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Markus Pössel & Hubert Klahr

Haus der Astronomie / Max-Planck-Institut für Astronomie

16.10.2018 bis 22.1.2019



Grundlagen Methoden Entstehung Stabilität und Form Sonne Planeten Kleinkörper Leben im Universum

Blick nach außen

Eigenes Bild
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr
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Einfach selbstgemacht vs. Spitzentechnik

Eigenes Bild

Bild: NASA/JPL/Space Science Institute
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https://photojournal.jpl.nasa.gov/catalog/PIA06193
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Das Sonnensystem. . .

Bild:

Planets2013 von Nutzer WP via Wikimedia Commons unter Lizenz CC BY-SA 3.0

Die Sonne und die Planeten des Sonnensystems. Relative Größen
maßstabsgetreu, relative Abstände nicht
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https://commons.wikimedia.org/wiki/File:Planets2013.svg
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Grundlagen Methoden Entstehung Stabilität und Form Sonne Planeten Kleinkörper Leben im Universum

Das Sonnensystem (Abstände). . .

Inneres Sonnensystem bis Mars, keine Exzentrizitäten, Sonne maßstabsgetreu
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Das Sonnensystem (Abstände). . .

Gesamtes Sonnensystem, keine Exzentrizitäten, Sonne maßstabsgetreu
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr
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. . . und seine nächsten Verwandten: Exosysteme

Bild: ESO / N. Bartmann/spaceengine.org

Künstlerische Darstellung eines der Planeten des TRAPPIST-1-Systems: 7
erdähnliche (?) Planeten in 40 Lichtjahren Entfernung von uns

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://www.eso.org/public/images/eso1706a/
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. . . und seine nächsten Verwandten: Exosysteme
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Weltbilder: Ptolemäus vs. Kopernikus

Abb. aus: Diderot/D’Alembert, Encyclopédie

De revolutionibus orbium coelestium (1543)
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Newtonsche Gravitation und Kepler

Isaac Newton (Principia, 1687):

Mechanik und Formel für

Gravitationskraft. Grundlage für

physikalische Beschreibung

der Bewegungen im

Sonnensystem —

Umlaufbahnen, Störungen,

Gezeitenkräfte. . .
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Was können wir verstehen?

Ernest Rutherford: “Science is either physics or stamp collecting.”

Bild: ESA/Rosetta/NavCam unter
Lizenz CC BY-SA IGO 3.0

Bild: NASA/JPL/Space Science Institute
Bild: NASA/JPL-
Caltech/SwRI/MSSS/Gerald
Eichstädt /Seán Doran

Nutze Physik, Chemie, Planetologie/Geowissenschaften
(mindestens auf der Erde: auch Biologie!) um Strukturen zu
erklären: Gleichgewichte, Flüsse, Temperaturen, Dichten,
Interaktion mit Licht. Dabei wichtig: Entstehungsgeschichte!
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https://www.esa.int/spaceinimages/Images/2016/05/Rosetta_s_comet
https://creativecommons.org/licenses/by-sa/3.0/igo/legalcode
https://www.nasa.gov/content/cassini-spacecraft-uses-pi-transfer-to-navigate-path-around-saturn
https://www.nasa.gov/image-feature/jpl/pia21393/jupiter-s-bands-of-clouds
https://www.nasa.gov/image-feature/jpl/pia21393/jupiter-s-bands-of-clouds
https://www.nasa.gov/image-feature/jpl/pia21393/jupiter-s-bands-of-clouds
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Wie finden wir etwas über Planeten/Sonnen heraus?

