Exoplanets and the Drake Equation

     The objective of this work is to estimate the probabilities of finding one or more advanced civilizations (ATCs) within defined distances from Earth.  It is assumed that an ATC will evolve on an extra-solar Earthlike planet (an exoEarth), will be carbon-based and use liquid water to mediate biochemical reactions.  

     A highly modified Drake Equation was formulated to estimate the number of ATCs per billion cubic light years in our galactic neighborhood as a product of a number of factors, as follows:
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where

NATC = Number of ATCs per billion cubic light years in our galactic neighborhood

R = Number of suitable stars per billion cubic light years

o =  Probability of planets of suitable size about suitable stars

t  = Likelihood that an exoEarth will have a temperature regime conducive to the   evolution of an ATC throughout its orbit

s  = Likelihood that its orbit will be free of undue perturbation by another planet in its solar system)

m = Probability that a planet’s rotation axis will be stabilized by a moon

h  =  Probability that a planet will be protected from the solar wind by a magnetic field

c  = Probability that a suitable planet will have an ATC

v  =  Viability of an ATC

     Since evolution is a stochastic process (even including prebiotic chemistry) selecting sustainable reaction systems from uncountable numbers of reactions per second over billions of years, and since it took 4.5 billion years for an ATC to appear on Earth, it is estimated that an ATC will evolve on an exoEarth within 4 to 5 billion years from formation of the planet.  Hence a star’s minimum age of interest is 4 billion years, which automatically demands that the star be a main sequence (hydrogen burning) star.  On the other hand, since a star-planet system older than 6 billion years old rarely has enough metallicity to produce Earthlike planets, the maximum star age of interest is 6 billion years.  

     Most stars in our galactic neighborhood have sufficient metallicity. Therefore, it is appropriate to use the Gliese catalog of nearby stars (about 2000 stars) to estimate the number of stars with sufficiently long life to host the evolution of an ATC on a suitable planet.  Because stars slowly increase their luminosity during their main sequence phase, they actually are suitable hosts only during about 75% of their main sequence life.  Hence  F6, and larger, stars are too short-lived.  Stars that are too small, however, have CHZs (circumstellar habitable zones) so close that any potentially habitable planet quickly becomes tide-locked, which would impose a severe impediment to the evolution of ATCs.  Solar systems dynamics indicates that K7, and smaller, stars are unsuitable for this reason.  The number of F7 to K6 main sequence stars per billion cubic light years obtained from the Gliese catalog was 385,000.  After correcting for close binaries and (assuming a constant production rate) eliminating 2/3 as being too young, the value of R was estimated to be ~85,000 suitable stars per billion cubic light years.

     Of the stars examined for planets, planets have been found around only ~12%.  As the ability to detect small planets improves, a larger percent of stars should be found to have planets.  It is estimated that this will top out to about 50% and that only 25% of these will have planets of suitable size (within about 0.6 to twice Earths mass).  This is in part because exoEarths in some systems may be ejected or destroyed by Jupiter-sized planets that originate close to their stars and migrate through the CHZ.  The variable, o, is estimated to have a value of 0.125.

     Data from the Interactive Extra-Solar Planets Catalog provide a sample of star-planet systems from which to estimate the temperatures of exoEarths.  Although there is a correlation between the size of an exoplanet and its detectability, the correlation between exoplanet size and semimajor axis is nevertheless very weak.  Therefore, it is reasonable to assume that the distribution of exoEarth orbits will be similar to the sample of exoplanet orbits.  Thus, the fraction of exoEarths that would have equatorial liquid water throughout their orbits (a reasonable requirement for habitability) can be estimated by using the star luminosity and orbit of each exoplanet to estimate equatorial exoEarth temperature. This was done for  exoplanets orbiting main sequence stars only.  Only 6 of 126 exoplanets examined would have had year round liquid water had they been Earthlike. 

     The maximum temperature of a planet suitable for the evolution of an ATC is somewhat uncertain.  However, the possibilities for evolving complex systems will be limited as the temperature gets above 330K, since many proteins denature at 333K. Only 2 of the 126 planets would have been below 330K in the tropics had it been Earthlike. Earth’s history teaches that as the equatorial temperature rises above 300K, weather becomes increasingly harsh, and at least once (about 250 million years ago), as the Earth warmed above 300K, methane sequestered at the ocean floor was released to the atmosphere.  This contributed to the largest mass extinction on Earth (over 90% of all species lost).  Hence it is likely that 325K is a maximum temperature for evolution of an ATC on any Earthlike planet.  Only 1 of  the 126 planets met this requirement.  As a compromise between 1 and 2 qualifying planets out of 126, the value for the temperature factor, t, is set at 0.02.

     The orbital stability factor, s, was estimated by taking each star-exoplanet system reported in the Interactive Extra-Solar Planets catalog and pretending that each system has an exoEarth orbiting in the middle of the star’s CHZ.  The gravitational force of each exoplanet on the exoEarth at its closest approach was compared to that of the gravitational force of the star on the exoEarth.  Assuming that the ratio of the former to the latter is excessive beyond 0.06%, the value of s is ~0.23.

     The moon factor, m, and the magnetic factor, h, estimates are 0.63 and 0.75, respectively, based on their occurrence in our solar system, the only sample available at this time.

     The average probability of ATC evolution in the period of 4 to 5 billion years is taken as 50%, and as 100% once 5 billion years has been reached.  Thus, the value of the factor c is taken to be 0.75.

     A value of 0.1 is assigned to the factor v, based on estimates (guesses) by well-educated, informed people.  

     Based on the foregoing, it is estimated that there are about 1.7 ATCs per billion cubic light years in our galactic neighborhood.  Using Poisson statistics, it’s estimated that the likelihood of one or more ATCs within 200, 460, and 750 light years is 5.5%, 50%, and 95%, respectively. 

     Since we’ve only been broadcasting ~100 years, it’s likely that any ATC we contact will have a science and technology far more advanced than ours.
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