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 2 Gyr Sun modern Sun eps Eridani GJ 876 

 L L-off L L-off L L-off L L-off 
H2�2�������K�#��--> OH + H 5.11E10 5.10E10 4.21E10 4.21E10 4.94E9 4.54E9 3.55E8 1.60E8 
CO2 �����K�#��--> CO + O 1.77E12 1.77E12 1.39E12 1.39E12 2.37E11 2.38E11 3.29E10 5.16E9 

CO2 + �K�#��--> CO + O(1D) 3.29E11 3.29E11 2.35E11 2.35E11 1.68E12 1.68E12 4.87E11 3.44E11 
Cycle 1:         

O + HO2 --> OH + O2 1.74E12 1.89E12 1.36E12 1.47E12 1.15E12 8.35E11 1.65E11 2.38E11 
CO + OH --> CO2 + H 2.03E12 2.05E12 1.57E12 1.59E12 1.87E12 1.81E12 4.82E11 3.45E11 

H + O2 + M --> HO2 + M 2.03E12 2.08E12 1.57E12 1.62E12 2.06E12 1.82E12 4.26E11 3.33E11 
Net: CO + O --> CO2 1.74E12 1.89E12 1.36E12 1.47E12 1.15E12 8.35E11 1.65E11 2.38E11 

Cycle 2:         
H2O2 �����K�#��--> OH + OH 1.42E10 7.43E10 9.19E9 5.15E10 1.70E11 5.35E11 3.87E9 2.79E10 
2(CO + OH --> CO2 + H) 1.02E12 1.02E12 7.85E11 7.93E11 9.36E11 9.07E11 2.41E11 1.73E11 

2(H + O2 + M --> HO2 + M) 1.02E12 1.04E12 7.84E11 8.07E11 1.03E12 9.10E11 2.13E11 1.67E11 
HO2 + HO2 --> H2O2 + O2 1.44E10 7.47E10 9.25E9 5.17E10 1.70E11 5.40E11 3.95E9 2.95E10 
Net: 2CO + O2 --> 2CO2 1.42E10 7.43E10 9.19E9 5.15E10 1.70E11 5.35E11 3.87E9 2.79E10 

Cycle 3*:         
NO + HO2 --> NO2 + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0 

CO + OH --> CO2 + H 2.03E12 2.05E12 1.57E12 1.59E12 1.87E12 1.81E12 4.82E11 3.45E11 
H + O2 + M --> HO2 + M 2.03E12 2.08E12 1.57E12 1.62E12 2.06E12 1.82E12 4.26E11 3.33E11 

NO2 + �K�#��--> NO + O 1.89E11 0 1.67E11 0 4.74E11 0 2.02E11 0 
O + O + M --> O2 + M 2.09E11 2.08E11 1.36E11 1.35E11 2.43E11 2.60E11 1.98E11 1.16E11 
Net: CO + O --> CO2 1.89E11 0 1.36E11 0 2.43E11 0 1.98E11 0 

Cycle 4:         
O + NO2 --> NO + O2 1.41E11 0 1.02E11 0 1.28E11 0 1.34E11 0 

NO + HO2 --> NO2 + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0 
CO + OH --> CO2 + H 2.03E12 2.05E12 1.57E12 1.59E12 1.87E12 1.81E12 4.82E11 3.45E11 

H + O2 + M --> HO2 + M 2.03E12 2.08E12 1.57E12 1.62E12 2.06E12 1.82E12 4.26E11 3.33E11 
Net: CO + O --> CO2 1.41E11 0 1.02E11 0 1.28E11 0 1.34E11 0 

Cycle 5:         
NO + HO2 -> NO2 + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0 

NO2 + �K�#��-> NO + O 1.89E11 0 1.67E11 0 4.74E11 0 2.02E11 0 
O + HO2 -> OH + O2 1.74E12 1.89E12 1.36E12 1.47E12 1.15E12 8.35E11 1.65E11 2.38E11 

2(CO + OH -> CO2 + H) 1.02E12 1.02E12 7.85E11 7.93E11 9.36E11 9.07E11 2.41E11 1.73E11 
2(H + O2 + M -> HO2 + M) 1.02E12 1.04E12 7.84E11 8.07E11 1.03E12 9.10E11 2.13E11 1.67E11 

