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Cosmical Evolution





There are un-countable Suns in the Universe...

 ...and un-countable Planets in orbit 
around them.

There are living beings on 
those Worlds.

Giordano Bruno (1548-1600): Del Infinito, el universo y el mundo 

1584



Michel Mayor und Didier Queloz (1995, Nature 378, p.355): “A Jupiter-mass companion to a solar-type star”

1995





 
  





Most Earth-like 
Planets



..And what type of 
Life do we expect?
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Russell, Dale and Séguin, Ron. 1982. Reconstruction of the small 
Cretaceous theropod Stenonychosaurus inequalis and a hypothetical 
dinosauroid. Syllogeus 37:1-43
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Rewind the tape of Life



Convergnt Evolution
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Figure 2
Evolution of life and photosynthesis in geological context, highlighting the emergence of groups of
photosynthetic organisms. Minimum and maximum estimates for oxygen concentration are indicated by
dark blue and light blue areas, respectively. Oxygen concentration data from Reference 80; banded iron
formations data from Reference 87.

Fossil Record
The mineralized imprints of organisms provide
another measure for the occurrence of life.
The fossil record covers the diversification
of vascular plants (418–407 Mya) (58) and
the earlier eukaryotic land colonizers that
left characteristic spores (!470 Mya) (62).
Fossils of photosynthetic eukaryotes occur at
1.2 Gya (27). The fossil record of cyanobac-
teria, however, has recently been a major
source of controversy. Fossils occurring in
rocks from 3.5 Gya have been grouped into
clades, some of which are thought to resemble
modern cyanobacterial forms (161). However,
recent doubts have been voiced concerning
the undisturbed geology of the location (20),
the suitability of environmental conditions for
bacterial life, and the fossils themselves (143).
Although the existence of layered microbial
associations as early as 3.50 Gya has been
reported (reviewed in Reference 162), uncer-
tainties about the biotic origin of some of the
earliest fossils have arisen (67, 162). Recently,
layered structures that carry organic globule
structures similar to modern stromatolites dat-
ing back to 2.72 Gya have been described (101).

Chemical Indicators
A number of different organic molecules de-
rived from distinctive cellular components have
been used as biomarkers for specific organism
groups. Oxygen-producing photosynthesis
enabled the synthesis of biological molecules
whose biogenesis is oxygen-dependent.
Methyl-substituted hopanoids (168) were
thought to provide a first biological marker for
an emerging oxygen-dependent biosynthetic
pathway 2.7 Gya. However, these molecules
have also been recently identified in anaerobic
purple bacteria (146, 177), thereby removing
them as a reliable biomarker for oxygenic
photosynthesis. Molecules thought to indi-
cate the presence of green sulfur bacteria
(chlorobactene and isorenieratene) and of pur-
ple bacteria (okenone) (22) have been reported
to have existed as far back as 1.64 Gya.

Genetic Evidence
The presence of oxygen triggered a revolution
in cellular metabolism (21, 152). The recent
finding that oxygen can be generated from ni-
tric oxide (45) indicates that oxygen-dependent
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Emergence of 
Photosynthesis:

Rapid and Profound...

Hohmann-Marriott, M. F. & Blankenship, R. E. Evolution of Photosynthesis. Annu. Rev. Plant Biol. 62, 515–548 (2011).



Extremophiles
An extremophile (from Latin extremus meaning "extreme" and 
Greek philiā (φιλία) meaning "love") is an organism that thrives 
in and may even require physically or geochemically extreme 
conditions that are detrimental to the majority of life on Earth. 
(wikipedia)
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Atacama Desert as a 
template for Mars

Chroococidiopsis (endolithic 
cyanobacteria) within Halites

Azua et al.
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The pale, blue dot.

