


From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Discovering and monitoring

• Solar system on photographic plates

• Study of comets

◦ Halley
◦ Shoemaker-Levy 9 on Jupiter
◦ Hale-Bopp

• Astrometry

◦ Kuiper belt
◦ Irregular satellites
◦ Mutual phenomena

• Days of celestial mechanics

I What’s next?

Europhysics News, 1977
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From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Discovering and monitoring

• Solar system on photographic plates

• Study of comets
◦ Halley
◦ Shoemaker-Levy 9 on Jupiter
◦ Hale-Bopp

• Astrometry

◦ Kuiper belt
◦ Irregular satellites
◦ Mutual phenomena

• Days of celestial mechanics

I What’s next?

Drossart+1995, Biver+1998

2/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Discovering and monitoring

• Solar system on photographic plates

• Study of comets
◦ Halley
◦ Shoemaker-Levy 9 on Jupiter
◦ Hale-Bopp

• Astrometry
◦ Kuiper belt
◦ Irregular satellites
◦ Mutual phenomena

• Days of celestial mechanics

I What’s next?

A. Smette, C. Vanderriest, O. Hainaut - 1992

Veillet1982, Dourneau+1986, Arlot+1989, Kavelaars+2004
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Discovering and monitoring

• Solar system on photographic plates

• Study of comets
◦ Halley
◦ Shoemaker-Levy 9 on Jupiter
◦ Hale-Bopp

• Astrometry
◦ Kuiper belt
◦ Irregular satellites
◦ Mutual phenomena

• Days of celestial mechanics

I What’s next?

A. Smette, C. Vanderriest, O. Hainaut - 1992

Veillet1982, Dourneau+1986, Arlot+1989, Kavelaars+2004
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From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Discovering and monitoring

• Solar system on photographic plates

• Study of comets
◦ Halley
◦ Shoemaker-Levy 9 on Jupiter
◦ Hale-Bopp

• Astrometry
◦ Kuiper belt
◦ Irregular satellites
◦ Mutual phenomena

• Days of celestial mechanics

I What’s next?

eso.org - Moving Target Procedures
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From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Discovering and monitoring

• Solar system on photographic plates

• Study of comets
◦ Halley
◦ Shoemaker-Levy 9 on Jupiter
◦ Hale-Bopp

• Astrometry
◦ Kuiper belt
◦ Irregular satellites
◦ Mutual phenomena

• Days of celestial mechanics

I What’s next?

archive.eso.org
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From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

OCA/B. Carry

• Stellar occultations

• Discovery of Neptune’s rings

◦ Partial rings in arcs!
Sicardy+1986, French+1992

• More rings!

◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs

Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres

◦ Conditions
◦ Activity

I What’s next?

3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

Hubbard+1986

• Stellar occultations

• Discovery of Neptune’s rings
◦ Partial rings in arcs!

Sicardy+1986, French+1992

• More rings!

◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs

Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres

◦ Conditions
◦ Activity

I What’s next?

3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

Braga-Ribas+2014

• Stellar occultations

• Discovery of Neptune’s rings
◦ Partial rings in arcs!

Sicardy+1986, French+1992

• More rings!
◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs

Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres

◦ Conditions
◦ Activity

I What’s next?

3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

ESO/L. Calçada

• Stellar occultations

• Discovery of Neptune’s rings
◦ Partial rings in arcs!

Sicardy+1986, French+1992

• More rings!
◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs
Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres
◦ Conditions
◦ Activity

I What’s next?

3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

Sicardy+2011

• Stellar occultations

• Discovery of Neptune’s rings
◦ Partial rings in arcs!

Sicardy+1986, French+1992

• More rings!
◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs
Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres
◦ Conditions
◦ Activity

I What’s next?

3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

Lellouch+1986, Descamps+1992

Meza+2019

• Stellar occultations

• Discovery of Neptune’s rings
◦ Partial rings in arcs!

Sicardy+1986, French+1992

• More rings!
◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs
Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres
◦ Conditions
◦ Activity

I What’s next?

3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Stellar occultations

ESO/B. Tafreshi

ESO/S. Guisard

Spoto+2017

• Stellar occultations

• Discovery of Neptune’s rings
◦ Partial rings in arcs!

Sicardy+1986, French+1992

• More rings!
◦ Centaur Chariklo! D = 250 km

◦ KBO Haumea! D = 1250 km

Ortiz+2017, Sicardy+2022

• Sizes of KBOs
Sicardy+2006, Ortiz+2012, Braga-Ribas+2013, Benedetti-Rossi+2019

• Exploring atmospheres
◦ Conditions
◦ Activity

I What’s next?
3/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

ESO/P. Weilbacher (AIP)

4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Wong+2008
4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Leyrat+2008

Renner+2014, Souami+2022

4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Arlot+2008, Gomes-Júnior+2015

Lellouch+2004, Ligier+2016, Merlin+2018

4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Combes+1981, Lellouch+2010

Lellouch+2019
4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Encrenaz+2004, Orton+2007, Irwin+2017, Fletcher+2017

4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Doressoundiram+2010, Erard+2011 – Villanueva+2015

Greaves+2021, Encrenaz+2020, Akins+2021, Villanueva+2021

4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Planets, rings & satellites

• Moving to 8m & adaptive optics

• Planetary environment
◦ Dust properties & dynamics
◦ Satellite dynamics & surfaces
◦ Atmospheres of satellites

• Atmospheres
◦ Composition
◦ Winds, circulation, storms

• Terrestrial planets
◦ Ancient water on Mars
◦ Phosphine (life?) on Venus

I What’s next?