Bild: NASA/JPL-Caltech/MSSS

Im Sonnensystem: Hinfliegen, herumfahren! (Hier: Curiosity)
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://photojournal.jpl.nasa.gov/catalog/PIA19808
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Teleskop-Detailbeobachtungen

Bild: ESO / G. Lombardi

Bild: ESO/University of Oxford/L. N. Fletcher/T. Barry
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https://www.eso.org/public/images/potw1446a/
https://www.eso.org/public/images/eso1116a/
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Teleskop-Lichtkurven

Bild: E. Jehin/ESO Bild: ESO/M. Gillon et al.
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https://www.eso.org/public/images/eso1023e/
https://www.eso.org/public/images/eso1706h/
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Atmosphären-Spektren
Phys. Scr. T130 (2008) 014032 F Selsis et al

Figure 1. Spectra of Earth, Venus and Mars. The left figure shows the reflection spectra at a resolution of ⇠100 in the UV–VIS–NIR range
(the reflected flux from Mars has been multiplied by 10 in order to appear in a linear scale). Reflection spectra mix solar and planetary lines.
The right figure shows the mid-IR thermal emission at the same resolution, as well as the black-body emission of a planet of the same radius
at the maximum brightness temperature exhibited by the spectrum in this wavelength range. For Mars and Venus, only CO2 features are
observable at low resolution. In addition, Earth’s spectrum displays the deep and sharp 9.6 µm O3 and 0.76 µm O2 bands (due to life and
considered as potential biomarkers on exoplanets), and H2O bands. The flux is given for a solar system analogue at 10 pc. Grey arrows
indicate TPF-C and TPF-I/Darwin wavelengths. Spectra presented here are model results, validated after comparisons with observations.
Venus spectra from G Tinetti (private communication).

of Earth, Venus and Mars at these wavelengths. The reflected
spectrum of Earth displays features of water vapour and
molecular oxygen (mainly the 0.76 µm band). In the visible
range, these bands require a resolution better than �/1� = 50
to be detected, assuming an average cloud cover of 60% like
on Earth. For lower cloud cover, an increase of the albedo
towards the blue can reveal the Rayleigh scattering due to
the gaseous constituents of the atmosphere. For high cloud
cover, the shallow wide ozone Chappuis band centred at
0.6 µm can be observable at high SNR (Selsis 2004). The
reflected spectrum of Mars and Venus display fewer features.
CO2 bands become observable in the spectrum of Venus at
wavelengths larger than 1.05 µm due to the high CO2 content
of its atmosphere. A strong decrease of Venus’ albedo at blue
and UV wavelengths is attributed to unidentified absorbers
(probably sulfur-bearing compounds). Due to its small size
and its low albedo, the reflected spectrum of an ‘exo-Mars’
would only be detectable around the few closest target stars.

The mid-IR spectrum of Earth displays the strong features
of ozone (9.6 µm), CO2 (15 µm) and water vapour (<8
and >18 µm). The width of these bands is large enough to
allow a detection at a resolution as low as 10. CH4 is not
readily identified using low-resolution (25) spectroscopy for
present-day Earth, but the methane feature at 7.66 µm in the
IR is detectable at higher abundances (see section 5). The only
features observable at low resolution in the mid-IR spectrum
of Mars and Venus are due to CO2. On Mars, only the 15 µm
band is detectable. On Venus, the CO2–CO2 collision-induced
absorption shapes the whole spectrum, which reveals only
atmospheric layers that are above the thick Venusian clouds
(at ⇠1 bar).

Oxygen and ozone are biological signatures that are
detectable on a distant replica of Earth. The presence of these
two compounds at high concentrations in our atmosphere
is the consequence of an extended biomass production by
oxygenic photosynthesis. The detection of these spectral
features on a habitable exoplanet would thus be a significant

indicator of the presence of life (Selsis et al 2002, Segura
et al 2007), especially in combination with a reducing gas like
CH4. Both gases have to be continuously produced in high
quantities to be detectable with low resolution.

3. Across the HZ

Using our planet as a prototype, a first question to address
is the sensitivity of the atmospheric composition and surface
conditions to a change in the solar flux. This question led to
the definition of the HZ, which is the range of orbital distances
within which liquid water can be present at the surface of an
Earth analogue (Hart 1979, Kasting et al 1993). Besides the
interest in determining the boundaries of the HZ, studying
the sensitivity to the stellar flux is also important to investigate
the effects of the lower and higher solar luminosity in the past
and future of our planet, respectively.