Carl Sagan (1994): “Pale  Blue Dot”
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Some requirements 
for Life (as we know it)

Solvent
(Water)

Source of Energy
(Sun)

Protection shield
(Atmosphere)

Organic chemistry
(CHON-PS)



Biosignatures in the 
Atmosphere

Earth’s Spectrum 

Turnbull et al. 2007 

Pearl and Christensen 1997 

Lecture #3 Wed. June 23 



Polarimertic Signatures

3-band image polarization

Rayleigh scattering dominated



Polarimertic Signatures

cloudbow

rainbow

Bailey, J. Rainbows, Polarization, and the Search for Habitable Planets. Astrobiology 7, 320–332 (2007).

occurring at the minimum scattering angle, and
this occurs at:

x0 ! !"((4 " n2)/3) (2)

For water, the resulting scattering angle is about
139° (for blue light), which gives a rainbow with
a semivertex angle of 41° about the anti-solar
point. Light that internally reflects twice inside a
droplet gives a secondary rainbow at a scattering
angle of about 128°. The region between the pri-
mary and secondary rainbows is dark (Alexan-
der’s dark band), but some light is scattered into
angles inside the primary rainbow and outside
the secondary rainbow.

Figure 1 shows the variation of primary rain-
bow scattering angle with refractive index de-
rived from Eqs. 1 and 2. This variation of scat-
tering angle with refractive index gives rise to the
familiar colors of the rainbow since the refractive
index of water varies from about 1.344 at 400 nm
to 1.329 at 800 nm, which gives a range of scat-
tering angles from 139.5° to 137.4°. It also means
that different scattering liquids will give rise to
different rainbow angles. Liquid droplet clouds,
and probably rain, are known to occur in the at-
mospheres of Venus and Titan as well as Earth.

On Venus, the liquid is sulfuric acid (about 75%
H2SO4 to 25% H2O) with a refractive index of 1.44
(Hansen and Hovenier, 1974), whereas on Titan,
it is liquid methane at a temperature of #100K,
which has a refractive index of 1.29 (Badoz et al.,
1992).

The light of the rainbow is highly polarized in
a direction perpendicular to the scattering plane.
This arises because the angle of incidence within
the drop is close to the Brewster angle, at which
light with parallel polarization is fully transmit-
ted, but light with perpendicular polarization is
partially reflected. For water, the primary rain-
bow has a polarization of about 96% and the sec-
ondary rainbow about 90% for large droplets
(Adam, 2002).

Rainbows in Lorenz-Mie theory

The familiar brightly colored rainbows arise
from water droplets with a size of 1 mm or larger.
However, the rainbow scattering phenomenon
persists for much smaller droplets. As the drop-
lets become smaller, diffraction effects broaden
the scattering peak (as a function of scattering an-
gle), and this means that rainbows from small
droplets (fogbows or cloudbows) no longer show
distinct colors. Nevertheless, there is still a strong,
highly polarized scattering peak at the primary
rainbow angle. It is the ability to observe rainbow
scattering from cloud droplets that makes rain-
bow scattering a feasible technique for studying
extrasolar planets.

The rainbow scattering from small particles can
be best studied using Lorenz-Mie scattering the-
ory. To investigate the rainbow properties, I have
carried out a series of calculations of the normal-
ized scattering matrix Fij (Mishchenko et al., 2002,
Eq. 4.51) for a size distribution of spherical
droplets. The calculations used the code of
Mishchenko et al. (2002, section 5.10). The size dis-
tribution of spherical droplets is specified using
the power-law distribution of Hansen and Travis
(1974):

n(r) ! $constant # r"3, r1 $ r $ r2,
0, otherwise (3)

As described by Mishchenko et al. (1997), the val-
ues of r1 and r2 can be expressed in terms of the
cross-section-area weighted effective radius reff
and effective variance !eff.

The components of the normalized scattering
matrix describe the intensity and polarization of

BAILEY322

FIG. 1. Primary rainbow scattering angle as a function
of refractive index, as determined by the ray optics ap-
proximation. The rainbow angles are indicated (at a
wavelength of 400 nm) for three substances known to
form liquid droplet clouds in the solar system: liquid
methane (Titan), water (Earth), and sulfuric acid (Venus).

