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Abstract

The classical Drake Equation estimates the number of communicative extraterrestrial civilizations,
primarily focusing on surface habitability within stellar habitable zones. However, recent discoveries
of subsurface oceans on icy moons (e.g., Europa, Enceladus, Titan) and the potential for alternative
biochemistries challenge traditional assumptions about life’s emergence. This study proposes an expansion
of the Drake Equation to incorporate subsurface and exotic life, introducing new parameters such as the
fraction of planets and moons with subsurface oceans (fs) and the probability of life emerging in non-
Earth-like conditions (fx). By integrating planetary data from Cassini, Galileo, and JWST, we estimate
the prevalence of ocean worlds and assess potential biosignatures beyond oxygen and methane, including
hydrogen-acetylene disequilibrium (Titan), sulfur and iron redox cycles (Enceladus), and silicon-based
compounds. We further refine habitable zone definitions by considering tidally heated exomoons and
rogue planets with internal heat sources. This revised framework offers a probabilistic model for life
detection beyond Earth-like environments, guiding future exploration missions such as Europa Clipper,
Enceladus Orbilander, and next-generation exoplanet telescopes. By broadening the scope of astrobiology,
this approach enhances our ability to prioritize targets for life detection and refines our expectations for
extraterrestrial biospheres.
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