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Climatic constraints on planetary habitability [I],  specifically the requirement of liquid H 2 0  
oceans, provide a definition of the habitable zone around main sequence stars with spectral types in 
the early-F to mid-K range. However, it has not been demonstrated that planets orbiting such stars 
would have habitable surfaces when biologically-damaging energetic radiation is also considered. 
The large amounts of ultraviolet (UV) radiation emitted by early-type stars have been suggested to 
pose a problem for the evolution of life in their vicinity [I].  It has also been suggested [2] that a 
significant problem is posed by late-type stars which emit proportionally less radiation at the short 
wavelengths (h  < 200 nm) required to photolyze 02,  an essential step in ozone (03) formation. 
The presence of 0 3  in a planetary atmosphere is the only shield from UV radiation in the 
wavelength range 220-320 nm which is capable of inflicting serious damage to organisms on Earth, 
and presumably elsewhere in the Universe; other components of planetary atmospheres absorb 
negligibly in this UV range. Here we present detailed calculations of the UV spectrum at the 
surface of a planet with an Earth-like atmosphere and orbiting three types of main sequence stars, 
F, G and K within the habitable zone, based on climactic constraints. We conclude that neither of 
the concerns regarding UV radiation expressed previously should be necessarily fatal to the 
evolution of advanced life: Earth-like planets orbiting F and K stars are shown to receive less 
harmful UV radiation at their surfaces than is the case for the Earth. 

To study the effect of changes in UV radiation, we simulated what would happen to Earth if it 
were in orbit around an F2V or a K2V star. We chose particular stars for which UV fluxes have 
been measured by the International Ultraviolet Explorer (IUE) satellite [3] and for which accurate 
parallax distances are available. A G2V spectrum, similar to that of the Sun, was included for 
comparison. To convert to values expected for an Earth-like planet, the measured UV fluxes were 
multiplied by (206,265 d ) 2 ( ~ & ) ~ f a ,  where d is the distance in parsecs (1 pc = 206,205 AU), L 

and Lo are the respective bolometric luminosities of the star and the Sun, and Afac is a correction 
factor that accounts for the change in the planet's albedo with the wavelength of the incident 
radiation. Values of Afac of 1.11 for the F2V star and 0.95 for the K2V star were obtained by 
scaling the 'water loss' limits in Table I11 of [ I ]  by the effective radiating temperature of the stars, 
using a quadratic fit to the listed temperatures. This procedure ensures that our hypothetical 
planets would have the same surface temperature as the Earth if other climatic factors (e.g. 
cloudiness and greenhouse gas concentrations) are the same. 

The amount of UV radiation hitting the surface of a planet depends on the incident UV flux 
and on the amount of radiation absorbed by the planet's atmosphere. In an Earth-like atmosphere, 
UV radiation with h < 200 nm is almost entirely absorbed by 02, C02 ,  and H20. 0 2  molecules are 
photolyzed by this radiation, forming 0 atoms that recombine with 0 2  to form ozone. UV 
radiation with 200 nm < h< 300 nm is absorbed by ozone. Earth's ozone layer is thick enough so 
that very little UV radiation at h < 290 nm reaches the surface. 

Relatively early type stars, such as the F2V star studied here, emit large amounts of UV 
radiation. For 170 nm < h < 320 nm, the flux from an F2V star is well approximated by 
blackbody radiation at an effective temperature of 6930 K. Relative to our own Sun, the UV 
enhancement is greatest at the shortest wavelengths. Consequently, the predicted rate of 0 2  
photolysis on an Earth-like planet circling an F2V star is very high, and the resulting ozone layer is 
over twice as thick as on Earth (0.63 atm cm, as compared to 0.31 atm cm). The ozone 
concentrations were calculated with a one-dimensional photochemical model similar to that 
described in [4], but containing C1 chemistry in addition to that of C, H, 0 ,  and N; the rate constants 
in the model were updated [ 5 ] .  A fixed sun approximation was employed with a solar zenith angle 
of 45", and photolysis rates were multiplied by 0.5 to account for diurnal variation. 
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In the model, the increased absorption of radiation by ozone outweighs the increase in the 
near-UV flux from the F2V star, so the surface of the planet receives substantially less near-UV 
radiation than does the surface of the Earth. Consequently we conclude that UV radiation would 
pose no particular hazard for life on an Earth-like planet orbiting an early F star. 

For late-type stars, one might expect that just the opposite would occur: the shortest UV 
wavelengths would be the most strongly depleted, stratospheric ozone levels would be low, and the 
surface UV flux on an orbiting planet might be dangerously high [2]. However, this expectation is 
not borne out by detailed calculations, in part because the UV fluxes from late-type stars are 
distinctly non-blackbody. Both the G2V star and the K2V star are subluminous by a factor of 10 
or more at 200 nm compared to the flux predicted at their effective radiating temperatures. Their 
cooler atmospheres contain metal ions (e.g., those of Fe, Ca, and Mg) in relatively low ionization 
states for which electronic transition energies are in the W range [6]. Thus, radiation emitted from 
the photosphere is absorbed and re-emitted from regions where the ambient temperature is lower. 

When the K2V star radiation fluxes are inserted into the photochemical model, the resulting 
ozone layer is calculated to be only 18% thinner than that of Earth (Fig. 2),even though the 
incident UV flux is an order of magnitude lower. The relatively small decrease in ozone results 
from nonlinear feedbacks in the ozone photochemistry. Ozone is destroyed by HOx and NOx 
radicals produced by reaction of o ( ~ D )  with H 2 0  and N20. Lower near-UV fluxes result in less 
o ( ~ D )  production and, hence, in lower concentrations of HOx and NOx. The concentration of 
ground-state 0 is also lower, making it more difficult to complete the 03-destroying catalytic 
cycles. The slightly decreased opacity of the ozone layer is more than offset by the greatly 
decreased near-UV flux, so the planet orbiting the K2V star also receives less surface W radiation 
than does Earth. 

In conclusion, our calculations imply that UV radiation does not pose an insuperable threat to 
the habitability of extrasolar planets orbiting F and K stars. This optimistic conclusion should be 
tempered by the realization that it applies only to planets with 02-rich atmospheres like that of 
Earth. Whether or not life could evolve on such planets is a different question. In the absence of 
an ozone screen, the 200-300 nm UV flux on a climatically-habitable planet orbiting an F2V star 
would be some 5-40 times greater than that on the primitive Earth. It has been postulated that 
ancient terrestrial organisms avoided UV damage by living under water, forming mats, and by 
developing internal UV-protection mechanisms (1 1,12). if these same strategies are operative on 
extrasolar planets, then in principle life could have evolved in a variety of different stellar 
environments. 

This research used of the SIMBAD database, operated at CDS, Strasbourg, France. 
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