Venus

Earth

Titan

Bréon, F. M. & Goloub, P. Cloud droplet effective radius from spaceborne polarization measurements. Geophysical research letters 25, 1879–1882 (1998).



Polarimertic Signatures

McCullough, P. R. Models of Polarized Light from Oceans and Atmospheres of Earth-like Extrasolar Planets. arXiv astro-ph, (2006).

Williams, D. M. & Gaidos, E. Detecting the glint of starlight on the oceans of distant planets. Icarus 195, 927–937 (2008).

– 27 –

Fig. 12.— Polarization fractions. Planets of various surfaces are simulated with an Earth-
like atmosphere that is entirely clear (upper curves) or has clouds with Earth-like covering

fraction and reflectance (lower curves). From left to right and top to bottom, surfaces are
ocean, land, desert, snow, an ocean with only its specular reflection, and an ocean with the

specular-reflection component eliminated. Filled circles are data scaled from observations of
Earthshine (Dollfus 1957).
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Stam, D. M. Spectropolarimetric signatures of Earth-like extrasolar planets. A&A 482, 989–1007 (2008)
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Fig. 3. The flux F (left) and the degree of
linear polarization Ps (right) of starlight re-
flected by model planets with clear atmo-
spheres and isotropically reflecting, com-
pletely depolarizing surfaces as functions
of the wavelength, for various values of
the (wavelength independent) surface albedo:
0.0, 0.1, 0.2, 0.4, 0.8, and 1.0. The planetary
phase angle ! is 90!.

(quadrature) is relatively high (provided there is an observable
exoplanet).

Each curve in Fig. 3 can be thought of as consisting of a
continuum with superimposed high-spectral resolution features.
The continua of the flux and polarization curves are determined
by the scattering of light by gaseous molecules in the atmosphere
and by the surface albedo. The high-spectral resolution features
are due to the absorption of light by the gases O3, O2, and H2O
(see below). Note that the strength and shape of the absorption
bands depend on the spectral resolution (0.001 µm) of the nu-
merical calculations.

In the total flux curves (Fig. 3a), the contribution of light
scattered by atmospheric molecules is greatest around 0.34 µm:
at shorter wavelengths, light is absorbed by O3 in the so-called
Huggins absorption band, and at longer wavelengths, the amount
of starlight that is scattered by the atmospheric molecules de-
creases, simply because the atmospheric molecular scattering
optical thickness decreases with wavelength, as bm

sca is roughly
proportional to ""4 (see e.g. Stam et al. 2000a). For the planet
with the black surface (As = 0.0), where the only light that is
reflected by the planet comes from scattering by atmospheric
molecules, the flux of reflected starlight decreases towards zero
with increasing wavelength. For the planets with reflecting sur-
faces, the contribution of light that is reflected by the surface
to the total reflected flux increases with increasing wavelength.
Because the surface albedos are wavelength-independent, the
continua of the reflected fluxes become independent of wave-
length, too, at the longest wavelengths. This is not obvious from
Fig. 3a, because of the high-spectral resolution features.

The high-spectral resolution features in the flux curves of
Fig. 3 are all caused by gaseous absorption bands. As men-
tioned above, light is absorbed by O3 at the shortest wavelengths.
The so-called Chappuis absorption band of O3 gives a shallow
depression in the flux curves, which is visible between about
0.5 µm and 0.7 µm, in particular in the curves pertaining to
a high surface albedo. The flux curves contain four absorption
bands of O2, i.e. the #-band around 0.63 µm, the B-band around
0.69 µm, the conspicuous A-band around 0.76 µm, and a weak
band around 0.86 µm. These absorption bands, except for the
A-band, are di!cult to identify from Fig. 3a, because they are
located either next to or within one of the many absorption bands
of H2O (which are all the bands not mentioned previously).