A planet found in the HZ is not necessarily habitable.
Many factors may prevent surface habitability: lack of water
or some chemical ingredients required for life to emerge;
a rate of large impacts too high; a gravity too small to
retain a dense atmosphere against gravitational escape (like
on Mars) and to keep an active geology replenishing CO2 in
the atmosphere; the accretion of a massive H2–He envelope
that would prevent water from being liquid by keeping the
surface pressure too high. To avoid the last two scenarios,
we will assume that the mass of our Earth-like prototype is
in the 0.5–8 M� range, although this is a very qualitative
estimate. As a first step, we will also assume that the host
star is a Sun-like star and that the planet has the same gravity
as Earth. All the orbital distances and stellar fluxes in the
following subsections are given relative to the present Sun and
to the present solar flux at Earth’s orbit (S0 = 1360 W m�2),
respectively. We will see how these values have to be scaled
to other stellar luminosities and effective temperatures.

3

Abb. 1 (rechts) aus Selsis, Kaltenegger & Paillet 2008

Informationen über Atmosphären-Bestandteile
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

http://adsabs.harvard.edu/abs/2008PhST..130a4032S
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Langfristige Vorgeschichte

Urknall

10−33 s
Inflation

Strahlungsära Materieära

1 Millionstel s
Quark-Confinement

1 s bis 3 min
leichte Elemente 380.000 a

Hintergrundstrahlung

100e Mio. a
Galaxien

Jetzt
13,8 Mia. a

Wo kommt die Materie her, aus der sich später Sterne und
Planeten bilden?

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr
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Kosmologische Simulationen

Bild: Illustris Collaboration / Illustris Simulation

Woher kommen das kühle Gas zur Sternentstehung, die schwereren Elemente
für Planetenentstehung?

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

http://www.illustris-project.org/media/
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Unmittelbarer kosmischer Kontext: Galaxie

Bild: ESO/IDA/Danish 1.5 m/R. Gendler, J.-E. Ovaldsen, C. C. Thöne and C. Féron

Sternentstehung erfolgt in Galaxien — mit unserer Milchstraße als
lokalem, besterforschten Beispiel

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://www.eso.org/public/images/eso-m100/
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Sternentstehungsgebiet

Bild: ESO / R. Colombari

Sternentstehungsregion Lupus 3 mit Dunkelwolken
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://www.eso.org/public/images/eso1804a
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Protoplanetare Scheibe

Bild: ESO / L. Cala̧da

Planetenentstehung in protoplanetarer Scheibe um jungen Stern
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://www.eso.org/public/images/eso1436f/
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Simulationen: Entstehung nachvollziehen

Bild: Uribe, Klahr, Henning (MPIA)

Beispiel: Entstehung von Planeten in protoplanetaren Scheiben
Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

http://www.mpia.de/homes/klahr/Science.html
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Form: Wie hoch kann ein Berg werden?

3D-Rekonstruktion Mars Global Surveyor und Viking-Aufnahme. Bild: NASA/MOLA Science Team
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http://photojournal.jpl.nasa.gov/catalog/?IDNumber=PIA02806
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Ab wann ist ein Objekt rund?

