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Shaded curves
show the expected
WEFIRST detections
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Radius [Earth Radii]
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Eccentricity — Period Distribution
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Eccentricity — Semi-Major Axis distribution
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Qual o futuro da Terra se Jupiter tivesse outros valores de a e e?

THE ASTRONOMICAL JOURNAL, 164:130 (15pp), 2022 October
© 2022. The Author(s). Published by the American Astronomical Society.

https://doi.org/10.3847/1538-3881/ac87fd
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Earth units| MERCURY | VENUS | EARTH | MOON MARS | JUPITER | SATURN | URANUS | NEPTUNE
Mass 0.0553 0.815 1 0.0123 0.107 317.8 95.2 14.5 17.1
Diameter 0.383 0.949 1 0.2724 0.532 11.21 9.45 4.01 3.88
Density, 0.985 0.951 1 0.606 0.714 0.241 0.125 0.230 0.297
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Mars @ & Mercury

Solar system: Other systems may host:

- Jupiters - Hot-Jupiters

- Neptunes - Mini-Neptunes/Water worlds
- Earths - Super-Earths

http://www.lesud.com/lesud-astronomy_pageid81.html



Small Planets Come in Two Sizes
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Planets Come in Two Sizes

Netuno perto da estrela pode
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Fulton et al. (2017)

Em 2017, dados insuficientes,

gura et al. (2022)

(especialmente para super-Terras
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Outros planetas: mundos aquaticos em estrelas M

Density, not radius, separates rocky and water-rich

Science

small planets orbiting M dwarf stars 8/Sep/2022, Science 377, 1211
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Mundos aquaticos em estrelas M podem ser comuns
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Density, not radius, separates rocky and water-rich
small planets orbiting M dwarf stars 8/Sep/2022, Science 377, 1211
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Como explicar a diversidade de exoplanetas e
de Arquiteturas Planetarias?

Exoplanet Types Terrestrial

Earth-sized or smaller, mostly
made of rock and metal. Some
could possess oceans or
atmospheres and perhaps
other signs of habitability.

Neptune-Like Mini-Neptune

Similar in size to ourown & water world
Neptune and Uranus, with hydrogen

or helium-dominated atmospheres.
“Mini-Neptunes," not found in our
solar system, are smaller than Neptune
but larger than Earth.

Super-Earth

Typically “terrestrial,” or
rocky, and more massive

Gas Giants than Earth but lighter than

The size of Saturn or Jupiter, or much ‘ ¥ Neptune. They might or
larger. They include “hot Jupiters”- scorching might not have atmospheres.
planets in close orbits around their stars.

https://exoplanets.nasa.gov/resources/2253/exoplanet-types-graphic/



A formacao de planetas acontece em diversas escalas e com
diferentes tipos de ingredientes (poeira na regiao interna e

poeira+gelo na regido externa)

How Planets Grow Ceres  Moon

Planets form through growth
processes that operate at
different scales.

’

B A meter o
T
Dust growth -
to pebbles ]I:Ianet§5|mal I CER |
Plgr:rentaetslior:alcollisions Pebble : .accret|on
accretion Clant impacts

For icy particles, better sticking properties -> cm-dm.




Twenty Protoplanetary Disks Imaged by ALMA: diversity

https://public.nrao.edu/gallery/twenty-protoplanetary-disks-imaged-by-alma/



TWO STEPS TO PLANET ACCRETION:
1) PLANETESIMAL FORMATION

A poeira coagula e forma pebbles (cm a m) - sedimenta no
plano do disco. Gas suportado pela pressao - revoluciona

mais lentamente que os graos - o gas tende a desacelerar
os graos/pebbles, que espiralam em direcao a estrela

. . Geloé
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M grudento
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v+ o (c)A.Morbidelli




Two-steps to planet formation:
2) from planetesimals to proto-planets

 Planetesimals can collide with each other building protoplanets

(Kokubo and Ida, 1996, 1998)
 The largest planetesimals keep growing by accreting individual dust

particles as they drift in the gas (pebble accretion: Johansen and Lacerda,
2010; Ormel and Klahr, 2010; Murray-Clay et al., 2011; Lambrechts and Johansen, 2012;

Ida et al., 2016)
Os maiores planetesimais podem continuar crescendo pela:

acrescao de pebbles (particulas de ~1cm a 1m)

o *

(c) A.Morbidelli



Two big advantages of pebble-accretion

over planetesimal-planetesimal accretion:
I) No isolation

Vantagem de crescimento via acrescao de pebbles:

planetesimais orbitam isoladamente e é mais dificil se
encontrarem para crescer:

008,500,000 0% 00 %00,

:
Ja as pebbles migram e o corpo continua crescendo:
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Two big advantages of pebble-accretion over
planetesimal-planetesimal accretion :
Il) Larger accretion cross-section

_ GM, 1

« pebble
Av2 relative speed

« planetesimal

I'g

Acrescao de
pebbles é mais
eficiente que s o
acrescao de corpos
maiores
(planetesimais)

Accreting body

(c) A.Morbidelli



Linha de gelo
Quente Silicatos snowline

5

we expect that:

*+ The outer part of the disk is cold, the inner part is warm, so water-ice is present
only beyond some distance from the Star

As pebbles que migram

para a regiao interna,

perdem o gelo e ficam

menores - mais facil

formar planetas além da

linha de gelo Qanvisee:

cm/dm-size
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Fig.1 The radial distribution of the disk’s temperature at different times, obtained assuming
RC=0.3Sau/[Mm(z‘)]U‘5. The thick part of each curve shows the region where the radial velocity
of the gas is positive (outward), whereas the thin part depicts the accretion part of the disk
(negative radial velocity), as also indicated by the black and orange arrows. The horizontal
dashed lines mark the condensation temperature of water (T=170K, black), and rocks
(T=1,400K, red). The intersection of these lines with the various colored curves identify the
location of the condensation/sublimation fronts of these elements as a function of time.
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Fig.3 The radial mass distribution of the planetesimal populations formed in different time
intervals (color-coded as indicated by the labels). Planetesimal masses formed in the same radial
bin at subsequent time intervals are plotted on top of each other, so that the upper border of the
histogram represents the total mass ever produced. The light green shaded area shows the
fraction of this mass derived from early infalling material (the material accreted onto the disk
before 20 Kyr). This fraction is 46-70% for the icy planetesimals between 3.1 and 5 au and
increasing from inside-out (the mass-weighted average is 60%), and 28-30% for the rocky
planetesimals, just inward of 1 au.



Effects of giant planet growth

When a protoplanet reaches a mass of ~ 20 Earth masses, it cuts off the
flow of condensed particles (of size > 100microns) towards the inner disk

2 Protoplaneta ~20Mearth
| = barreira para a
.| migragdo de pebbles

b
s

1 > limitao

| crescimento de

| planetas rochosos por
acrescao de pebbles

1 0.8

= 6

o
)
0]

Vgasj VKep

& | rad

( ) Morbidelli and Nesvorny, 2012

Lambrechts, Johansen and Morbidelli, 2014
Weber et al., 2018

The growth of proto-Jupiter is the key to understand the separation of
distinct reservoirs in the Solar System (Morbidelli et al., 2016, Kruijer et al., 2017)
Prevented the terrestrial planets from growing by pebble accretion



https://public.nrao.edu/gallery/protopla L$k$5|de-bys1decOmpanson/ )
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Inicialmente: planetas rochosos internos e gigantes externos

Quente Silicatos snowline

“Gelo
Planetas rochosos Planetas gigantes

we expect that:

% The outer part of the disk is cold, the inner part is warm, so water-ice is present
only beyond some distance from the Star

+ Planets form faster and bigger if ice is available (because ice-grains are bigger)

“ S0, generically, a planetary system should have small planets in its inner part
and massive ones in the outer part

Migracao de planeta gigante - caos no Sistema Planetario

snowline




Quando temos um processo cadtico, uma pequena mudanca
nas condicoes iniciais pode ter um efeito importante no
resultado final. Diferentes discos - diversidade de sistemas

planetarios
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The small eccentricities of the giant planets of the Solar System are due to the
fact that during the instability Jupiter and Saturn, fortuitously, avoided mutual

close encounters

In simulations where these encounters happen, the final eccentricity of Jupiter

Is similar to typical of those at of extrasolar giant planets.
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A relacao planeta — composicao quimica da estrela
Estrela e planetas se formam a partir da mesma nuvem




Notacao

e A abundancia quimica A, do elemento X é:
A, =log (N,/N,) + 12 = hidrogénio: A, =12

° [X/H] — Axestrela_ AXSoI

Fe/H.
Fe/H.

Fe/H.