Net: 2CO + O2 -> 2CO2 1.89E11 0 1.67E11 0 4.74E11 0 1.65E11 0 
Total HxOy catalysis (1 & 2) 1.76E12 1.96E12 1.36E12 1.52E12 1.32E12 1.37E12 1.69E11 2.66E11 
Total NOx catalysis (3, 4, & 5) 5.18E11 0 4.04E11 0 8.49E11 0 4.97E11 0 
Total catalysis: 2.28E12 1.96E12 1.77E12 1.52E12 2.17E12 1.37E12 6.66E11 2.66E11 
Total CO2 photolysis: 2.10E12 2.09E12 1.63E12 1.63E12 1.91E12 1.92E12 5.20E11 3.50E11 
Ground-level O2 mixing ratio 2.1E-14 9.1E-19 2.3E-14 6.5E-19 7.5E-14 2.6E-5 6.9E-13 5.20E-2 
Ground-level CO mixing ratio 1.4E-5 1.4E-5 1.4E-5 1.4E-5 1.5E-4 2.2E-2 7.20E-4 1.30E-2 

Table 1: A summary of the major catalytic cycles suggested by Stock et al. (2012) occurring in the 481 
Martian atmosphere (first column, cycles 1-5; note that we have modified cycle 3). Each value is the 482 
column-integrated rate (cm-2 s-1) for the reaction listed, except the mixing ratios. This is an analog for 483 
the 5% CO2, low instellation (1.3 AU equivalent), low volcanic outgassing atmospheres shown here and 484 
in Harman et al. (2015). 485 
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 For lightning on Earth today, each lightning flash produces 30-670 moles of NO, 231 
with a typical lightning flash producing ~250 moles of NO (Schumann and Huntrieser, 232 
2007). When integrated over the surface of the Earth, this yields a global NO production 233 
rate of ~5 Tg/yr, or ~6× 108 NO molecules/cm2/s (Schumann and Huntrieser, 2007). We 234 
use this as our estimate for the global lightning production of NO on modern Earth. 235 
Figure 1 shows the production rate of NO from lightning in 1-bar, CO2-O2-N2-dominated 236 
atmospheres, using a lightning parameterization updated from Kasting (1979) that 237 
assumes a freeze-out temperature of 3500 K for all constituents (Kasting, 1990), which 238 
broadly agrees with other lightning simulations (e.g., Rimmer and Helling, 2016). We 239 
have assumed the same surface temperature (288 K) for each composition, broadly 240 
consistent with the presence of a carbonate-silicate feedback cycle that helps to stabilize a 241 
�S�O�D�Q�H�W�¶�V���F�O�L�P�D�W�H��(e.g., Kasting et al., 1993; Kopparapu et al., 2013). This results in a 242 
water vapor mixing ratio of ~1% at the surface.  243 

We have chosen the ternary diagram in Fig. 1 to highlight the dependence of NO 244 
production on composition, and we acknowledge that some of the mixtures represented 245 
may not correspond to physically self-consistent gas assemblages. That said, we note 246 
several effects: 1) NO production is highest for approximately present-day N2 247 
concentrations with higher-than-present-day O2 concentrations. We have highlighted this 248 
region with a white boundary, with arrows pointing towards higher NO production. 2) 249 
NO production remains within an order of magnitude of modern NO production 250 
throughout the diagram, except at very low CO2 and O2 concentrations, where oxygen 251 
contributions to NO formation are sustained by water vapor in the atmosphere and where 252 
�W�K�H���µ�I�O�R�R�U�¶���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\���������R�I���P�R�G�H�U�Q���1�2���I�O�X�[�H�V�����.�D�V�W�L�Q�J�������������������������$�W���O�R�Z���12 253 
concentrations (down to ~1% N2), NO production remains within a factor of 5 of the 254 
modern value. However, these low N2 concentrations would likely result in abiotic 255 
accumulation of O2 from water loss (Wordsworth and Pierrehumbert, 2014)�† a redox-256 
based false positive. This region of parameter space is shown by the white-hatched area 257 
in the lower-right corner of the diagram. Taken together, this suggests that a temperate 258 
terrestrial planet with even modest amounts of N2 will exhibit rates of lightning 259 
production of NO within an order of magnitude of the modern terrestrial rate.  260 

Below, we describe the photochemical models we used to investigate the effect of 261 
lightning on the photochemistry of hypothetical abiotic planetary atmospheres, along 262 
with the results from those models. 263 
 264 
Model description 265 
 For this study, we used two 1-dimensional, horizontally-averaged photochemical 266 
models, two of which share a common heritage. The model of Harman et al. (2015) is 267 
similar to the models of Segura et al. (2007) and Tian et al. (2014), and by extension the 268 
Domagal-Goldman et al. (2014), which used the Segura et al. (2007) model with minor 269 
modifications. A detailed description of this model can be found in Appendix B of 270 
Catling and Kasting (2017). The second model, Atmos, is described in detail in Arney et 271 
al. (2016), and while it shares its origins with the Harman et al. model, Zahnle (1986) 272 
began significant alterations. These models have differing chemical species, reaction 273 
lists, and physics parameterizations, which explains much of the inter-model variability. 274 
However, these differences cannot explain the qualitatively different behavior recently 275 
reported in the literature, which arises instead from their differing treatments of lightning. 276 
   277 



