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ABSTRACT
Recently, enormous progress in astronomical measurement techniques has con rmed the existence of
extra-solar planets and stimulated the ongoing debate about other civilizations outside the solar system. The Drake equation identifying the relevant
factors for a statistical estimation can provide further information about the magnitude of possible extraterrestrial civilizations. Although several factors
are highly speculative, a subset of them describing
the selection of contemporary biospheres interacting
with their environment on a global scale (Gaias) can
be stated more precisely. In this paper, the e ect
of geodynamics on the habitability of planetary systems is investigated. It is found that the number of
contemporary sisters of Gaia is twofold higher than
as calculated with respect to geostatic models. Our
estimation for the number of Gaias gives 2:4 millions.

Especially, is there life or are the planets found beyond the solar system at least habitable? And,
mostly discussed within the SETI-Program, are there
enough Gaias, i.e., habitable planets to get a realistic chance for detecting extraterrestrial technological
civilizations capable of radiating enormous amounts
of transmitter power?
How can we estimate the number of technological
civilizations that might exist among the stars? In
order to do such a cosmic biosphere prospecting, one
can determine at least the order of magnitude by
using the Drake equation, which was rst presented
by Drake in 1961 (see, e.g., Terzan & Bilson, 1997;
Dick, 1998; Jakosky, 1998) and identi es speci c factors considered to play a role in the development of
such civilizations. Some of them are highly speculative.
2. GAIAN SELECTION
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1. INTRODUCTION
Within the last years, widely recognized breakthroughs in astronomical measurement techniques
have provided high evidence for extra-solar planets.
The success exploits both the gravitational in uence
exerted by every planet on its more massive central
star and the fractional reduction in the light from
the star as the planet's transit (e.g. Marcy et al.
(2000)). Up to now, more than about 50 credible planets outside the solar system have been detected (Extra-solar Planets Catalog by J. Schneider:
http://www.usr.obspm.fr/planets). Most of them
seem to have a mass similar to giant planets and
unexpected small orbits. But there are also speculations about the discovery of an Earth-sized planet in
the middle of the Milky Way (Rhie et al., 1998).
The success of high sophisticated observation techniques has led astronomers to forecast the imminent
dawning of a golden age of astronomy. Questions
that scientists once considered beyond the reach of
observation may soon nd at least partial answers.

From the view of Earth-system analysis, we will focus our presentation on an estimation for the contemporary sisters of Gaia in the Milky Way selected
from the Drake equation. These are habitable planets with a biosphere interacting with its environment
on a global scale, denoted by N . The number of
civilizations, N , is given by:
N = N  f  Æ;
(1)
where N is
NGaia := N  fP  n  fL:
(2)
Let us discuss the speci c factors in detail:
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denotes the total number of stars in the
Milky Way.
 fP is the fraction of stars with planets. Although the fraction of Sun-like stars with planets is currently unknown, recent ndings indicate that planetary systems may be common for
stars like the Sun.
N
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is the average number of planets per planetary system which are suitable for the development of life.
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 fL is the fraction of habitable planets where life

MEAN GLOBAL
TEMPERATURE

emerges and a full biosphere develops, i.e., a
biosphere interacting with its environment on
a global scale (Gaias).
denotes the fraction of sisters of Gaias developing technical civilizations. Life on Earth
began over 3:85 billion years ago Jakosky (1998).
Intelligence took a long time to develop. On
other life-bearing planets it may happen faster,
it may take longer, or it may not develop at all.
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and Æ are highly speculative: there is just no
information about the typical evolutionary path of
life or the characteristic \life span" of communicating civilizations. Regarding the fate of ancient advanced civilizations, the typical life-time was limited
by increasing environmental degradation or overexploitation of natural resources. One can also speculate that the development and utilization of certain
techniques which facilitate the arise of advanced civilizations may be accompanied with new vulnerabilities or hazard potentials which endanger the continuance of civilizations. As a consequence, the lifetime
of any advanced (communicating) civilization may
be limited to the range of few hundreds of years, but
this is really uncertain.
fL seems to be potentially assessable by geophysiological theory and observation and the remaining factors are deducible from biogeophysical science. The
key factor in Equation 2 is n . For the assessment
of n it is necessary to investigate the habitability
of an extra-solar planetary system. In general, the
habitable zone (HZ) around a main sequence star has
been de ned as the region within which an Earth-like
planet might enjoy moderate surface temperatures
needed for advanced life forms (Huang, 1959; Dole,
1964; Terzan & Bilson, 1997).
Calculations of the HZ for the solar system and for
other main sequence stars have been provided by
Hart (1978), Hart (1979), Kasting (1992), Kasting
et al. (1993), Kasting (1997), and Williams & Kasting (1997). In recent works (Franck et al., 1999,
2000a,b,c) it has been demonstrated that geodynamics has a signi cant e ect on the carbonate-silicate
cycle which governs the long-term stabilization of the
environmental conditions on Earth. Therefore, we
will focus our analysis on the question, how geodynamics a ects n and, as a consequence, N .
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 Æ describes the average ratio of civilization life-