Synergy with upcoming missions:

ESA JUICE

NASA Europa Clipper

NASA Uranus/Neptune mission

4/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Support to space missions

Witasse+2006

Carry+2012

• To planetary bodies
ESA Huygens → Titan

NASA Dawn → Ceres & Vesta
NASA New Horizons → Pluto

Vernazza+2005, Witasse+2006, Benedetti-Rossi+2014

• To comets

ESA Giotto → 1P/Halley
NASA Deep Impact → 9P/Tempel 1

ESA Rosetta → 67P/Churyumov–Gerasimenko
Schulz+1998, Meech+2005, Snodgrass+2010

• To asteroids

NASA Galileo → Gaspra
JAXA Hayabusa 1 & 2 → Itokawa & Ryugu

ESA Rosetta → Šteins & Lutetia
Sekiguchi+2003, Fornasier+2004, Müller+2017

I What’s now?

5/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Support to space missions

West+1986, Schulz+2003, Jehin+2006, Vincent+2013

• To planetary bodies
ESA Huygens → Titan

NASA Dawn → Ceres & Vesta
NASA New Horizons → Pluto

Vernazza+2005, Witasse+2006, Benedetti-Rossi+2014

• To comets
ESA Giotto → 1P/Halley

NASA Deep Impact → 9P/Tempel 1
ESA Rosetta → 67P/Churyumov–Gerasimenko

Schulz+1998, Meech+2005, Snodgrass+2010

• To asteroids

NASA Galileo → Gaspra
JAXA Hayabusa 1 & 2 → Itokawa & Ryugu

ESA Rosetta → Šteins & Lutetia
Sekiguchi+2003, Fornasier+2004, Müller+2017

I What’s now?

5/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Support to space missions

Carry+2010

• To planetary bodies
ESA Huygens → Titan

NASA Dawn → Ceres & Vesta
NASA New Horizons → Pluto

Vernazza+2005, Witasse+2006, Benedetti-Rossi+2014

• To comets
ESA Giotto → 1P/Halley

NASA Deep Impact → 9P/Tempel 1
ESA Rosetta → 67P/Churyumov–Gerasimenko

Schulz+1998, Meech+2005, Snodgrass+2010

• To asteroids
NASA Galileo → Gaspra
JAXA Hayabusa 1 & 2 → Itokawa & Ryugu

ESA Rosetta → Šteins & Lutetia
Sekiguchi+2003, Fornasier+2004, Müller+2017

I What’s now?

5/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Support to space missions

GBOT - M. Altmann

NASA - DART Ground-based WG

• To planetary bodies
ESA Huygens → Titan

NASA Dawn → Ceres & Vesta
NASA New Horizons → Pluto

Vernazza+2005, Witasse+2006, Benedetti-Rossi+2014

• To comets
ESA Giotto → 1P/Halley

NASA Deep Impact → 9P/Tempel 1
ESA Rosetta → 67P/Churyumov–Gerasimenko

Schulz+1998, Meech+2005, Snodgrass+2010

• To asteroids
NASA Galileo → Gaspra
JAXA Hayabusa 1 & 2 → Itokawa & Ryugu

ESA Rosetta → Šteins & Lutetia
Sekiguchi+2003, Fornasier+2004, Müller+2017

I What’s now?
5/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Support to space missions

ESO/S. Guisard

Upcoming missions:

ESA Hera

ESA Comet Interceptor

NASA Lucy

NASA OSIRIS-APEX

• To planetary bodies
ESA Huygens → Titan

NASA Dawn → Ceres & Vesta
NASA New Horizons → Pluto

Vernazza+2005, Witasse+2006, Benedetti-Rossi+2014

• To comets
ESA Giotto → 1P/Halley

NASA Deep Impact → 9P/Tempel 1
ESA Rosetta → 67P/Churyumov–Gerasimenko

Schulz+1998, Meech+2005, Snodgrass+2010

• To asteroids
NASA Galileo → Gaspra
JAXA Hayabusa 1 & 2 → Itokawa & Ryugu

ESA Rosetta → Šteins & Lutetia
Sekiguchi+2003, Fornasier+2004, Müller+2017

I What’s now? What’s next?
5/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Characterization of small bodies
• Asteroids
◦ Population studies
◦ Focused analyses

• Comets

◦ Dust-gas production rate
◦ Composition

• Kuiper belt objects

◦ Composition of ices
◦ Distribution of colors

• Interstellar objects

◦ Trajectory & shape
◦ Composition

I What’s next?

