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Scheinbare Grössen astronomischer Objekte

100 Bogenminuten

Heidelberger Schloss, gesehen aus ca. 865 m Entfernung
vom Philosophenweg (oberes Ende Schlangenweg) aus

Andromedagalaxie

Bilder Wärmestrahlung (Wdh.)

Scheinbare Größen astronomischer Objekte

Heidelberger Schloss, gesehen vom Philosophenweg aus

Andromedagalaxie
K. Birkle, MPIA

100 Bogenminuten

Mond

Orionnebel

Bilder Wärmestrahlung (Wdh.)

Strahlung und ihr Informationsgehalt

NASA, ESA, M. Robberto (STScI/ESA) and
Hubble Space Telescope Orion Treasury Project Team

Was sagt uns Strahlung üer die Quellen, die sie erzeugen?

Drei hauptsächliche Konzepte:

• Wärmestrahlung (Wdh.)

• Synchrotronstrahlung

• Spektrallinien

Allgemeine Eigenschaften: Strahlungstransport (wieviel von einem
dreidimensionalen Objekt sieht man?)
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Mond

Orionnebel

M51

Jupiter

Mars

1 34

https://www.spacetelescope.org/images/heic0601a/
https://www.spacetelescope.org/images/heic0506a/
http://hubblesite.org/image/4012/news_release/2017-15
https://www.spacetelescope.org/images/opo0322a/
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Scheinbare Grössen astronomischer Objekte
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Scheinbare Grössen astronomischer Objekte

Mars

1.5′′ gutes Seeing
Königstuhl

0.66′′ mittleres Seeing
Paranal / ESO

0.1′′ Beugung
Hubble

0.03′′ Beugung
VLT

0.006′′ Beugung
ELT

10 Bogensekunden
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https://www.spacetelescope.org/images/opo0322a/


Winkelgrösse = scheinbare Grösse ändert sich mit Entfernung

2000fache Entfernung200fache Entfernung

Mars

20.000fache Entfernung

0.006′′ Beugung
ELT

α Cen: Abstand > 100.000· größter Abstand Mars-Erde
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https://www.spacetelescope.org/images/opo0322a/


Können wir denn Planetenbahnen direkt beobachten?

Unser Sonnensystem in Entfernung von 6 pc (≈ 20 Lj),
entspricht den nächsten ∼ 100 Exosystemen

1.5′′ gutes Seeing
Königstuhl

0.66′′ mittleres Seeing
Paranal / ESO
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Limitierender Faktor: Hoher Kontrast

Glühwürmchen in Assos (Türkei).
Bild: Nevit Dilmen via Wikimedia
Commons unter Lizenz CC BY-SA 3.0

+

Flutlicht aus einzelnen Lampen im Rosenaustadium in
Augsburg. Bild: Nutzer Monroe (monroe commonswiki) via
Wikimedia Commons unter Lizenz CC BY-SA 3.0

⇒

Abbey Hey F.C. vs F.C. United of Manchester in a Manchester Premier Cup quarter final fixture at The Abbey Stadium
on 16 November 2016. Bild: Nutzer Delusion23 via Wikimedia Commons unter Lizenz CC BY-SA 4.0

Jupiter (Radius, Bahngröße, Helligkeit) bei Alpha Centauri entspricht
Glühwürmchen 10 cm neben Stadionflutlicht aus 4 km Entfernung

Rechnung: https://scilogs.spektrum.de/relativ-einfach/exoplaneten-gluehwuermchen-neben-flutlicht/
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https://commons.wikimedia.org/wiki/File:Firefly_Nevit_02670_cr.jpg?uselang=de
https://commons.wikimedia.org/wiki/File:Firefly_Nevit_02670_cr.jpg?uselang=de
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https://commons.wikimedia.org/wiki/File:Rosenaustadion_Flutlicht_Lampen.JPG
https://creativecommons.org/licenses/by-sa/3.0/legalcode
https://commons.wikimedia.org/wiki/File:Abbey_Hey_F.C._vs_F.C._United_of_Manchester_16_Nov_2016_(1).jpg
https://commons.wikimedia.org/wiki/File:Abbey_Hey_F.C._vs_F.C._United_of_Manchester_16_Nov_2016_(1).jpg
https://creativecommons.org/licenses/by-sa/4.0/legalcode
https://scilogs.spektrum.de/relativ-einfach/exoplaneten-gluehwuermchen-neben-flutlicht/