time to Gaia lifetime. It measures simply the
fraction of planets with intelligent life that develop technological civilizations, i.e., technology
that releases detectable signs of their existence
into space.
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Figure 1. Box model. The arrows indicate the different forcing and feedback mechanisms.

3. HABITABLE ZONE UNDER GEODYNAMIC
CONDITIONS
Let us start with a consideration of our own planetary system: the histories and fates of the three
terrestrial planets Venus, Earth, and Mars suggest
that a combination of distance from the Sun, planetary size, as well as geologic and biologic evolution
controls the habitability of a planet. On Earth, the
carbonate-silicate cycle is the crucial element for a
long-term homeostasis under increasing solar luminosity. In most studies (see, e.g., Caldeira & Kasting,
1992), the cycling of carbon is related to the tectonic
activities and the present continental area as a snapshot of the Earth's evolution. Such models are called
geostatic models (GSM). On the other hand, in geological time scales the deeper parts of the Earth are
considerable sinks and sources for carbon and the
tectonic activity as well as the continental area have
changed noticeable. Therefore, we favor the so-called
geodynamical models (GDM) that take into account
both the growth of continental area and the decline
in the spreading rate (Franck et al., 2000a).
Our numerical model couples the increasing solar luminosity, L, the silicate-rock weathering rate, F ,
and the global energy balance to estimate the partial pressure of atmospheric and soil carbon dioxide,
P and, P , the mean global surface temperature,
T , and the biological productivity, , as a function
of time, t, in the geological past and future (Figure 1). The main point is the long-scale balance between the CO sink in the atmosphere-ocean system
and the metamorphic (plate-tectonic) sources. This
is expressed with the help of dimension-less quantities:
f  fA = f ;
(3)
where f  F =F ; is the weathering rate normalized by the present value, fA  Ac =Ac; is the
continental area normalized by the present value, and
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Figure 2. Width and position of the GDM HZ (grey
shaded) as a function of time for three di erent
central-star masses (M = 0:8; 1:0; 1:2Ms) for an
Earth-like planet. tmax is the maximum life span
of the biosphere limited by geodynamic e ects. H
indicates the hydrogen burning time on the main sequence limiting the life span of more massive stars.

 S=S is the spreading rate normalized by the
present value. With the help of Equation 3 we can
calculate the normalized weathering rate from geodynamics via continental growth model and time function of spreading rate (Franck et al., 2000a). For the
investigation of an Earth-like planet under the external forcing of any main-sequence star we apply the
linear growth model (Franck & Bounama, 1997).
The relationship between the stellar luminosity, L,
and the radiation temperature, T , for the pertinent mass range is given by the Hertzsprung-Russell
diagram. The connection between the stellar parameters and the planetary climate can be formulated by
using the Williams equation (Williams, 1998), i.e.,
L(t)
4R [1 (T; P ; T )] = 4IR (T; P ): (4)
Here, denotes the planetary albedo and IR the
outgoing infrared ux.
In our model photosynthesis-based life is possible if
the surface temperature, T , isÆ in the so-called
temperature tolerance window [0 C : : : 100ÆC] and P
is higher than 10 ppm. We calculate the behavior
of our virtual Earth system at various distances, R,
from the central star. This determines the HZ as the
region around a central star within which an Earthlike planet has a non-vanishing biological productivity (P ; T ). In this way the HZ is the habitable
R-corridor in time, t:
HZ := fR j (P (R; t); T (R; t)) > 0g
:= [R (t); R (t)]
(5)
fsr

0

rad

2

atm

rad

atm

atm

atm

atm

inner

outer

In Figure 2 we have plotted the width and position
of the HZ for the GDM for three di erent central

Figure 3. (a) The width, R = Router Rinner, of
the HZ as a function of time, t, and stellar mass,
M , calculated by using the geostatic model. (b) The
width, R, of the HZ given by the geodynamic approach. R is measured in astronomical units.