Results 278 
 To compare with the previous calculations of Domagal-Goldman et al. (2014) and 279 
Harman et al. (2015), both the Harman et al. and Atmos models were run without 280 
lightning (Fig. 2, panels A and C), while ensuring global redox balance, following 281 
Harman et al. (2015). We have chosen to highlight both the ’worst-case’ (highest O2) 282 
scenario of Harman et al. for a terrestrial planet with a 5% CO2 atmosphere orbiting GJ 283 
876, an M4V star (panels A and B), as well as for epsilon Eridani, a K1V star (panels C 284 
and D). These planets receive �a���������W�K�H���P�R�G�H�U�Q���(�D�U�W�K�¶�V���L�Q�V�R�O�D�W�L�R�Q�����H�T�X�L�Y�D�O�H�Q�W���W�R���R�U�E�L�W�L�Q�J��285 
the Sun at 1.3 AU, as described in Harman et al. (2015)). However, these results are 286 
broadly applicable to all the M dwarf scenarios of Tian et al. (2014), Domagal-Goldman 287 
et al. (2014), and Harman et al. (2015), and to the K dwarf scenarios of Domagal-288 
Goldman et al. (2014) and Harman et al. (2015). The ’worst-case’ scenario �– set to 289 
maximize potential abiotic O2 production �– assumes that surface sinks for O2 are 290 
nonexistent, and that CO has an (abiotic) deposition velocity of 10-8 cm/s (Harman et al., 291 
2015). (The abiotic deposition velocity is derived by assuming that the only sink for CO 292 
in solution is hydration to formate (Harman et al., 2015)). Both conditions tend to 293 
magnify any abiotic O2 accumulation derived from CO2 photolysis (Harman et al., 2015). 294 
Both the Harman et al. and Atmos models produced atmospheres dominated by CO and 295 
O2 for the M dwarf cases (Fig. 2, panel A), in line with previous estimates of abiotic O2 296 
accumulation (Tian et al., 2014; Harman et al., 2015). The Atmos model did not 297 
accumulate O2 in the absence of lightning-produced NO (panel C, dashed curves), which 298 
is due to differences in how species like CO2 and O3 are treated numerically, as well as 299 
differences in model physics. 300 

We then repeated this same calculation with lightning included. Results are shown 301 
in Fig. 2, panels B and D. In these cases, surface O2 concentrations are vanishingly small, 302 
consistent with estimates for O2 on the prebiotic Earth and on lifeless planets orbiting F 303 
and G stars (Segura et al., 2003; Harman et al., 2015). Similar, low-O2 results are 304 
obtained even if the atmospheric CO2 concentration is increased to as much as 90% by 305 
volume. 306 

We conclude that the O2 false positives reported by Tian et al. (2014) and Harman 307 
et al. (2015) would only occur on M-star planets that had no lightning or that had 308 
lightning flash rates much lower than that of modern Earth. Likewise, O3 would remain 309 
low, with O3 variations between the models used here and in Domagal-Goldman et al. 310 
(2014) explained in large part by differences in how global redox balance is ensured, with 311 
the remainder of the variation explained by differences in the treatment of CO2 and O3 as 312 
fixed mixing ratio and long-lived species, respectively. (The methodology of Domagal-313 
Goldman et al. (2014) produced some simulations with anomalous atmospheric redox 314 
imbalances, but this overlapped a consistent O3 build-up in the F star cases - see also 315 
Harman et al. (2015).)  Because lightning is to be expected on any planet with a wet 316 
surface that experiences moist convection (Wong et al., 2017), it seems unlikely that this 317 
represents a real false positive. M-star planets may build up high abiotic O2 levels in 318 
other ways (e.g., pre-main-sequence water loss), as discussed earlier. But photochemical 319 
false positives like the ones described in Tian et al. (2014) and Harman et al. (2015) are 320 
unlikely to actually occur. 321 

 322 
Discussion 323 



 To attempt to quantify how the production of nitrogen oxides by lightning helps 324 
to reduce abiotic O2 concentrations, we have made a list of possible catalytic cycles for 325 
recombining CO with O (see Table 1). Our methodology follows that of Stock et al. 326 
(2012), who looked at several possible catalytic cycles for the Martian atmosphere. Mars 327 
is a reasonable analog for the high-CO2, low-outgassing planets we have simulated here, 328 
except that the Martian atmosphere is much colder and contains much less H2O. 329 