Direkte Abbildungen: Möglichkeiten

Belikov 2019 et al. für Astro2020 Decadal Survey

Coronographen schirmen
Sternenlicht ab

wenn Kontrast gut genug:
Vollständigkeit!

vom Boden: adaptive Optik

bessere Stabilität:
Weltraumteleskope
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https://ui.adsabs.harvard.edu/abs/2019BAAS...51c.517B/abstract


Direkte Abbildungen von Exoplaneten

Bild Formalhaut b: NASA, ESA and P. Kalas (UC Berkeley und SETI Institute)

Bislang vor allem Exoplaneten in
großem Abstand von ihren Sternen

erstes Beispiel: Formalhaut b (in
Trümmerscheibe)

wiederholte Beobachtungen
⇒ Bewegungen

. . . in diesem Falle:
ungebunden, Trümmerwolke?
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https://www.nasa.gov/mission_pages/hubble/science/rogue-fomalhaut.html


Direkte Abbildungen von Exoplaneten

Film: Jason Wang (Caltech)/Christian Marois (NRC Herzberg)

HR 8799b, c, d, e

130 Lichtjahre Entfernung

wiederholte Aufnahmen mit
Keck-Teleskopen

Film hier: interpoliert

Stern durch Koronograf abgedeckt

Insgesamt aber nur 213 von 5225
Exoplaneten abgebildet
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https://jasonwang.space/orbits.html


Indirekte Nachweismethoden

Transitmethode (3652)

Radialgeschwindigkeitsmethode (1017)

Mikro-Gravitationslinseneffekt (225)

Transit-Zeitvariationen (49)

astrometrische Methode (17)
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Spektren: Licht in Bestandteile zerlegen

Eigenes Bild

Gitter erzeugen Spektrum, hier: CD als Reflexionsgitter (Musik und andere Daten sind als
Punktmuster gespeichert)
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Was ist Licht?

Teilcheneigenschaft: Lichtenergie kommt am Detektor in Form von Paketen an, genannt
Lichtquanten oder Photonen

Detektor

N

λ ∼ 1/E

Jedes Photon hat eine eindeutige Energie, die einer Farbe (=Wellenlänge) entspricht.
Wellenlänge ∼ 1/Energie.

Spektrum: Dokumentiere, wieviele Photonen mit welcher Energie
in einem gegebenen Messzeitraum ankommen.
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Spektren und Bilder überlagern sich

Eigenes Bild

Bild + Spektrum durch Gitter: Information geht verloren / wird vermischt
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Spektren und Bilder überlagern sich

Eigenes Bild

Vorgeschalteter Spalt: Überlagerung weitgehend ausgeschaltet
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Spektren: Vom Bild zum Diagramm

Sonnenspektrum. Daten nach Reiners et al. 2016
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http://dx.doi.org/10.1051/0004-6361/201527530


Einfaches Beispiel: Doppelsternsystem

Interaktive, browserbasierte App von Thomas Müller (HdA) auf https://astro-apps.org/BinaryStarSystem/index.html
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https://astro-apps.org/BinaryStarSystem/index.html


Sternbewegung verrät Anwesenheit von Planet

Via Dopplereffekt: Nachweis Radialanteil der Bewegung,

vS ≈ 100 m/s
(
MP

MJ

)
·
(
10 Tage

P

)1/3

·
(
MS

M�

)−2/3

≈ 10 cm/s
(
MP

M⊕

)
·
(
1 Jahr

P

)1/3

·
(
MS

M�

)−2/3
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Radialgeschwindigkeit: nur MP sin ι nachweisbar

Interaktive, browserbasierte App von Thomas Müller (HdA) auf https://astro-apps.org/RadialVelocityMethod/index.html
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https://astro-apps.org/RadialVelocityMethod/index.html


Radialgeschwindigkeitsmethode: Daten

MPIA_JB-2016-K2-de_V15.indd   55 14.Nov..2017   17:01

Anglada-Escudé et al. 2016

Proxima Centauri b
mit Periode von 11.2 Tagen,
erstmals nachgewiesen 2016, M < 3M�
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http://adsabs.harvard.edu/abs/2016Natur.536..437A


Transitmethode

Interaktive, browserbasierte App von Thomas Müller (HdA) auf https://astro-apps.org/TransitMethod/index.html
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https://astro-apps.org/TransitMethod/index.html


Transitmethode

Genaue Photometrie Voraussetzung
(Helligkeitsmessung)

Boom durch Kepler (2009–2018), TESS (2018–)

Nur bei geeigneter Geometrie
(Blick fast von der Seite!)