ESO/M. Martins

Vernazza+2009, Fornasier+2014, Popescu+2016, Perna+2018

6/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Characterization of small bodies
• Asteroids
◦ Population studies
◦ Focused analyses

• Comets
◦ Dust-gas production rate
◦ Composition

• Kuiper belt objects

◦ Composition of ices
◦ Distribution of colors

• Interstellar objects

◦ Trajectory & shape
◦ Composition

I What’s next?

Biver+2000, Arpigny+2003, Jehin+2006,

Rousselot+2011, Opitom+2016, Manfroid+2021
6/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Characterization of small bodies
• Asteroids
◦ Population studies
◦ Focused analyses

• Comets
◦ Dust-gas production rate
◦ Composition

• Kuiper belt objects
◦ Composition of ices
◦ Distribution of colors

• Interstellar objects

◦ Trajectory & shape
◦ Composition

I What’s next?

Barucci+2002, Peixinho+2004, Delsanti+2006, Brunetto+2006

Guilbert+2009, Fornasier+2009, Carry+2011, Barucci+2011

6/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Characterization of small bodies
• Asteroids
◦ Population studies
◦ Focused analyses

• Comets
◦ Dust-gas production rate
◦ Composition

• Kuiper belt objects
◦ Composition of ices
◦ Distribution of colors

• Interstellar objects
◦ Trajectory & shape
◦ Composition

I What’s next?

Meech+2017, Bailer-Jones+2020, Guzik & Drahus 2021

6/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Characterization of small bodies
• Asteroids
◦ Population studies
◦ Focused analyses

• Comets
◦ Dust-gas production rate
◦ Composition

• Kuiper belt objects
◦ Composition of ices
◦ Distribution of colors

• Interstellar objects
◦ Trajectory & shape
◦ Composition

I What’s next?

ESO/B. Tafreshi

ESO/S. Guisard

ESO/B. Tafreshi

6/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Small bodies - High resolution

Saint-Pé+1993

Fétick+2019

• Moving to adaptive optics

• Multiple systems
◦ Discoveries!
◦ Characterization

• Pushing angular resolution
◦ VLTI / MIDI
◦ ALMA

• Physical properties
◦ Topography
◦ Internal structure

I What’s next?

7/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Small bodies - High resolution

Mottola+1997, Marchis+2005, Berdeu+2022

• Moving to adaptive optics

• Multiple systems
◦ Discoveries!
◦ Characterization

• Pushing angular resolution
◦ VLTI / MIDI
◦ ALMA

• Physical properties
◦ Topography
◦ Internal structure

I What’s next?

7/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Small bodies - High resolution

Dumas+2011, Marchis+2011, Gourgeot+2016

Berthier+2014, Carry+2020, Brož+2022, Vachier+2022

• Moving to adaptive optics

• Multiple systems
◦ Discoveries!
◦ Characterization

• Pushing angular resolution
◦ VLTI / MIDI
◦ ALMA

• Physical properties
◦ Topography
◦ Internal structure

I What’s next?

7/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Small bodies - High resolution

Delbo+2009, Matter+2011, Carry+2015, Viikinkoski+2015

• Moving to adaptive optics

• Multiple systems
◦ Discoveries!
◦ Characterization

• Pushing angular resolution
◦ VLTI / MIDI
◦ ALMA

• Physical properties
◦ Topography
◦ Internal structure

I What’s next?

7/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Small bodies - High resolution

ESO/M. Kornmesser

Vernazza+2021, Carry+2019, Marsset+2020, Hanuš+2020

Borž+2020, Ferrais+2022, Marchis+2021, Yang+2020

• Moving to adaptive optics

• Multiple systems
◦ Discoveries!
◦ Characterization

• Pushing angular resolution
◦ VLTI / MIDI
◦ ALMA

• Physical properties
◦ Topography
◦ Internal structure

I What’s next?

7/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

Small bodies - High resolution

ESO/S. Guisard

• Moving to adaptive optics

• Multiple systems
◦ Discoveries!
◦ Characterization

• Pushing angular resolution
◦ VLTI / MIDI
◦ ALMA

• Physical properties
◦ Topography
◦ Internal structure

I What’s next?

7/8 B. Carry, OCA, 2022/11/03



From plates to SPHERE Planets and their environment Support to space missions Small bodies... at high angular resolution ESO60

ESO turns 60 and the Solar System

• Early solar system studies with ESO
◦ Astrometry and photometry
◦ Focus on comets and atmospheres

• The jewel of the mountaintop
◦ Outer Solar System became accessible
◦ Disk-resolved (spectro-)imaging
◦ High-resolution spectroscopy

• Exciting developments for a bright future
◦ New generation of instruments at the VLT
◦ ELT sensitivity and angular resolution

8/8 B. Carry, OCA, 2022/11/03
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