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Cours magistral 1 : Une exploration phénoménologique

o Avant-propos

@ Soleil

© Petits corps

@ Planétes telluriques

© Planétes géantes

@ Satellites des planétes géantes

@ Objets transneptuniens
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Les planétes vues par Galilée
Tiré du Saggiatore 1623 (premiéres observations 1610)
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Sputnik 1957 : début de I'exploration spatiale
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Ingenuity a la surface avec Perseverance (2021)

[NASA/JPL/Caltech/ASU]
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HiRISE image of Perseverance landing

[PIA 2 ), NASA/JPL-Caltech /University of Arizona)
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0 NASA mission
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First cored sample of Mars rock by Perseverance

-
- .

[Images sol 194 [Fall 2021]. PIA 24805 24806 24808. Credits : NASA/JPL-Caltech]
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Zhurong, the first Chinese rover on Mars (2021)
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ESA missions in the Solar system

SOLAR SYSTEM EXPLORERS

Eesa

IN DEVELOPMENT
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[Updated on June 2021]
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Notre étoile : le Soleil
vue par SOHO (en XUV) A = 30.4 nm, haute chromosphére T = 60.000 K

i Etoile de type G (banale) de
la séquence principale (de taille
et de densité telles qu’elle produit en son

coeur de I'énergie par fusion nucléaire)

= 73.5% H // 24.8% He

1= Principale source d'énergie a
la surface des astres du
systeme solaire

1 Création d'un plasma (état de Ia
matiére dans lequel les constituants des
atomes, noyaux et électrons, sont
dissociés) et d'un champ
magnétique par effet dynamo

[PIA03149, 14 sept 1999]
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Structure du Soleil

Internal structure:
inner core

radiative zone Subsurface rotation

convection zone

[SOHO mission https:
//sohowww.nascom.nasa.gov/gallery/images/eit006.html]

A. Spiga (aymeric.spiga@sorbonne-universite.fr)

1= Structure interne : variation
de cson SONdé par mesures
héliosismiques. Coeur (bleu) a
15 millions K.

15 Rotation différentielle :
rouge=rapide, bleu=lent.
== Couche des taches solaires :

photosphére, vue en visible
(T =6.000 K).
= Couche externe :

chromosphere, vue en XUV
(T =60.000 K).
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ESA Solar Orbiter mission

Taking the closest ever images of the Sun, observing the solar wind

and the Sun’s polar regions like never before, unravelling the
mysteries of the solar cycle

A. Spiga (aymeric.spiga@sorbonne-universite.fr)
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The formation of planets

®

© The Open University © The Open University

[McBride and Gilmour, An Introduction to the Solar System, 2004]
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Young stars and protoplanetary discs
Atacama Large Millimeter Array (ALMA interferometer) image

HL Tauri Elias 2-27
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Définition de I'lAU en 2006

Une planete est un objet céleste qui :

i est en orbite autour du Soleil (n'est pas un satellite)

1 possede une masse suffisante pour que sa gravité surpasse les
forces des corps rigides pour que sa forme corresponde a un
équilibre hydrostatique (forme quasiment sphérique)

1= 3 nettoyé le voisinage de son orbite (accrétion par gravité)

Planete naine

Une planéte naine est un corps céleste qui :
1= est une planete SAUF

i qu'elle n'a pas nettoyé le voisinage de son orbite (accrétion par
gravité)

.
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Les échelles du systéme solaire (et au-dela)
Echelle logarithmique. 1 UA = 150 millions de kilometres.

a-Centauri
AC +79 3888

1,000,000

[PIA17046. Artist impression, credits NASA /JPL-Caltech.]
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Voyager 1&2 probes status in November 2019

Hellopause Heliosphere from Voyager 1 and 2

Voyager 1
(V1, 147 au)

'He‘lioshealh width
. at V1 (28 au)

~— Putative TS

(84 au) "
. Solar wind -

&

Stagnation region (8.6 au)

plasma flow )

Transition.region-(sz au)
Boundary layer (1.3 au)

* Particle leakage (1.1 au) TSatV2

(842u)

Heliosheath width
“at V2 (35 au)

S Voyager 2
(V2,122 au)™

"Heliopause at V2
(119 au)