Jupitermond
Amalthea, R = 84 km
Bild: NASA/JPL/Cornell
University

Saturnmond Janus,
R = 90 km
Bild: NASA/JPL/Space
Science Institute

Saturnmond Phoebe,
R = 120 km
Bild: NASA/JPL/Space
Science Institute

Saturnmond Hyperion,
R = 133 km
Bild: NASA/JPL/Space
Science Institute

Saturnmond Mimas,
R = 200 km
Bild: NASA/JPL/Space
Science Institute

Neptunmond Proteus,
R = 210 km
Bild: NASA/JPL

Uranusmond Miranda,
R = 236 km
Bild: NASA/JPL-Caltech

Saturnm. Enceladus,
R = 250 km
Bild: NASA/JPL/Space
Science Institute
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http://photojournal.jpl.nasa.gov/catalog/PIA02532
http://photojournal.jpl.nasa.gov/catalog/PIA02532
http://photojournal.jpl.nasa.gov/catalog/PIA12714
http://photojournal.jpl.nasa.gov/catalog/PIA12714
http://photojournal.jpl.nasa.gov/catalog/PIA06064
http://photojournal.jpl.nasa.gov/catalog/PIA06064
http://photojournal.jpl.nasa.gov/catalog/PIA08240
http://photojournal.jpl.nasa.gov/catalog/PIA08240
http://photojournal.jpl.nasa.gov/catalog/PIA12570
http://photojournal.jpl.nasa.gov/catalog/PIA12570
http://photojournal.jpl.nasa.gov/catalog/PIA00062
http://photojournal.jpl.nasa.gov/catalog/PIA18185
http://photojournal.jpl.nasa.gov/catalog/PIA06254
http://photojournal.jpl.nasa.gov/catalog/PIA06254
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Wie groß können Planeten werden?

Bild: NASA/Johns
Hopkins University
Applied Physics
Laboratory/Carnegie
Institution of
Washington

Bild: NASA

Bild: NASA, ESA, and A. Simon (GSFC)
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http://messenger.jhuapl.edu/Explore/Science-Images-Database/gallery-image-911.html
http://messenger.jhuapl.edu/Explore/Science-Images-Database/gallery-image-911.html
http://messenger.jhuapl.edu/Explore/Science-Images-Database/gallery-image-911.html
http://messenger.jhuapl.edu/Explore/Science-Images-Database/gallery-image-911.html
http://messenger.jhuapl.edu/Explore/Science-Images-Database/gallery-image-911.html
http://messenger.jhuapl.edu/Explore/Science-Images-Database/gallery-image-911.html
https://www.nasa.gov/image-feature/apollo-17-blue-marble
http://hubblesite.org/image/4012/news_release/2017-15
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Die Sonne: 3D, Filme, diverse Wellenlängen

Bild: SOHO (NASA & ESA)
Bilder: SOHO (NASA & ESA)

Intensive Erforschung vom Boden aus und durch Raumsonden –
einzigartige Chance, Stern zu verstehen!

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://sohowww.nascom.nasa.gov/gallery/Spacecraft/SOHOLower2.html
https://soho.nascom.nasa.gov/data/realtime/mpeg/


Grundlagen Methoden Entstehung Stabilität und Form Sonne Planeten Kleinkörper Leben im Universum

Komplexe Sonne: Aktivität

Bilder: SOHO (ESA & NASA)

Mit Aktiviät, Magnetfeld, Detailstruktur: hochwertige, reichhaltige
Informationen, komplexe Modelle!

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11095
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Sterne allgemein
Systematik der Sterneigenschaften: Hauptreihensterne, Rote Riesen –
mit Konsequenzen für Planeten!
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Sonne: Blick ins Innere
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p

p

Kernfusionsreaktion (pp-Kette) im
Sonneninneren

Sudbury Neutrino Observatory: Außenansicht
Detektor. Bild: Sudbury Neutrino Observatory
(SNO) unter Lizenz CC BY-SA 4.0
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https://en.wikipedia.org/wiki/File:Sudbury_Neutrino_Observatory.detector_outside.jpg
https://en.wikipedia.org/wiki/File:Sudbury_Neutrino_Observatory.detector_outside.jpg
https://en.wikipedia.org/wiki/File:Sudbury_Neutrino_Observatory.detector_outside.jpg
https://creativecommons.org/licenses/by-sa/4.0/legalcode
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Erdähnliche Planeten

Eigenes Bild Bild: USGS

Eigenes Bild Eigenes Bild

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://commons.wikimedia.org/wiki/File:Aa_large.jpg
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Erdähnliche Planeten: Mechanismen

Bild: Wasserkreislauf von Nutzer Saperaud auf Wikimedia
Commons unter CC BY-SA 3.0

Bild: USGS/USGov, verändert von Eurico Zimbres und
Nutzer TomCatX, via Wikimedia Commons

Geowissenschaften und Verallgemeinerung auf Planetologie:
Welche Mechanismen sind am Werke? Welche Gleichgewichte
(auch: Flussgleichgewichte) stellen sich ein?