star masses, M = 0:8; 1:0; 1:2Ms over time. First
we can nd that the width and the position of the
HZ depend strongly on the mass of the central star.
Furthermore, up to about 3:5 Gyr of cogenetic stellar and planetary evolution the outer boundary of
the HZ is steadily increasing as a result of increasing
central-star luminosity. After this point, the continental area has grown to such a size that weathering
is very e ective in bringing CO out of the atmosphere and decreasing the outer boundary of the HZ
which nally joins the inner one. For 1:2Ms central
stars biological productivity would be limited to 4:9
Gyr after starting cogenetic evolution because the
central star leaves the main sequence and becomes a
red giant. For 0:8 and 1:0Ms central stars this limitation appears up to 6:5 Gyr after starting cogenetic
evolution because continental growth and decline in
spreading rate force atmospheric CO content below
10 bar.
In Figures 3a,b the width R = R
R
of the
HZs for GSM and GDM are plotted as a function of
time and mass of the central star, M . Up to 4:5 Gyr
the HZ for the GDM is signi cantly larger compared
to GSM. In the GDM case, however, the HZ ends at
6:5 Gyr due to geodynamic e ects, while for GSM the
HZ is limited only by the lifetime of the central star
on the main sequence, H . H depends exponentially
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on M , H / M : at least for low mass central
stars (Kippenhahn & Weigert, 1990; Franck et al.,
2000c).
Franck et al. (2000c) presented the HZ for an Earthlike extra-solar planet at a given (but arbitrary) distance, R, in the stellar mass-time plane (Figure 4).
Here the HZ is limited by the following e ects:
2 88

 (I): The stellar life time on the main sequence

decreases strongly with mass. Using simple scaling laws (Kippenhahn & Weigert, 1990), the
central hydrogen burning period is estimated to
be H < 0:8 Gyr for stellar masses M > 2:2Ms.
Therefore, there is no point in considering central stars with masses larger than 2:2Ms because an Earth-like planet may need  0:8 Gyr
of habitable conditions for the development of
life (Hart, 1978, 1979). Smaller numbers for the
time span required for the emergence of life have
been discussed, for instance 0:5 Gyr (Jakosky,
1998). Performing calculations with H < 0:5
Gyr, one obtains qualitatively similar results,
but the upper bound of central star masses is
shifted to 2:6Ms.
 (II): When a star leaves the main sequence to
turn into a red giant, there clearly remains no
HZ for an Earth-like planet. This limitation is
relevant for stellar masses in the range between
1:1 and 2:2Ms.
 (III): In the stellar mass range between 0:6 and
1:1Ms, the maximum life span of the biosphere
is determined exclusively by planetary geodynamics, which is independent (in a rst approximation, but see the limiting e ect IV) of R.
So one obtains the limitation t < tmax, where
tmax = 6:5 Gyr.
 (IV): There have been discussions about the
habitability of tidally locked planets. This complication is taken into account by indicating the
domain where an Earth-like planet on a circular orbit experiences tidal locking. That domain
consists of the set of (M; t)-couples which generate an outer HZ boundary below the tidallocking radius. This limitation is relevant for
M < 0:6Ms.
Based on Equation 5 we introduce the continously
habitable zone (CHZ) (Kasting et al., 1993) as a band
of orbital distances where a planet is within the HZ
for a certain time interval,  .
4. PROBABILISTIC ESTIMATION FOR
GALACTIC GAIA ABUNDANCE
The e ect of the extension of the CHZ on the magnitude of galactic Gaia abundance can be estimated
by considering the main-sequence (hydrogen burning) stars. The integration over the stellar distributions for distances, R, masses, M , and ages, t, (see

Figure 4. Shape of the GDM HZ (light grey shading) in the mass-time plane for an Earth-like planet
at distance 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 factors that are independent of R: (I) minimum time for biosphere development, (II) central
star life time on the main sequence, (III) geodynamics of the Earth-like planet, and (IV) tidal locking
of the planet (nontrivial sub-domain excluded). The
excluded realms are marked by dark grey shading in
the case of the rst three factors and by grey hatching
for the tidal-locking e ect. (Figure slightly modi ed
from Franck et al. (2000c))

Figure 5) provides the geodynamic/geostatic abundance ratio as a function of the time-of-continuousresidence in the HZ. This is done by de ning the
probability that the position of a planet is in the interval [R; R + dR] according to p(R)dR whereby R is
the distance to the central star. The probable number of planets within the CHZ [R~ ( ); R~ ( )]
of an extra-solar planetary system can be formulated
as follows Whitmire & Reynolds (1996):
inner