The polarization curves (Fig. 3b) are, like the flux curves,
shaped by light scattering and absorption by atmospheric
molecules, and by the surface reflection. The contribution of
the scattering by atmospheric molecules is most obvious for
the planet with the black surface (As = 0.0), where there is no
contribution of the surface to the reflected light. For this model
planet and phase angle, Ps has a local minimum around 0.32 µm.
At shorter wavelengths, Ps is relatively high because there the

absorption of light in the Huggins band of O3 decreases the
amount of multiple scattered light, which usually has a lower
degree of polarization than the singly-scattered light. In gen-
eral, with increasing atmospheric absorption optical thickness,
Ps will tend towards the degree of polarization of light singly-
scattered by the atmospheric constituents (for these model plan-
ets: only gaseous molecules), which depends strongly on the
single-scattering angle " and thus on the planetary phase an-
gle !. From Fig. 1b, it can be seen that at a scattering angle of
90!, Ps of light singly-scattered by gaseous molecules is about
0.95. This explains the high values of Ps at the shortest wave-
lengths in Fig. 3b. With increasing wavelength, the amount of
multiple-scattered light decreases, simply because of the de-
crease in the atmospheric molecular scattering optical thickness.
Consequently, Ps of the planet with the black surface increases
with wavelength, to approach its single-scattering value at the
smallest scattering optical thicknesses.

With a reflecting surface below the atmosphere, Ps also tends
to its single-scattering value at the shortest wavelengths, be-
cause with increasing atmospheric absorption optical thickness,
the contribution of photons that have been reflected by the de-
polarizing surface to the total number of reflected photons de-
creases (both because with absorption in the atmosphere, less
photons reach the surface and less photons that have been re-
flected by the surface reach the top of the atmosphere; see e.g.
Stam et al. 1999). In case the planetary surface is reflecting, Ps
of the planet will start to decrease with wavelength, as soon as
the contribution of photons that have been reflected by the de-
polarizing surface to the total number of reflected photons be-
comes significant. As can been seen in Fig. 3b, the wavelength
at which the decrease in Ps starts depends on the surface albedo:
the higher the albedo, the shorter this wavelength. It is also ob-
vious that with increasing wavelength, the sensitivity of Ps to As
decreases. This sensitivity clearly depends on the atmospheric
molecular scattering optical thickness.

Like with the flux curves, the high-spectral resolution fea-
tures in the polarization curves of Fig. 3b all come from gaseous
absorption. The explanation for the increased degree of polar-
ization inside the O2 and H2O absorption bands is the same as
given above for the Huggins absorption band of O3: with in-
creasing atmospheric absorption optical thickness, the contribu-
tion of multiple scattered light to the reflected light decreases,
hence Ps increases towards the degree of polarization of light
singly scattered by the atmospheric constituents, i.e. gaseous
molecules. In case atmospheres contain aerosol and/or cloud par-
ticles, Ps both inside and outside the absorption bands will de-
pend on the single-scattering properties of those aerosol and/or
cloud particles, too; see Stam et al. (1999) for a detailed descrip-
tion of Ps across gaseous absorption lines. Stam et al. (2004) and
Stam (2003) show calculated polarization spectra of Jupiter-like

D. M. Stam: Spectropolarimetry of Earth-like exoplanets 999

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength (in µm)

0.00

0.05

0.10

0.15

0.20

0.25

Fl
ux

  F

1.0

0.0

cloudy

clear

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength (in µm)

0.0

0.2

0.4

0.6

0.8

1.0

D
eg

re
e 

of
 p

ol
ar

iz
at

io
n 

P
s 0.0

1.0

clear

cloudy

Fig. 7. The wavelength dependent F (left)
and Ps (right) of starlight that is reflected by
clear and cloudy horizontally homogeneous
model planets with surfaces covered by de-
ciduous forest (thin solid lines) and a specu-
lar reflecting ocean (thin dashed lines). Note
that the lines pertaining to Ps of the cloudy
atmospheres are virtually indistinguishable
from each other. For comparison, we have
also included the spectra of the clear model
planets with surface albedos equal to 0.0 and
1.0 (thick solid lines), shown before in Fig. 3.
The planetary phase angle is 90!.

be observed on the moon’s nightside. Interestingly, the reflection
by chlorophyll leaves a much stronger signature in Ps than in F,
because in this wavelength region Ps appears to be very sensitive
to small changes in As, as can also be seen in Fig. 3b.