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://commons.wikimedia.org/wiki/File:Wasserkreislauf.png
https://commons.wikimedia.org/wiki/File:Wasserkreislauf.png
https://creativecommons.org/licenses/by-sa/3.0/de/legalcode
https://commons.wikimedia.org/wiki/File:Plattengrenzen.png
https://commons.wikimedia.org/wiki/File:Plattengrenzen.png
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Erdähnliche (terrestrische) Planeten

NASA NASA MESSENGER, NASA, JHU APL, CIW

Erdähnliche Planeten sind sich untereinander gar nicht so ähnlich!

Woher kommen die Unterschiede? Abstand von Sonne?
Zusammensetzung?

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://www.nasa.gov/image-feature/apollo-17-blue-marble
https://nssdc.gsfc.nasa.gov/photo_gallery/photogallery-venus.html
https://science.nasa.gov/mercury-revealed-messenger
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Gasplaneten

NASA, ESA, and A. Simon (NASA
Goddard)

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

Woher kommen die Unterschiede? Abstand von Sonne?
Zusammensetzung?

Große Vielfalt außerhalb: Heiße Jupiter, Mini-Neptune. . .

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://www.nasa.gov/feature/goddard/2017/hubble-takes-close-up-portrait-of-jupiter
https://www.nasa.gov/feature/goddard/2017/hubble-takes-close-up-portrait-of-jupiter
https://solarsystem.nasa.gov/resources/17845/planet-six/
https://solarsystem.nasa.gov/resources/17845/planet-six/
https://voyager.jpl.nasa.gov/galleries/images-voyager-took/neptune/
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Monde: Beispiel Enceladus

NASA/JPL/Space Science Institute

NASA/JPL-Caltech/Space Science Institute

Aktivität durch Gezeitenwirkung

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://solarsystem.nasa.gov/moons/saturn-moons/enceladus/in-depth/
https://solarsystem.nasa.gov/news/13020/the-moon-with-the-plume/


Grundlagen Methoden Entstehung Stabilität und Form Sonne Planeten Kleinkörper Leben im Universum

Asteroiden

Bild: NASA/JPL

Interessant u.a. als urtümliches Material im Sonnensystem

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://photojournal.jpl.nasa.gov/catalog/?IDNumber=PIA00069
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Kometen: 67P/Tschurjumow-Gerassimenko

Bild: Main image and lander inset: ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA;
context: ESA/Rosetta/NavCam unter Lizenz CC BY-SA IGO 3.0

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

http://www.esa.int/spaceinimages/Images/2016/09/Philae_found
http://www.esa.int/spaceinimages/Images/2016/09/Philae_found
https://creativecommons.org/licenses/by-sa/3.0/igo/legalcode
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. . . ist da draußen noch jemand?

Bild: Allen Telescope Array, Flickr-Nutzer brewbooks unter Lizenz CC BY-SA 3.0

Hier: Allen Telescope Array (Paul Allen), Nordkalifornien.
Sendet da jemand?

Astronomie für Nicht-Physiker:, Das Sonnensystem und seine nächsten VerwandtenMarkus Pössel & Hubert Klahr

https://commons.wikimedia.org/wiki/File:Allen_Telescope_Array_-_Flickr_-_brewbooks_(1).jpg
https://creativecommons.org/licenses/by-sa/3.0/de/legalcode
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Wahrscheinlicher als ein Radiosignal
Phys. Scr. T130 (2008) 014032 F Selsis et al

Figure 1. Spectra of Earth, Venus and Mars. The left figure shows the reflection spectra at a resolution of ⇠100 in the UV–VIS–NIR range
(the reflected flux from Mars has been multiplied by 10 in order to appear in a linear scale). Reflection spectra mix solar and planetary lines.
The right figure shows the mid-IR thermal emission at the same resolution, as well as the black-body emission of a planet of the same radius
at the maximum brightness temperature exhibited by the spectrum in this wavelength range. For Mars and Venus, only CO2 features are
observable at low resolution. In addition, Earth’s spectrum displays the deep and sharp 9.6 µm O3 and 0.76 µm O2 bands (due to life and
considered as potential biomarkers on exoplanets), and H2O bands. The flux is given for a solar system analogue at 10 pc. Grey arrows
indicate TPF-C and TPF-I/Darwin wavelengths. Spectra presented here are model results, validated after comparisons with observations.
Venus spectra from G Tinetti (private communication).