Phab (M; t) = C

In order to estimate n
are taken to be valid:

Z

~ outer (M;;t)
R
~ inner (M;;t)
R

CHZ

outer

p(R0 )dR0

(6)

, the following assumptions

1. the distribution of planets can be parameterized
by p(R) / R , i.e., their distribution is uniform
on a logarithmic
scale Kasting (1996), which is
not in contradiction to our knowledge of already
discovered planetary systems,
2. the stellar masses, M 2 [0:4Ms : : : 2:2Ms], are:
distributed according to a power law M
Scheer & Elsasser (1988),
3. the stellar ages, t, are equally distributed in
[0; H (M )],
max
4. the factor C is de ned as Np= RRRmin
p(R0 )dR0 ,
where Np = 10 is the average number of planets per stellar system, and R = 0:1 AU and
R
= 20 AU de ne the boundaries of the
planetary system.
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by the di erent behavior of GSM and GDM for Figures 3a and b, respectively. Our estimation does not
include the occurrence of destructive cosmic events
which may signi cantly reduce the number of other
Gaias. Examples are X-ray-bursts, supernova explosions (Kiraly & Wolfendale, 2000), and \super ares"
(Schaefer et al., 2000). There are new results implying that three-quarters of all Earth-like planets are
on average 6:4 Gyr old (New Scientist, 2001). This
would reduce our estimation for N dramatically.
At this point we want to emphasize, that our model
planet is Earth-like in the sense of possessing plate
tectonics, because this is a crucial ingredient for
our parameterization of the weathering rate. The
present understanding of plate tectonics is not sufcient, however, to enable us to predict whether a
given planet would exhibit such a phenomenon. Returning to the question in the headline we can give
the following answer: for young extra-solar planetary
systems there should be much more Gaias than estimated up to now. For planetary systems with the
age  5 Gyr there is no e ect of geodynamics on the
Drake estimation. And for systems older than 6:5
Gyr we do not expect any other sister of Gaia.
Gaia

Figure 5. Geodynamic/geostatic abundance ratio as
a function of time-of-continuous-residence,  , in the
habitable zone.

Then by integrating over masses, M , and their corresponding lifetime on the main sequence, H (M ), one
gets:
nCHZ = C 0

Z

s M

2:2M

2:5

s H (M )

0:4M

Z H (M )

Phab (M; t)dtdM;

(7)
where C 0 is de ned as: C 0 = 1= R :: MMss M : dM .
We get for the time interval  = 500 Myr necessary
for the development of life (Jakosky, 1998) and our
favored geodynamic model n = 0:012. Figure 5
shows the geodynamic/geostatic abundance ratio of
n . It demonstrates a geodynamic correction of
approximately 2 for a residence time up to 3 Gyr.
Now we can start to calculate the number of Gaias
with the help of Equation 2. Assuming N  4 
10 (Dick, 1998), fP  0:05 (Marcy et al., 2000),
n
= 0:012, and fL  10 (guesswork) we get
N = 2:4  10 :
(8)
According to Thi et al. (2001) the number of stars
with extra-solar planets may be even much larger
than previously thought (fP  0:5) increasing NGaia
by one order of magnitude. In any way, this is a big
and viable population.
0
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5. CONCLUSION AND DISCUSSION
As we have seen in the last chapter (Equation 8)
N can have a very large value. But this estimation holds only for young extra-solar planetary
systems (residence time  3 Gyr) where the abundance ratio for a planet with geodynamics is twice
as large as for the geostatic case. After approximately 5:3 Gyr of residence time the geodynamic
and the geostatic model coincide and the geodynamic/geostatic abundance ratio decreases with increasing residence time. Finally, after about 6:5
Gyr of residence time N is zero for the geodynamic case, because t = 6:5 Gyr is the maximum lifespan of the biosphere of the geodynamic
model (Franck et al., 2000c). This is also indicated
Gaia

Gaia

max

REFERENCES
Caldeira K. and Kasting J. F. (1992): The life span
of the biosphere revisited. Nature, 360, pp. 721723.
Dick S. J. (1998): Life on other worlds, 290 pp.,
Cambridge University Press, Cambridge.
Dole, S. H. (1994): Habitable Planets for Man, 159
pp., Blaisdell, New York.
Franck S., Block A., von Bloh W., Bounama C.,
Schellnhuber H.-J., Svirezhev Y. (2000a): Reduction of biosphere life span as a consequence of geodynamics. Tellus, 52B, pp. 94-107.
Franck, S., Block A., von Bloh W., Bounama C.,
Schellnhuber H.-J., Svirezhev Y. (2000b): Habitable zone for Earth-like planets in the solar system.
Planet. Space Sci., 48, pp. 1099-1105.
Franck, S., von Bloh W., Bounama C., Ste en M.,
Schonberner D., Schellnhuber H.-J. (2000c): Determination of habitable zones in extrasolar planetary systems: where are Gaia's sisters? J. Geophys. Res., 105E, pp. 1651-1658.
Franck, S., Bounama, C. (1997): Continental growth
and volatile exchange during Earth's evolution.
Phys. Earth Planet. Inter.
, 189-196.
100

6
Franck, S., Kossacki K., Bounama C. (1999): Modelling the global carbon cycle for the past and future evolution of the Earth system. Chem. Geol.,
159, pp. 305-317.
Hart M. H. (1978): The evolution of the atmosphere
of the Earth. Icarus, 33, pp. 23-39.
Hart M. H. (1979): Habitable zones about main sequence stars. Icarus 37, pp. 351-357.
Huang S.-S. (1959): Occurrence of life in the universe. Am. Sci., 47, 397-402.
Huang S.-S. (1960): Life outside the solar system.
Sci. Am., 202, No. 4, pp. 55-63.
Jakosky B. (1998): The Search for Life on Other
Planets, 326 pp., Cambridge University Press,
Cambridge.
Kasting J. F. (1992): Proterozoic climates, in
The proterozoic Biosphere, edited by J.W. Schopf
and C. Klein, pp. 165-168, Cambridge University
Press, New York.
Kasting J. F. (1996): Habitable zones around
stars: an update, in Circumstellar Habitable zones,
edited by L. R. Doyle, pp. 17-18, Travis House
Publications, Menlo Park.
Kasting J. F. (1997): Habitable zones around mow
mass stars and the search for extraterrestrial life.
Origins of Life, 27, pp. 291-307.
Kasting J. F., Whitmire D. P., Reynolds R. T.(1993):
Habitable zones around main sequence stars.
Icarus, 101, pp. 108-128.
Kippenhahn R., Weigert A. (1990): Stellar structure
and evolution, 468 pp., Springer-Verlag, Berlin.
Kiraly P., Wolfendale A. W. (2000): Sources of danger and defence systems in our space environment,
in The future of the Universe and the Future of
Our Civilization, edited by V. Burdyuzha and G.
Khozin, pp. 316-325, World Scienti c, London.
Marcy G. W., Cochran W. D., Mayor M. (2000):
Extrasolar planets around main-sequence stars, in
Protostars and Planets IV, edited by V. Mannings,
A. Boss, and S. Russel, pp. 1285-1311, University
of Arizona Press, Tucson.
New Scientist (2001): Terrestrial tot, New Scientist
magazine, 13 January 2001.
Rhie S. H., Bennett D. P., Fragile P. C., et al. (1998):
A report from Microlensing Planet Search Collaboration: A Possible Earth Mass Planetary System
found in MACHO-98-BLG-35? Bull. Am. Astron.
Soc., 30, No.4, p. 1415.
Schaefer B. R., King J. R., Deliyannis C. P. (2000):
Super ares on Ordinary Solar-Type Stars. Astrophys. J., 529, pp. 1026-1030.
Scheer H., Elsasser H. (1988): Physics of the
Galaxy and Interstellar Matter, 492 pp., SpringerVerlag, Berlin.
Terzan Y., Bilson E. (eds.) (1997): Carl Sagan's Universe, 282 pp., Cambridge University Press, Cambridge.

Thi W. F., Blake G. A., Van Dishoek E. F., et al.
(2001): Substantial reservoirs of molecular hydrogen in the debris disks around young stars. Nature
409, pp. 60-63.
Whitmire D. P., Reynolds R. T. (1996): Circumstellar habitable zones: astronomical considerations, in Circumstellar habitable zones, edited by
L. R. Doyle, pp. 117-143, Travis House Publications, Menlo Park.
Williams D. M. (1998):The stability of habitable planetary environments, A Thesis in Astronomy and
Astrophysics, 140 pp., Pennsylvania State University.
Williams D. M., Kasting J. F. (1997): Habitable
planets with high obliquities. Icarus, 129, pp. 254267.