Several of the catalytic cycles listed share individual chemical reactions between 330 
them, but the slow step in each cycle should determine its overall contribution to CO + O 331 
recombination (shown as the ’Net’ value below each cycle). In Table 1, we provide side-332 
by-side comparisons of cases for the young Sun, the modern Sun, epsilon Eridani (a K 333 
dwarf), and GJ 876 (an M dwarf), based on previous work with false positives (Tian et 334 
al., 2014; Domagal-Goldman et al., 2014; Harman et al., 2015) and models for the 335 
spectral evolution of the Sun (Claire et al., 2012). For each star, we have shown a case 336 
where lightning is assumed to be producing NO (the ’L’ columns) and where it is not (the 337 
’L-off’ columns). In cases where no false positive for O2 exists, the approximate rate of 338 
catalytic destruction of CO and O is equal to or greater than the rate of photolysis of CO2. 339 
For model planets around G-type stars, catalytic destruction of CO and O always 340 
outpaces CO2 photolysis, even with lightning turned off in the model. For K- and M-341 
dwarf planets, O2 concentrations remain low only if there are additional nitrogen oxide-342 
based catalytic cycles, besides those initiated by photolysis of H2O. In other words, in our 343 
simulations of these worlds, O2 does not accumulate if lightning is included in the model, 344 
consistent with the results of Domagal-Goldman et al. (2014). But CO2 photolysis 345 
outpaces water vapor for the K and M dwarf no-lightning (’L-off’) cases, leading to 346 
atmospheric O2 accumulation in these simulations, consistent with Tian et al. (2014) and 347 
Harman et al. (2015).  348 

Importantly, there is an overlap between where N2-derived NO may be sufficient 349 
to drive the recombination of CO and O2, and where N2 is undetectable. Below 350 
approximately 0.5 bar N2, the N2 dimer feature would be largely undetectable 351 
(Schwieterman et al., 2015), but the NO production rate would still be large enough to 352 
catalytically recombine O2 with CO, as long as pN2 is greater than ~0.01 bar. However, 353 
the lower limit for pN2~0.08 bar would be set by temperate water loss and O2 354 
accumulation (Wordsworth and Pierrehumbert, 2014). For 0.5 bar < pN2 < ~0.08 bar, 355 
then, separating these two false positives using the N2 dimer alone is not possible, and 356 
additional constraints on the atmospheric composition or total pressure would be needed. 357 
Secondary features such as the absence of the O2 dimer would rule out O2 > 0.5 bar 358 
(Misra et al., 2014), and high signal-to-noise measurements of several spectral features 359 
may place a useful lower limit on total atmospheric pressure (Des Marais et al., 2002; 360 
Misra et al., 2014), although these types of observations would be difficult with the JWST 361 
(Batalha et al., 2018). Additional information from Rayleigh scattering (e.g., Selsis, 2004; 362 
Benneke and Seager, 2012) or thermal phase curves (e.g., Koll and Abbot, 2015) could 363 
also be used to constrain atmospheric pressure. 364 

 365 
Additional sinks for abiotic oxygen 366 
 In addition to the catalytic recombination of CO and O2 by NO, other geologic 367 
sinks for abiotic O2 exist on Earth-like planets. Plate tectonics exposes new material that 368 
would chemically react with free oxygen, but whether and under what circumstances 369 



plate tectonics started on Earth (e.g., Conde and Pease, 2008; Korenaga, 2013), let alone 370 
on other planets (e.g., Valencia et al., 2007; Korenaga, 2010; van Summeren et al., 2011; 371 
van Heck and Tackey, 2011; Foley et al., 2012; Noack and Breuer, 2014), remains 372 
uncertain (and potentially unanswerable; see Lenardic and Crowley, 2012). Oxidative 373 
weathering may be relatively insensitive to the exposed land fraction, if it behaves 374 
similarly to silicate weathering (Abbot et al., 2012). In the absence of plate tectonics, 375 
however, the addition of reducing gases from the interior of the planet would act as a sink 376 
for O2. Volcanic outgassing is tangentially related to the tectonic activity of a planet, both 377 
being driven principally by internal heating of the planet (from planetary formation and 378 
radioactive decay). However, the radionuclide budget of a planet is expected to decrease 379 
with time, but also as a function of the �S�O�D�Q�H�W�¶�V���I�R�U�P�D�W�L�R�Q���D�J�H�����*�R�Q�]�D�O�H�]���H�W���D�O����������������. 380 
The composition and flux of volcanic gases is also incredibly complex, depending on 381 
redox state of the mantle (Kasting et al., 1993), the source material (Schaefer and Fegley, 382 
2007), and the volcanic setting (e.g., Burgisser and Scaillet, 2007; Gaillard et al., 2011; 383 
Gaillard and Scaillet, 2014), but may remain consistent over the lifetime of the planet 384 
(e.g., Trail et al., 2011). All three terrestrial planets in our solar system demonstrate 385 
varying amounts of volcanic activity (e.g., