase de luz refletida (polariza¢ao), atmosfera com
espalhamento

Curva de luz fornece informagoes sobre estrela + planeta
Eclipse Secundario: sem luz do planeta -> albedo

Diferenca em diferentes comprimentos de onda -> espectro do exoplaneta -> composi¢ao
da atmosfera

C. A. Wuensche (2022)
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Primary eclipse
Measure size of planet

See star’s radiation transmitted
through the planet atmosphere

Seager & Demming (2010)

C. A. Wuensche (2022)

Secondary eclipse

See planet thermal radiation
disappear and reappear

Learn about atmospheric circulation
from thermal phase curves

92



Primeira observacao da atmosfera de um exoplaneta pelo satélite Kepler
(06/08/2009)

Localizado em torno de uma estrela cerca de i HAT_P 7 L|ght Cur\/es
1000 anos-luz da Terra o = Ground-based Measurements

Translacgdo: 2,2 dias

Massa ~ MJLjpiTer (N 318 MTer'r'a)

Brightness

raio da orbita: 5,7 milhoes de km (26 vezes

mais proxima da estrela do que a Terra do Sol)

N7,
- ')
QD
A o
'
e
O)
Q..:
g

C. A. Wuensche (2022) 93



Super-Terras (05/2022)

71 Objetos com ate cerca de 10 M., (mini-Netunos...)

4 Observagoes indicam que eles devem ser comuns em torno de estrelas mais frias que

o Sol (tipos espectrais K e M)

7 Formagado e evolugdo: novos modelos de formacgao planetaria (devido a diversidade de

posicoes em relacao a estrela hospedeira)?

7 Super-Terras: cerca de 38 objetos encontrados (fonte: phl.upr.edu)

Raghighipour, Ann. Rev. Earth and Plan. Sciences (2013)

C. A. Wuensche (2022)


http://phl.upr.edu

Super-terras

Mecanismo de formacao: disco circunstelar que evolui a partir de particulas de poeira para

objetos maiores (nebulosa protoplanetaria).

v coagulagdo de particulas de poeira atraves de batidas suaves e colagem, o que resulta na

formacdo de objetos do tamanho de centimetros e decimetros;

v crescimento de corpos do tamanho de centimetros e decimetros para planetesimais do tamanho

de um quilometro;

v colisao e acreg¢ao de planetesimais a embrioes planetarios (objetos do famanho de lua a estrela)

na parte intferna do Sistema Solar e nos nicleos de planetas gigantes nas partes externas; e

v acrescimo de gas e formacgdo de planetas gigantes, sequido do crescimento colisional de embrices

planetarios para corpos de classe terrestre

C. A. Wuensche (2022) 95
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Migra¢oes de super-Terras

Spiral arm appearance Type | migration

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Spiral arm appearance Type | migration

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Spiral arm appearance Type | migration

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Type | migration & Migration curve Type | to Type Il transition

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Type | migration & Migration curve Type | to Type Il transition

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Type | migration & Migration curve Type | to Type Il transition

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras
Type | to Type Il transition & Migration curve Gap opening

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras
Type | to Type Il transition & Migration curve Gap opening

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras
Type | to Type Il transition & Migration curve Gap opening

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Type lll migration Type Il migration

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)
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Migra¢oes de super-Terras

Type lll migration Type Il migration

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migra¢oes de super-Terras

Type lll migration Type Il migration

https://www.fis.unam.mx/~masset/moviesmpegs.html C. A. Wuensche (2022)


https://www.fis.unam.mx/~masset/moviesmpegs.html

Migracoes de super-Terras

2 Efeitos importantes

Em estrelas do tipo solar, planetesimais podem permanecer no disco protoplanetario durante
a migra¢gao de um planeta gigante, sendo acretados a ele, ou aglutinar-se em embrioes

protoplanetarios para formar uma super-Terra

Em estrelas menores, os planetesimais sao ejetados do disco durante a migra¢ao do planeta

gigante para dentro do sistema planetario

A presenca de pequenos planetas proximos a estrela hospedeira pode ser explicada por um
W /" . ’ . A .
espalhamento” para dentro, a partir de orbitas externas, ou por uma ressonancia na

migrac¢ao do planeta gigante, sendo arrastado para dentro com ele.

