Habitable zones and the number of Gaia’s sisters

We present a general modelling scheme for assessing the suitabil-
ity for life on any Earth-like extrasolar planet by calculating the hab-
itable zone (HZ) in main-sequence-star planetary systems. Our
approach is based on an integrated Earth system analysis that
relates the boundaries of the HZ to the limits of C4-photosynthesis
processes. Within this model, the evolution of the HZ for any main-
sequence-star planetary system can be calculated straightfor-

Integrated systems approach for an
extrasolar Earth-like planet
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Fig. 1: Integrated system box model. The
arrows indicate the different forcings and feedback
mechanisms (Franck et al., 2001).
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Fig. 2 Hertzsprung-Russell diagram for cen-
tral starsin the mass range between 0.8 and 2.5 Mg
Only the main sequence evolution is considered.
Successive dots on the mass-specific branches are
separated in time by 1 Gyr (Franck et al., 2000).

Abstract

wardly, and a convenient filter can be constructed that picks the
candidates for photosynthesis-based life from all the extrasolar
planets discovered by novel observational methods. These results
can be used to determine the average number of planets per plan-
etary system that are within the HZ. With the help of a segment of
the Drake equation, the number of “Gaias” (i.e., extrasolar terres-
trial planets with a globally acting biosphere) can be estimated. Our

calculation gives about two million Gaias in the Milky Way.

Resultsfor theHZ
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Fig. 3: Graphs of the width and position of the
HZ derived from the geodynamic model for three dif-
ferent stellar masses M (0.8, 1.0, 1.2 My). ty is the
maximum life span of the biosphere limited by geody-
namic effects. Ty indicates the hydrogen burning
time on the main-sequence limiting the lifespan of
more massive starts (Franck et al. 2001).

General results
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Fig. 4: Shape of the GDM HZ (green shading) in
the mass-time plane for an Earth-like planet at dis-
tance R = 2 AU from the central star. The potential
overall domain for accommodating the HZ for planets
at some arbitrary distance is limited by a number of
factorsthat areindependent of R: (I) minimum time for
biosphere development, (I1) central star life time on
the main sequence, (I11) geodynamics of the Earth-like
planet, and (1V) tidal locking of the planet (nontrivial
sub-domain excluded). The excluded realms are
marked by grey shading in the case of the first three
factors and by grey hatching for the tidal-locking
effect. The horizontal red line represents the hypotheti-
cal MACHO-98-BLG-35 planet, which is assumed to
orbit a 0.3 Mg star (Franck et al. 2000).
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Drake estimation

The Drake equation was first presented by Drake in
1961 to estimate the number of technological civilisa-
tions that might exists among the stars. From our
view of Earth system analysis we will focus on an
estimation for the contemporary sisters of Gaia in the
Milky Way on the base of a subset of the Drake
equation. These are habitable planets with a bio-
sphere interacting with its environment on a global
scale. denoted by Nggja:

Ngaia = Nuw e Cheyz 1, 1

where Ny, denotes the number of stars in the Milky
Way. We use the value Ny, = 4-10*. The fraction of
stars with planets is fp. According to Marcy et al.
(2000) we use fp = 0.05. The average number of
planets per planetary system which are suitable for
the development of life is ngyz This number can be
calculated directly from our results about the HZ
(Franck et al., 2001). We find ngcyz = 0.012 which
means that only about 1% of all the extrasolar plan-
ets are habitable.
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Fig. 5: The width of the HZ, AR, given by the geo-
dynamic approach. AR is measured in astronomical
units (AU).

The fraction of habitable planets where life emerges
and a full biosphere develops (f}) is a topic of contro-
versial discussion. We use f, = 102 as a guesswork
and as a conservative approximation in comparison
to the predominant optimistic view. With the help of
the numbers given above we arrive at

Neaia = 2.4 [110°, 2)

which is indeed a rather large number.
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