Aufschluss über
relative Größe Stern und Planet, RP/R∗
aus Transitdauer: aP/R∗
mit R∗ aus Spektrum/Sternmodellen: RP , aP

Zeitliche Abweichungen können auf weitere
Planeten hindeuten (Transit Timing Variations)

Möglichkeit von Transitspektroskopie!
Details siehe Handout im Moodle
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Transit: 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/


Transit ermöglicht 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
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http://adsabs.harvard.edu/abs/2008PhST..130a4032S


Mikrogravitationslinseneffekt: Stern mit Planet

Shanen Cross, https://microlensing-source.org/interactive/85/

Lichtablenkung nach Einstein kann temporäre Aufhellung bewirken,
Effekt größer als Summe der Teileffekte (Mao, Paczynski 1991)

Stand 10/2022 (via exoplanet.eu): 225 Planeten in 202 Systemen so nachgewiesen

Vorteil: Keine (starken) Auswahleffekte nach Sterntyp, -abstand, Planetenmasse, Umlaufzeit —
erlaubt statistische Schätzungen: 2 Exoplaneten pro Hauptreihenstern (Cassan et al. 2012)
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https://microlensing-source.org/interactive/85/
https://ui.adsabs.harvard.edu/abs/1991ApJ...374L..37M/abstract
http://exoplanet.eu
https://ui.adsabs.harvard.edu/abs/2012Natur.481..167C/abstract


Astrometrie (bislang sehr selten)
A&A 556, A133 (2013)

Table 4. Physical and orbital parameters of the DE0823�49 system.

2MASS entry J08230313–4912012
mI (primary) (mag) 17.1
�↵?0 (mas) –137.65+0.20

�0.18

��0 (mas) –30.72+0.45
�0.41

$ (mas) 48.09 ± 0.18
µ↵? (mas yr�1) –154.30 ± 0.12
µ� (mas yr�1) 7.46 ± 0.09
e · · · 0.345+0.068

�0.064

! (deg) 36.3+7.2
�8.4

P (day) 246.36+1.38
�1.35

�0 (deg) 201.0+2.5
�2.6

⌦ (deg) –15.6+2.3
�2.2

i (deg) 56.6+1.9
�2.1

a1 (barycentre) (mas) 4.61+0.15
�0.13

M3
2/(M1 + M2)2 (MJ) 2.02+0.18

�0.15

⇢ (mas) +20.5+2.0
�1.9

d (mas) –24.5+1.7
�1.7

s↵,s� (mas) 0.16 ± 0.07/0.12 ± 0.05
Reference date (MJD) 55 821.933543

Derived and additional parameters

�$ (mas) +0.062 ± 0.038
$abs (mas) 48.16+0.18

�0.19

Distance (pc) 20.77 ± 0.08

Age (Gyr) 1 0.6–3
M1 (MJ) 78.4 ± 7.8 70.2–82.8
M2 (MJ) 28.5 ± 1.9 26.7–29.4
q = M2/M1 · · · 0.364+0.020

�0.017 0.355–0.380
ā (relative orbit) (AU) 0.36 ± 0.01 0.348–0.365

Number of epochs/frames 14/281
�O�C (RA/Dec) (mas) 1.05/0.82
�O�C,Epoch (mas) 0.330
�O�C,Epoch (RA) (mas) 0.410
�O�C,Epoch (Dec) (mas) 0.221

Notes. Parameter values correspond to the median of the marginal pa-
rameter distributions and uncertainties represent 1� ranges. The proper
motions are not absolute and were measured relative to the local refer-
ence frame. The modified Julian date (MJD) equals barycentric Julian
date – 2 400 000.5. The semimajor axis of the relative orbit ā is given
in AU. The inclination is with respect to the plane of the sky. There is
an ambiguity of 180� in inclination and longitude of ascending node
that is inherent to astrometric orbits but does not influence the system’s
properties. Parameters that depend on the age of the system are given
with formal uncertainties for an age of 1 Gyr and with value ranges for
ages of 0.6–3 Gyr.