Raghighipour, Ann. Rev. Earth and Plan. Sciences (2013)

C. A. Wuensche (2022)
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Figure 4

Accreson of
protoplanceary bodics
during the migration
of a mant planct
around a 0.3-M

Note as ressonancias a partir de 1000 anos, que vao & Rescgar 201
acabar ejetando os planetesimais, impedindo que eles
se aglutinem para formar mais super-Terras.

Eccentricity
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Raghighipour, Ann. Rev. Earth and Plan. Sciences (2013)
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Accreton of prosoplanctary bodies duning the migrason of two giant planess around a2 0.3- M, M swar. As shown here, the system
becomes seable with two giant planets in 2 1:2 MMR and a super-Eardh in a shore-period orbie (e.g., GJ 876).

Raahiahipour. Ann. Rev. Earth and Plan. Sciences (2013)
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Magnetosfera de exoplanetas

1 Qual o interesse?

Detec¢ao
Caracterizacdo alem do espectro

Massa, taxa de rotagao, satelites, dinamica atmosferica,

estrutura interna

Habitabilidade?

C. A. Wuensche (2022) 104
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Planetary and exoplanetary magnetospheres . D. Nichols

Radiometric Bode's Law

* Widely used empirical scaling relation (e.g. Farrell et al. 1999, 2004; Zarka
et al. 2001, 2007; Lazio et al. 2004; Griel3meier et al. 2005, 2007/; Jardine &

Cameron 2008; Fares et al. 2010)

Incident kinetic power (W)
: 10" 10™ 107 10 10%
* Based on observations of solar 0% ———————————————————
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SYStem bOd|eS 1016 | IO-t Juplters "‘j
e Relates input solar wind kinetic/ % | / ?
electromagnetic energy flux to g 10 f !
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; . ‘ - 108 §ES -
e Extrapolation to hot Juprters implies ot
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potentially detectable emission from P00 w02 q0% g0 g0
Incident magnetic power (W)

a number of planets
From Zarka et al. (2007)
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Planetary and exoplanetary magnetospheres J. D. Nichols
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MISSOES RECENTES

COROT

. Participagdo brasileira em ordem alfabética:
. INPE, LNA, ON, UFMG, UFRGS, UFRJ,
UFRN, UFSC, U. Mackenzie, USP

v Estudar a estrutura interna de estrelas usando tecnicas fotometricas.

v Deteccao de planetas orbitando em torno de estrelas, por meio de medidas na

flutuagao da intensidade da luz.
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O Satelite KEPLER

NASA's first

mission capable

of finding Earth-size -
and smaller planets

C. A. Wuensche (2022)



Kepler’s Six Years In Science (and Counting)
By- The Numbers™
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Resultados cientificos do Kepler

ARTIST'S CONCEPT .

C. A. Wuensche (2022)
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Sumario dos resultados

Ha mais planetas do que estrelas na Via Lactea
Planetas pequenos (do tipo terrestre) sao comuns.
Planetas sao diversos (em massa, raio e orbita)

Os sistemas solares sdo diversos tambem (em namero de planetas rochosos versus

gasosos, em distancia a estrela hospedeira e em nimero de planetas)

Novos ideias sobre as estrelas (incluindo diversos detalhes de explosoes de

supernovas)

C. A. Wuensche (2022)
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I

G '/ ll Todos os programas
@ estao suspensos

https://www.esa.int/Science_Exploration/Space_Science/Darwin_factsheet

Status: Study ended in 2007, no further activities planned.

wiki/Terrestrial Planet Finder

Space In’rerFero\me’rric Mission (SIM)
}NASA

Darwin
ESA



https://www.esa.int/Science_Exploration/Space_Science/Darwin_factsheet
https://en.wikipedia.org/wiki/Space_Interferometry_Mission
https://en.wikipedia.org/wiki/Terrestrial_Planet_Finder

O futuro

7 Medidas de transitos planetarios

4 Medidas de atmosferas planetarias

4 Caracaterizag¢ao de objetos e

atmosferas

4 Busca de bioassinaturas, a partir da

confirmagao das condi¢oes de
habitabilidade

B D protoplanetario 0100

Créditos: ESO
C. A. Wuensche (2022) 114
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Os discos protoplanetarios HOJE

C. A. Wuensche (2022)

’ - - »

Elias 20 Elias 24 Elias 27 GW Lup
§ ¢ @ 9.