[lllustration from the Science special issue 2019]
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Environnement ionisé de la Terre et flux de matiere

/ Magnétopause
Vent solaire

Feuillet neutre

Queue magnétosphérique

0 10 20 Rt
1 1 ]

0 50000 100000 km \\ —~—
| I I

Magnétopause

GEB
[J. Lilensten et T. Dudok de Wit in Le Climat a Découvert, CNRS éditions, 2011]
A. Spiga
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Astéroides

Ceinture principale et Troyens joviens

@ Piot prépared by the Wifbr Plonet Centem (2014 Qet.123.0 .
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Origin of the cataclysmic Late Heavy

Bombardment period of the terrestrial planets
The LHB was triggered by the rapid migration of the giant planets

¥ ()
o

yiay)

[Gomes et al. Nature 2005]
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Astéroides visités par sondes spatiales nors vesta et cers
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Ceres’ bright spots observed by Dawn

February 19th, 2015 7 - June 9th, 2015
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Satellites de Mars
Images HiRISE a bord de Mars Reconnaissance Orbiter (2008-2009)

Phobos (d=21 km) Deimos (d=12 km)
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A well-| preserved witness
b th

Data coll

3 Cnlllslonzl fragmentation
asteroids
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Ryugu sample captured by Hayabusa 2

3 M) DS F BRI

[Credits JAXA December 2020]
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Satellites de Mars
Images HiRISE a bord de Mars Reconnaissance Orbiter (2008-2009)

Phobos (d=21 km) Deimos (d=12 km)
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Comete de Halley et tapisserie de Bayeux en 1066

Invasion de I'Angleterre par Guillaume Le Conquérant

[in Pater et Lissauer, Planetary Sciences, 2010 after Beatty et al. 1999]
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Rosetta in front of 67P-Churyumov-Gerassimenko
Image by CIVA on board Philae on board Rosetta !

e L s L
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2 months of 67P-Churyumov-Gerassimenko

£
s,

e,

A. Spiga

(aymeric.spiga@sorbonne-universite.fr)

Activity of eomel Churyumoy-Gergsimenko - 28 Morch o 5 June 2015
EXA/RosalBa/MAVCAMThoMas Agpded - CC BYSK GO 30
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Philae found! (Sep 2th, 2016)

[OSIRIS narrow-angle camera, 5cm/pixel, ESA/Rosetta]

A. Spiga (aymeric.spiga@sorbonne-universite.fr) Cours GQE. Planétologie Diapositive 34



Les poussieres interplanétaires

Les poussieres interplanétaires sont des grains de poussiére qui
voyagent dans le systéme solaire. Leur source peut étre :
le systéme solaire et ses objets
I’environnement interstellaire

Adspted from Liou and Zook, 1999, Fig 4a

Particules/AU2
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@ Planétes telluriques
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Mercure
moisson de découvertes de la sonde MESSENGER
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Near-side Moon imaged by LRO in 2010
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The formation of the Moon

Science Magazine, October 2013
Where did the moon come from ? For 3
decades, planetary scientists have agreed that it
happened something like this : While the solar
system was still forming, a body the size of
Mars struck Earth a glancing blow that reduced
both to rubble. The cloud of debris reformed
itself into the modern Earth and moon. This
"giant impact" theory neatly explained why the
rocks Apollo astronauts brought back from the
moon closely resembled rocks on Earth—or so
it seemed at first. Actually, recent computer
models show, such a collision wouldn't have
scrambled the two bodies together enough to
explain the similarity. Meeting last month in
London to discuss the problem, scientists
agreed that the origin of the moon must have
been messier and more complicated than

©The Open University anyone had assumed.

IMARVAA And Cilmmaie An lntvadictinn +a +ha Calar CQuetam
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Mars seen by Mangalayaan in 2016
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Les reliefs de Mars par altimétrie laser MOLA

Color-coded Elevations on Mars, MOLA Altimeter, MGS Mission
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[Smith et al. JGR 2001]
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\YETS

[Mars Global Surveyor, 2002] [Mars Opportunity panorama, 2006]
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Tempétes de poussiére “globales”

Mars  Global Dust Storm

June 26, 2001 September 4, 2001
Hubble Space Telescope * WFPC2

NASA, J. Bell (Cornell), M. Wolff {SSI), and the Hubble Heritage Team (STScl/AURA) « STScl-PRC01-31
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Martian northern polar cap

[MGS MOC visible image] [HRSC visible image (3D-projected)]
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Phoenix mission on Mars 2009
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Histoire de Mars a travers les ages

A. Spiga

[Wordsworth

454Ga

et al. Annual Review of Earth and Planetary Sciences 2016]

4 Ga 2.5Ga 0.54 Ga
Earth | HADEAN | ARCHEAN I PROTEROZOIC | PHANEROZOIC |
4.6 Ga ~3.5Ga ~3.0 Ga
PRE-
Mars [T NOACHIAN quspmuul AMAZONIAN |
_ Crust formation
Volcanism M Tharsis formation
Hesperian ridged plains
Borealis?
< Hellas (defines start of Noachian period)
Impactors < Isidis
< Argyre
? Elevated impactor flux
Fluvial/glacial ? . L B B Valley networks
surface E u Outflow channels
alteration B Dorsa Argentea Formation
A ? M Fe/Mg phyllosilicates
queous -
. Al phyllosilicat
mineralogy — phylosilicates
Sulfates and evaporites
Figure 2

‘Timeline of major events in Mars history, with the geologic eons of Earth displayed above. In general, the absolute timing of events on
Mars is subject to considerable uncertainty, but the sequencing is much more robust. Question marks indicate cases where processes
could also have occurred earlier but the geologic record is obscured by subsequent events. Based on data from Werner & Tanaka
(2011), Fassett & Head (2011), Ehlmann et al. (2011), and Head & Pratt (2001).
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Auto-portrait Curiosity hiver 2013 (“selfie”)

(i€ DIA1&7&
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Curiosity in fluvio-lacustrine Gale crater (3.6 Gyr)

Context Terrain Fluvial conglomerates

1373'E 137.4°E

V. y

[Williams et al. Science 2013 ; Baker et al. Geomorphology 2015]
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Veines de gypse découvertes par Curiosity en 2014

Apport régulier sur longue durée d'une eau tiede, sels minéraux, peu acide

Veins of hydrated
calcium sulfates

Sediments with
basaltic
composition

« Sheepbed rock »

[PIA16617 NASA / Université Nantes]
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Quatre robots en simultané a la surface de Mars

Rover Curiosity

) N J I

[Montage T. Appéré. Images du 15 mai 2021. Curiosity & Perseverance NavCam

/ InSight 1CC]

/
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. Spiga  (aymeric.spiga@sorbonne-universite.fr) Cours GQE. Planétologie Diapositive 52


https://doi.org/10.1126/science.abi7730
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Mechanisms for super-rotation on Venus

A. Spiga

Supercharging wind speed

The atmosphere of Venus can circle the planet up to 60 times as fast as the rotation of the planet itself, which
requires 243 Earth days. This phenomenon is called super-rotation. The angular momentum budget that
causes this is a complicated combination of transport by mean meridional circulation (dark blue), thermal tides
(orange), planetary-scale waves (red), and turbulent eddies (pink).

Venus

Angular momentum - — Planet surface
transport by:

Convective zone
Mean meridional

circulation Cloud top

Turbulent
eddies

Surface
rotation

Thermal tides

Planetary- Meridional
scale waves circulation

[Figure by S. Lebonnois in Science, referencing Horinouchi et al. Science 2020]
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A la surface de Vénus

p =90 bars et T = 450°C

[Image captured by Venera 13 in 1982]
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Vénus

vue par Galileo (image visible vue par Magellan
fausses couleurs) (cloud-penetrating radar)

Courtesy of NASA Courtesy of NASA
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Traces de volcanisme sur Vénus

Lava flows (400 km) Pancake domes (25 km, 750m

P——

Courttesy of NASA Courtesy.of NASA

A. Spiga (aymeric.spiga@sorbonne-universite.fr) Cours GQE. Planétologie Diapositive 57



Two new NASA missions for the 2030s

DAVl NCI+ Deep Atmosphere Venus Investigation of Noble gases, Chemistry, & Imaging
VER'TAS Venus Emissivity, Radio Science, InNSAR, Topography, and Spectroscopy
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EnVision mission ESA Launch early 2030s

Spectrometers : atmospheric + surface composition & changes
Radar imager : volcanic, tectonic, geomorphic surface changes
Radar sounder : underground layering

Radio science : probe internal structure and layering

O O O O

[Credits : European Space Agency/Paris Observatory/VR2Planets]
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© Planetes géantes
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Les géantes gazeuses : courants-jets et tourbillons

Jupiter Saturne
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Aurores boréales sur les planétes géantes

Jan. 28, 2004

Jan. 26, 2004
Jan. 24,2004

Jupiter Aurora HST « STIS « WFPC2 Saturn Aurora

PRC98-04 « ST Scl OPO « January 7, 1988 Hubble Space Telescope « ACS « STIS

J. Clarke {University of Michigan) and NASA NASA, ESA and J. Clarke (Boston University) STScl-PRC05-06a

[Composite image HST visible/UV]
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Juno, nouvelles vues sur la Grande Tache Rouge

[Sanchez-Lavega et al. AJ 2018, Junocam image P07 (07-2017) NASA/JPL-Caltech/SwRI/MSSS/Gerald Eichstad]
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Dessins de Cassini de la Tache Rouge

[Extraits de Amedee Guillemin "Le Ciel" 1877]



Shrinking of the Great Red Spot

Jupiter and the Great Red Spot = HST « WFC3/UVIS = WFPC2

1995 WEpE2

WFC3/uvIS
April 21, 2014

2014 WFC3

INASA and ESA STScl-PRC14-24a
[Simon-Miller et al.]
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Juno, nouvelles vues sur la Grande Tache Rouge

[Junocam image P07 (07-2017) NASA/JPL-Caltech/SwRI/MSSS/Gerald Eichstadt and Sean Doran]
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Jupiter’s interior structure

Molecular hydrogen

(helium depleted) Helium rain layer

A
MN.
15

Helium-poor Helium
envelope droplets

Dissolution and upward mixing
Dense rocky core

[Wahl et al. GRL 2017]
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Giant Planet Formation

1. Core accretion
(standard):

Planetesimal coagulation and

core formation followed by

accretion of a gaseous

envelope.

2. Disk instability:
Formation as a result of
gravitational instability and
fragmentation in the
proto-planetary disk.

“see review by Helled et al.
2014, Protostars & Planets VI

Core Accretion Model

R et
Planet agglomerates
from dust and
attracts gas o
envelope ¢ Common view:
Giant planets
have non-stellar
compositions &
massive cores

Disk Instability Model

Common view:
Giant planets have
stellar
compositions g s
and no cores l

¢ Clump of gas

collapses in

circumstellar
disk

NASA/ESA/A. Feild




Results from the Juno mission

in orbit around Jupiter since 2016

Some other key recent Juno results.. @

Constraining the depth of Jupiter’s winds

Kaspi et et al.,
2018

Credit: NASA

Atmospheric water abundance:
2.7*24_, ;. x solar

Lietal.
2020

A. Spiga (aymeric.spiga@sorbonne-universite.fr)

Moore et al.

®

JUND

Jupiter’s magnetic field
(a complex dynamo)
2019

SadiD)
4 )

and many more
to come...
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Aurores boréales sur les planétes géantes

Jan. 28, 2004

Jan. 26, 2004
Jan. 24,2004

Jupiter Aurora HST « STIS « WFPC2 Saturn Aurora

PRC98-04 « ST Scl OPO « January 7, 1988 Hubble Space Telescope « ACS « STIS

J. Clarke {University of Michigan) and NASA NASA, ESA and J. Clarke (Boston University) STScl-PRC05-06a

[Composite image HST visible/UV]
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Saturne et ses anneaux (vue en éclipse par Cassini)
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Les pdles contrastés de Jupiter et Saturne

[Cassini ISS image of Saturn’s northern pole] [Juno Junocam processed image]
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Les orages géants sur Saturne
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Cassini “Grand Finale” solstice mission
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Cassini Grand Finale : travelling within “ring rain”

the mass spe

[Hsu et al. Science 2018]

Atmospheric N
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INMS mass spectra from the Grand Finale. The graphic depicts the Cassini spacecraft as it passes from north to south between Saturn and
its rings. The inset spectrum shows the mass deconvolution of compounds measured by INMS on rev 290. The x axis is in nits of mass per
charge (u) and extends over the full mass range of INMS (1 to 99 u). The y axis is in counts per measurement cycle integrated over the closest-
approach data. The mass influx rate for rev 290, derived from mass deconvolution of the rev-integrated spectrum, is shown as embedded text in

the spectrum. The side panel gives the average of the mass deconvolution of revs 290, 291, and 292 in mass density units (g cm™). The
composition of the ring-derived compounds in terms of percentage mass density is also shown.

[Waite et al. Science 2018]



Uranus et ses nuages orageux
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Neptune et son Great Dark Spot (image voyager 2)

Courtesy of NASA
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Neptune from ESO’s VLT

Adaptive optics No Adaptive optics

[Narrow-Field adaptive optics mode of the MUSE/GALACSI instrument. ESO/P. Weilbacher (AIP).]
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Internal structure of satellites of giant planets

Saturn

se.232 km

MOLECULAR Hg + Hart

MOLECULAR Hg

He GRADIENT*

ROCH-ICE MIX

ROCKY core

Neptune Uranus
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[Kane et al. JGR planets 2021]
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Plan

@ Satellites des planétes géantes

A. Spiga (aymeric.spiga@sorbonne-universite.fr) Cours GQE. Planétologie Diapositive 80



Les plus grandes lunes et les plus petites planetes

Ganymede Titan Mercury Callisto
5262 km 5150 km 4880 km 4806 km
lo Moon Europa Triton Pluto Titania

3642 km 3476 km 3138 km 2706 km 2300 km 1580 km

The Largest Moons and Smallest Planets © Copyrgiht 1999 by Calvin J. Hamilton
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Titan

[Cassini-Huygens, 2004] [Cassini-Huygens, 2009 ; Stephan et al., 2010]
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Sur Titan, un cycle du méthane

[Cassini-Huygens, 2004] [Cassini-Huygens, 2010]

A. Spiga (aymeric.spiga@sorbonne-universite.fr) Cours GQE. Planétologie Diapositive 83



Titan : DISR imagery from the Huygens probe

Fluvial valleys (scene 15 km) Surface (pebbles 5-10 cm)

[left : PIAO7236, right : PIA07232]
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lo et son volcanisme intense (images de Gaiileo)
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Europe

Sotin et al. 2002
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Autres satellites de Jupiter

Ganymede Callisto

Courtesy of NASA Courtesy of NASA
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Cryo-volcanisme sur Encelade et Dione

Coartesy of NASA/JPL



Tidal forcing on Enceladus’ south pole

Surface temperature 15 K than expected

November 2006

Temperature, Kelvin

[Cassini Composite InfraRed Spectrometer map PIA09037]



Image Cassini : 2 lunes et les anneaux de Saturne

NASA/JPL-Caltech/Space Science Institute/Don Davis

[Colorisé d’aprés une image originale Cassini noir & blanc]
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Plan

@ Objets transneptuniens
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Ceinture de Kuiper

Objets trans-neptuniens

Plot prepdred by the Minor Planet Genter (2014 Oct.12).
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Survol de Pluton+Charon par New Horizons
14 juillet 2015

m-imubodyb..m..g,m | Givinga boost woquantum | Engincering remote-
! 250 & ! cells p.203

Science:=

Flying past Pluto

New Horizons finds surprises
at Pluto and Charon pp 260& 292
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Sputnik Planitia seen by New Horizons

Challenger

Colles —

Sputnik Planum ~
o cellular terrain

hill chains

A. Spiga (aymeric.spiga@sorbonne-universite.fr) Cours GQE. Planétologie Diapositive 95



Arrokoth, Kuiper Belt Object

Visited by New Horizons on January 1st 2019, farthest object explored
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The Formation of 2014 MU69
About 4.5 billion years ago... ...1 January 2019.

A rotating cloud of small, icy bodies starts to Eventually two larger bodies remain. The two bodies slowly spiral closer

coalesce in the outer solar system. until they touch, forming the bi-lobed
object we see today.

¥ A/ JHUAPL | SwRI
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Planet Nine?

2007 TG422'

Planet Nine

2012 GB174

[Adapted from Batygin and Brown The Astronomical Journal 2016, Arxiv 1601.05438]
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