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Supplementary Table 1. Evolution of O2 and CO2. O2 and CO2 on Earth from geological 
reconstructions.1-3 
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Supplementary Fig. 1. Wavelength dependent absorption cross section 𝜎 of (a) O3 and (b) O2 
molecules. Data from Brion et al.4 (O3), Ogawa et al.5 (O2, λ < 235 nm) and Bogumil et al.6 (O2, λ > 235 
nm), provided by the MPIC database7. Source data are provided as a Source Data file. 
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Supplementary Fig. 2. Stellar radiative spectra. a Stellar spectra calculated for solar metallicity [Fe/H] 
= 0 and different effective temperatures Teff. The calculations were performed for a spectral range of 170 
to 850 nm and the total flux normalized to the solar constant; b The same as a but the flux is shown 
relative to the solar flux (Teff = 5800 K). Radiation in the 200 to 242 and 260 to 320 nm intervals 
participates in O3 production and destruction, respectively. These spectral ranges are defined by black 
solid lines. The yellow shaded areas show the spectral ranges of the UV-C reaching the lower atmosphere 
(202 to 230 nm, left) and UV-B (280 to 315 nm, right). Source data are provided as a Source Data file. 
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Supplementary Fig. 3. O3 mixing ratios and concentrations. a-b, Vertical profiles of O3 volume mixing 
ratios (a) and concentrations [molecules/cm3] (b) for different O2 contents. The calculations were 
performed for a host star metallicity [Fe/H] of 0.0. c-h, Vertical profiles of O3 mixing ratio (c,e,g) and 
concentration (d,f,h) for different [Fe/H]. The calculations were performed for O2 of 20 % (c-d), 2 % (e-
f) and 0.02 % (g-h). Source data are provided as a Source Data file. 
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Supplementary Fig. 4. Radiative fluxes at the planetary surface. Dependencies of surface fluxes at 
5800 K on [Fe/H] for O2 levels of 0.02 % (a), 0.2 % (b), 1 % (c) and 2 % (d) calculated for selected 
wavelengths (203 to 231 nm). The legend presented in panels (a) is valid for all panels. Source data are 
provided as a Source Data file. 
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Supplementary Fig. 5. Atmospheric composition and temperature at the surface. a-o, Dependencies 
of the surface temperature (a–c), O3 volume mixing ratio (d–f), CH4 volume mixing ratio (g–i) and OH 
concentration (j–l) on O2 content and metallicity [Fe/H]. The left (a,d,g,j), middle (b,e,h,k) and right 
(c,f,i,l) panels represent values calculated for Teff  of 6300 K, 5800 K and 5300 K, respectively. Source 
data are provided as a Source Data file. 
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Supplementary Fig. 6. Surface actinic flux in anoxic planetary atmospheres. The  spectral 
distributions of the  surface actinic flux for different values of stellar metallicity and effective 
temperatures Teff of 5300 (a), 5800 (b) and 6300 (c) K were obtained using the transmittance calculated 
by Rimmer et al.8  for an early atmosphere composed of 80 % nitrogen and 20 % carbon dioxide. Source 
data are provided as a Source Data file. 
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Supplementary Fig. 7. The dependence of the mean surface actinic flux on stellar metallicity. 
Shown are averaged over 214 to 280 nm spectral range values normalised to the value corresponding to 
the Sun (Teff = 5800 K, [Fe/H] = 0). The yellow shaded area represents the limits of the abiogenesis 
zone defined by Rimmer et al.8 . Source data are provided as a Source Data file. 
 
 

 

Supplementary Fig. 8. Impact of atmospheric perturbations on O3 column density and surface UV-
B. a-f, Dependencies of O3 column density (a–c) and surface UV-B (d–f) on O2 content obtained for a 
metallicity of -1.0 (a,d), 0.0 (b,e) and 0.5 (c,f). The calculations were performed for Teff of 5800 K. The 
calculations represent strong volcanic activity (green), a supernova explosion (magenta) and high solar 
activity (yellow). The reference calculations are presented by the black curve. The O3 levels of 220 and 
80 DU are indicated by grey and brown dashed lines, respectively. d–f, The inserted plots show the 
differences between UV-B calculated with perturbations, e.g. strong volcanic activity (green), supernovae 
(magenta) and high solar activity (yellow), and obtained from the reference simulations. Source data are 
provided as a Source Data file. 
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Supplementary  Fig. 9. The same as Supplementary Fig. 8 but for Teff of 5300 K. Source data are 
provided as a Source Data file. 

 

Supplementary Fig. 10. The same as Supplementary Fig. 8 but for Teff of 6300 K. Source data are 
provided as a Source Data file. 
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Supplementary Fig. 11. Solar space UV radiation emission changes with S-index. Changes of UV at 
210 nm (magenta) and 300 nm (black) with S-index, calculated relative to the present-day value of S-
index of 0.17. Source data are provided as a Source Data file. 
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