= 0.0: abundancia de ferro igual ao Sol
= +0.3: ferro 2 vezes (= 10*%3) maior ao Sol

=-1.0: 1/10 (= 10*) de Fe em relagao ao Sol



Conexao metalicidade — planeta gigante

Mon. Not. R. Astron. Soc. 285, 403-412 (1997)

The stellar metallicity—giant planet connection

Guillermo Gonzalez*

Department of Astronomy, University of Texas, Austin, TX 78712, USA

Accepted 1996 September 24. Received 1996 September 23; in original form 1996 August 1



Conexao metalicidade — planeta gigante

N. C. Santos!2, G. Israelian’, and M. 1\/[21}1{:11‘2
A&A 415, 1153-1166(2004)
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Conexao metalicidade — planeta gigante

THE ASTROPHYSICAL JOURNAL, 622:1102—-1117, 2005 April 1
THE PLANET-METALLICITY CORRELATION

DEeBRA A. FiscHER? AND JEFF VALENTL
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Conexao metalicidade — planeta: Netunos podem
ser formados em qualquer metalicidade

Sousa et al. 2008, A&A 487, 373
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Conexao metalicidade — planeta em estrelas FGK:
Planetas rochosos podem ser formados at any [Fe/H]

Rocky Mini- lce/gas giant
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Existe alguma assinatura quimica da
formacao de planetas no Sistema Solar?
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https://arxiv.org/abs/2211.01800 Conexao estrela - planeta

Plausible constraints on the range of bulk terrestrial

exoplanet compositions in the Solar neighbourhood
Rob J. Spaargaren et al., submitted to ApJ, Nov 3, 2022

- We circumscribe probable rocky exoplanet compositions based on a
population analysis of stellar chemical abundances.

- Strong correlation between stellar Fe/Mg and metallic core sizes.
- Stellar Mg/Si gives a first-order indication of mantle mineralogy.

- The element Na, which modulates crustal buoyancy and mantle
clinopyroxene fraction, is affected by devolatilization the most.

- Planetary mantles mostly consist of Fe/Mg-silicates



Composicao quimica do Sol e de estrelas dos
catalogos Hypatia e Galah
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Figure 1. Stellar abundances documented in the Hypatia (red, 4236 stars) and GALAH (gold, 1971 stars) catalogues used in
this study. Solar composition from Lodders et al. (2009) is plotted for comparison.



Composicao quimica do Sol, estrelas, Terra e

exoplanetas resultantes da composicao quimica
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Figure 2. Bulk compositions of stars in the Solar neighbourhood (red; Hinkel et al. 2014; Buder et al. 2018), planet compositions
calculated in this work (blue), Solar composition (yellow diamond; Lodders et al. 2009), and Earth composition (green square;
McDonough 2003) molar compositions, in the Fe-Mg-Si (left) and Ca-Al-Na (right) systems.
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Figure 3. Core sizes of terrestrial-type exoplanets (mass fraction) as a function of stellar [Fe/Mg] (in dex, left)



Evolugao quimica da Galaxia e interior de planetas
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Figure S6. Stellar [Fe/Mg] (a), stellar [Fe/H] (b), core mass fraction (c), stellar molar Mg/Si (d), stellar Ca/Al (e), and planet
mantle minor element fraction (f) as a function of stellar age (in Ga), estimated as a function of Y/Mg and Y/Al, based on
equations 6 and 7 from Spina et al. (2018). Stellar compositions are from Hinkel et al. (2014), colour-coded for the thin disc
(red) and thick disc (gold) populations of the Milky Way.



wlate teptontas N3o existe acordo sobre a influéncia da

Likelihoool massa planetaria na tectonica de placas

[\valewcia et al., 2007#]
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FIGURE 3 Sketch summarizing different predictions for the likelihood of plate tectonics as a function
of planet mass, scaled to the same likelihood at one Earth mass (as a reference point). The grey-to-
black lines indicate different trends as a function of initial mantle temperature (grey = hot; black =
cold) after planet formation as found in Noack and Breuer (2014). The dashed colored lines refer to

previous studies as cited in Noack and Breuer (2014).
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A abundancia de
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gémeas solares €
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Monthly Notices

MNRAS 482, 1690-1700 (2019)
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Thorium in Solar
Twins: implications
for habitability
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Outras estrelas com planetas rochosos podem
ter planetas at

(c) Melissa de Andrade Nunes, |/



FIGURE 1 (LEFT) Dynamics of a plate-tectonic planet. (RIGHT) Dynamics of a stagnant-lid planet.
Respective halves of composite planet not to scale. Continental lithosphere in dark brown; oceanic
lithosphere in dark blue; stagnant lid in purplish brown; mantle in green. White arrows denote plate
motion; black arrows denote mantle convection patterns. Hot upwelling plumes are orange.
Triangles mark sites of more-or-less vigorous volcanism. Liquid outer core is light grey; solid inner
core is dark grey. Potential oceans in light blue. The size of each planetary hemisphere is arbitrary.

minor volcanism i*

major volcanism A

A espessura da crosta

planetaria pode afetar o
vulcanismo

The Diversity of Exoplanets:

From Interior Dynamics to
Surface Expressions

Maxim D. Ballmerl2and Lena Noack3
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