of Earth, Venus and Mars at these wavelengths. The reflected
spectrum of Earth displays features of water vapour and
molecular oxygen (mainly the 0.76 µm band). In the visible
range, these bands require a resolution better than �/1� = 50
to be detected, assuming an average cloud cover of 60% like
on Earth. For lower cloud cover, an increase of the albedo
towards the blue can reveal the Rayleigh scattering due to
the gaseous constituents of the atmosphere. For high cloud
cover, the shallow wide ozone Chappuis band centred at
0.6 µm can be observable at high SNR (Selsis 2004). The
reflected spectrum of Mars and Venus display fewer features.
CO2 bands become observable in the spectrum of Venus at
wavelengths larger than 1.05 µm due to the high CO2 content
of its atmosphere. A strong decrease of Venus’ albedo at blue
and UV wavelengths is attributed to unidentified absorbers
(probably sulfur-bearing compounds). Due to its small size
and its low albedo, the reflected spectrum of an ‘exo-Mars’
would only be detectable around the few closest target stars.

The mid-IR spectrum of Earth displays the strong features
of ozone (9.6 µm), CO2 (15 µm) and water vapour (<8
and >18 µm). The width of these bands is large enough to
allow a detection at a resolution as low as 10. CH4 is not
readily identified using low-resolution (25) spectroscopy for
present-day Earth, but the methane feature at 7.66 µm in the
IR is detectable at higher abundances (see section 5). The only
features observable at low resolution in the mid-IR spectrum
of Mars and Venus are due to CO2. On Mars, only the 15 µm
band is detectable. On Venus, the CO2–CO2 collision-induced
absorption shapes the whole spectrum, which reveals only
atmospheric layers that are above the thick Venusian clouds
(at ⇠1 bar).

Oxygen and ozone are biological signatures that are
detectable on a distant replica of Earth. The presence of these
two compounds at high concentrations in our atmosphere
is the consequence of an extended biomass production by
oxygenic photosynthesis. The detection of these spectral
features on a habitable exoplanet would thus be a significant

indicator of the presence of life (Selsis et al 2002, Segura
et al 2007), especially in combination with a reducing gas like
CH4. Both gases have to be continuously produced in high
quantities to be detectable with low resolution.

3. Across the HZ

Using our planet as a prototype, a first question to address
is the sensitivity of the atmospheric composition and surface
conditions to a change in the solar flux. This question led to
the definition of the HZ, which is the range of orbital distances
within which liquid water can be present at the surface of an
Earth analogue (Hart 1979, Kasting et al 1993). Besides the
interest in determining the boundaries of the HZ, studying
the sensitivity to the stellar flux is also important to investigate
the effects of the lower and higher solar luminosity in the past
and future of our planet, respectively.

A planet found in the HZ is not necessarily habitable.
Many factors may prevent surface habitability: lack of water
or some chemical ingredients required for life to emerge;
a rate of large impacts too high; a gravity too small to
retain a dense atmosphere against gravitational escape (like
on Mars) and to keep an active geology replenishing CO2 in
the atmosphere; the accretion of a massive H2–He envelope
that would prevent water from being liquid by keeping the
surface pressure too high. To avoid the last two scenarios,
we will assume that the mass of our Earth-like prototype is
in the 0.5–8 M� range, although this is a very qualitative
estimate. As a first step, we will also assume that the host
star is a Sun-like star and that the planet has the same gravity
as Earth. All the orbital distances and stellar fluxes in the
following subsections are given relative to the present Sun and
to the present solar flux at Earth’s orbit (S0 = 1360 W m�2),
respectively. We will see how these values have to be scaled
to other stellar luminosities and effective temperatures.

3
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