Adding a cloud layer to the atmosphere of a planet covered
with either vegetation or ocean increases F across the whole
wavelength interval (see Fig. 7a). A discussion of the e!ects
of di!erent types of clouds on flux spectra of light reflected
by exoplanets is given by Tinetti et al. (2006b,a). Our simu-
lations show that, although the cloud layers of the two cloudy
planets have a large optical thickness (i.e. 10 at ! = 0.55 µm,
as described in Sect. 3.1), both cloudy planets in Fig. 7a are
darker than the white planet with the clear atmosphere (the flux
of which is also plotted in Fig. 7a). The cloud particles them-
selves are only slightly absorbant (see Sect. 3.1). Apparently, on
the cloudy planets, a significant amount of incoming starlight
is di!usely transmitted through the cloud layer (through multi-
ple scattering of light) and then absorbed by the planetary sur-
face. Thus, even with an optically thick cloud, the albedo of the
planetary surface still influences the light that is reflected by the
planets, and approximating clouds by isotropically or anisotrop-
ically reflecting surfaces, without regard for what is underneath,
as is sometimes done (see e.g. Montañés-Rodríguez et al. 2006;
Woolf et al. 2002) is not appropriate. Assuming a dark surface
beneath scattering clouds with non-negligible optical thickness
(Tinetti et al. 2006b,a) will lead to planets that are too dark.
The influence of the surface albedo is particularly clear for the
cloudy planet that is covered with vegetation, because longwards
of 0.7 µm, the continuum flux of this planet still shows the veg-
etation’s red edge. The visibility of the red edge through opti-
cally thick clouds strengthens the detectability of surface biosig-
natures in the visible wavelength range, as discussed by Tinetti
et al. (2006b), whose numerical simulations show that, averaged
over the daily time scale, Earth’s land vegetation would be vis-
ible in disk-averaged spectra, even with cloud cover and even
without accounting for the red edge below the optically thick
clouds. Note that the vegetation’s albedo signature due to chlo-
rofyll, around 0.54 µm, also shows up in Fig. 7a, but is hardly
distinguishable.

The degree of polarization Ps of the cloudy planets is low
compared to that of planets with clear atmospheres, except at
short wavelengths. The reasons for the low degree of polariza-
tion of the cloudy planets are (1) the cloud particles strongly
increase the amount of multiple scattering of light within the at-
mosphere, which decreases the degree of polarization, (2) the de-
gree of polarization of light that is singly-scattered by the cloud
particles is generally lower than that of light singly-scattered by
gaseous molecules, especially at single-scattering angles around
90! (see Fig. 1b), and (3) the direction of polarization of light
singly-scattered by the cloud particles is opposite to that of light

singly-scattered by gaseous molecules (see Fig. 1b). Thanks to
the last fact, the continuum Ps of the cloudy planets is neg-
ative (i.e. the direction of polarization is perpendicular to the
terminator) at the longest wavelengths (about –0.03 or 3% for
! > 0.73 µm in Fig. 7b). At these wavelengths, the atmospheric
molecular-scattering optical thickness is negligible compared to
the optical thickness of the cloud layer, and therefore almost all
of the reflected light has been scattered by cloud particles.