“
HD 142666 HD 143006 HD 163296 HT Lup

» " »

IM Lup MY Lup RU Lup SR 4
- - @

WaOph 6

WSB 52

Créditos: ESO/ALMA

115



"IN !7(: '

Os discos protoplanetarios HOJE

C. A. Wuensche (2022)
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Albuns de familia (12/2018)

HD 143006

AS 209 is a star hosting a HD 143006 is about 5

ALMA reveals sweeping spiral AS 205 is a multiple star system,
disk that is 1 million years million years old and arms in the dust disk orbiting IM with each star sporting its own
old and located about 400 resides 540 light-years Lup, a young star located about dusty disk. Since most stars in
light-years from Earth from Earth 515 light-years from Earth the Milky Way are multiples, this

observation provides clues to the
potential for planets in such
systems. This system is located

about 420 light-years from Earth
Credit: ALMA (ESO/NAOJ/NRAOQO) S. Andrews et al.; NRAO/AUI/NSF, S. Dagnello

C. A. Wuensche (2022) 116



futuro no espaco...

Studyng terrestrial
planets in orbits wp
to the habrable zone
of Sun-hke stars,
and charactersing
these stars

A targeted search for First step
terrestrial and larger characterisabion
seismology and planets in or near the of known Earth-
exoplanet hunting habitable zome of 3 to-Neptune size
Mis SN wide vanety of stars

Performing a chemical
census of 3 large and
dwverse sample of
exoplanets by analysing
their atmosphares

Pioneering stellar

First all-sky transit
sarvey satellite
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Cosa

Plato

Dedicated exoplanet
1990 missions

Launch (e

observatories

First discovenes of
exoplanets in the 1990s
opened up the held of
exoplanet research.
New mnovations and
discovenes continue
to this day

Exoplanet-sensitive
MISSIONS

Revealing exoplanets

Probing the
compositen of
exoplanet
atmospheres

through its all-sky survey
of the position, brightness
and moten of over one
belhon stars

Studying exoplangt
signatwres in
infrared light

C. A. Wuensche (2022)

Detailed charactenisation
of exeplanet atmospheres
through transit studies
and direct imaging




WFIRST

Exoplanet

Missions
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SCIENCE GOALS

The primary goal of PLATO is to open a new way in exoplanetary science, by detecting
terrestrial exoplanets in the habitable zone of solar-type stars and characterising their bulk
properties. PLATO will provide the key information (planet radii, mean densities, stellar
irradiation, and architecture of planetary systems) needed to determine the habitability of
these unexpectedly diverse new worlds. PLATO will answer the profound and captivating
question: how common are worlds like ours and are they suitable for the development of

life?

O futuro proximo: PLATO

C. A. Wuensche (2022)

PLATO
PLAnetary Transits and Oscillations of stars

What are the conditions for planet formation and the emergence of life?

Detection and characterisation of terrestrial exoplanets around bright solar-type
stars, with emphasis on planets orbiting in the habitable zone.

= Photometric monitoring of a large number of bright stars for the detection of
planetary transits and the determination of the planetary radii (around 3%
accuracy)

= Ground-based radial velocity follow-up observations for the determination of
the planetary masses (around 10% accuracy)

= Asteroseismology for the determination of stellar masses, radii, and ages (up
to 10% of the main sequence lifetime)

= Identification of bright targets for spectroscopic follow-up observations of
planetary atmospheres with other ground and space facilities

Optical
A number of small, optically fast, wide-field telescopes
Large amplitude libration orbit around Sun-Earth Lagrangian point, L2

4 years of nominal science operations; satellite built and verified for an in-orbit
lifetime of 6.5 years

M-class Mission

Carlos Alexandre Wuensche (2019)
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