dashed lines in Fig. B.1b were considered, and we obtained a
parallax correction of �$ = +0.062 ± 0.038 mas (s.e.m. using
283 stars) to be added to the relative parallax of DE0823�49.
Its value is low and comparable to its uncertainty, which is
expected because the reference stars are faint (17th–22nd mag
in I-band) and therefore located at large distances. The correc-
tion corresponds to an average distance of the reference stars
of ⇠16 kpc, which is compatible with the extent of the Galaxy.
(DE0823�49 is located towards the Vela constellation.) We have

Fig. 3. Astrometric motion of DE0823�49 and its barycentric orbit.
Panel a) shows proper and parallactic motion relative to the field of ref-
erence stars. The astrometric observations and the model are shown as
black circles and grey curve, respectively. The black arrow indicates the
direction and amplitude of the proper motion over one year. Panel b) is
a close-up of the barycentric orbit caused by the gravitational pull of the
orbiting brown dwarf. Observations with s.e.m. error bars and the best-
fit model are shown as black circles and grey curve, respectively. The
barycentre and periastron position are marked with a cross and an open
square, respectively, and the dotted line represents the line of nodes.

tested the Galactic model method with a brighter target of our
astrometric survey, for which 21 reference stars could be used
to apply the photometric distance method. The results of both
methods agreed, thus validating our approach.

3.5. Primary mass estimation

We cannot measure the mass of DE0823�49 directly so
have to rely on an indirect estimate obtained from spectro-
photometric measurements, the absolute parallax, and an age
estimate in combination with evolutionary models of substel-
lar and stellar objects. We compared the optical spectrum
of DE0823�49 (Phan-Bao et al. 2008) to spectral standards
from Martín et al. (1999b) and found that the gravity-sensitive
Na I equivalent width of 3.4 ± 0.5 Å and the TiO band around
8400 Å indicate that the object is intermediate between the “old”
L1 spectral standard DENIS-P J1441-0945 and the “young” L1
standard G 196-3 B (Fig. C.1, see also Fig. 3 of Martín et al.
2010). DE0823�49 shows a hint of Li absorption but the low
signal-to-noise prevents us from claiming a detection on the ba-
sis of this spectrum alone. We therefore adopted an age range
of 0.6–3 billion years (Gyr) for DE0823�49. The tangential ve-
locity of 15 km s�1 for DE0823�49 is comparable to the values
of M7-L2 dwarfs in the field (Schmidt et al. 2007), having an es-
timated age range of 2–4 Gyr. DE0823�49 is a photometrically
calm object with no noticeable activity. We monitored its bright-
ness relative to field stars over the observation timespan and
found that photometric fluctuations do not exceed the typical
measurement uncertainty of ±0.004 mag.

A133, page 4 of 10

Sahlmann et al. 2013

Sternverschiebungen am Himmel durch
“Zerren” eines oder mehrerer Planeten

hier leuchtschwacher Zwergstern
DENIS-P J082303.1-491201
78 MJ , Begleiter 29 MJ (Brauner Zwerg)

Sollte sich durch Gaia DR4 ändern
(nicht vor Ende 2025)
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http://adsabs.harvard.edu/abs/2013A&A...556A.133S


Was haben wir davon?

jeweils nur Einzeldaten: P, aP , RP , MP sin ι

Transit und Radialgschwindigkeit zusammen: mittlere Dichte!

Mittlerweile große Stichprobe: 5225 Planeten in 3854 Systemen

(aber Vorsicht: Bias durch Methoden!)

Statistik möglich!
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Entdeckungsstatistik

NASA Exoplanet Archive
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https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/


Statistik mit Bias

NASA Exoplanet Archive
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https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/


Statistik mit Bias

NASA Exoplanet Archive
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https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/


Statistik mit korrigiertem Bias: Supererden und Mini-Neptune

Fulton et al. 2017

31 34

https://ui.adsabs.harvard.edu/abs/2017AJ....154..109F/abstract/


Massen, Radien, Dichten

NASA Exoplanet Archive
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https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/


Ziel: Statistik der verschiedenen Arten von Planeten

Zeng et al. 2019
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https://ui.adsabs.harvard.edu/abs/2019PNAS..116.9723Z/abstract


Logische Fortsetzung: Wie entstehen denn nun eigentlich Planeten?

34 / 34
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