Unlike in the flux spectra, the albedo of the surface be-
low a cloudy atmosphere leaves almost no trace in Ps of
the reflected light. In particular, at 1.0 µm, Ps of the cloudy,
vegetation-covered planet is -0.030 (–3.0%), while Ps of the
cloudy, ocean-covered planet is –0.026 (–2.6%) (Fig. 7b). The
reason for the insensitivity of Ps of these two cloudy planets to
the surface albedo is that the light reflected by the surfaces in
our models mainly adds unpolarized light to the atmosphere, in
a wavelength region where Ps is already very low because of the
clouds.

The cloud layer has interesting e!ects on the strengths of the
absorption bands of O2 and H2O both in F and in Ps. Because
the cloud particles scatter light very e"ciently, their presence
strongly influences the average pathlength of a photon within
the planetary atmosphere. At wavelengths where light is ab-
sorbed by atmospheric gases, clouds thus strongly change the
fraction of light that is absorbed, and with that the strength
of the absorption band. These are well-known e!ects in Earth
remote-sensing; in particular, the O2 A-band is used to derive
e.g. cloud-top altitudes and/or cloud coverage within a ground
pixel (see e.g. Kuze & Chance 1994; Fischer & Grassl 1991;
Fischer et al. 1991; Saiedy et al. 1967; Stam et al. 2000b), be-
cause oxygen is well-mixed within the Earth’s atmosphere. In
general, clouds will decrease the relative depth (i.e. with re-
spect to the continuum) of absorption bands in reflected flux
spectra (see Fig. 7a), because they shield the absorbing gases
that are below them. However, because of the multiple scat-
tering within the clouds, the absorption bands will be deeper
than expected when using a reflecting surface to mimic the
clouds. For example, the discrepancy between absorption band
depths in Earth-shine flux observations and model simulations
as shown by Montañés-Rodríguez et al. (2006), with the obser-
vation yielding e.g. a deeper O2-A band than the model can fit,
can be due to neglecting (multiple) scattering within the clouds,
as Montañés-Rodríguez et al. (2006) themselves also point out.

Another source for di!erences between absorption band
depths in observed and modelled flux spectra could be that, when
modeling albedo and/or flux spectra, the state of polarization of
the light is usually neglected. Stam & Hovenier (2005) show for
Jupiter-like extrasolar planets that neglecting polarization can
lead to errors of up to 10% in calculated geometric albedos and
that in particular the depths of absorption bands are a!ected,

ocean

forest

Polarimertic Signatures

Rayleigh
phase angle 

ocean
clouds

“vegetation”

VRT calc. include

do NOT include
inhomogenities
realistic clouds
aerosols/haze
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The Earth In Time
One Month On the Moon
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http://www.eso.org/public/news/eso1210/ Sterzik, M. F., Bagnulo, S. & Pallé, E. Biosignatures as revealed by spectropolarimetry of Earthshine. Nature 483, 64–66 (2012).

From Earth...
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...Observe Earth



Observing Date 25-Apr-2011:UT09 10-Jun-2011:UT01

View of Earth as 
seen from the 
Moon

12

Sun-Earth-Moon 
phase

87 deg 102 deg

ocean fraction in 
Earthshine

18% 46%

vegetation fraction in 
Earthshine

7% 3%

tundra, shrub, ice and 
desert fraction in 
Earthshine

3% 1%

total cloud fraction in 
Earthshine

72% 50%

cloud fraction  > 6 42% 27%
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we are getting close...



• many other Suns

• many other Planets

• other Planets like Earth 

• evolution towards similar “solutions” (if conditions are similar) 

• e.t. life may be long-lasting and introduce signatures in the 
atmosphere far from chem. equilibrium

• one of the most pertinent goals of modern astronomy ...

Giordano was right
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FORS

POLDER, 2005
Dollfuss, 1954

Stam, 2008 
“best fit” between 420nm ... 530nm

model satellite

Clear 56% 28% / 58%(𝝉<6)

Clouded 44% 72% / 42%(𝝉>6)
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12 % vegetation DOES fit !



Search for 
Biosignatures

Sub-surface Ice on Mars

Ice on the surface of Europa
Methanol/Ethanol on Io


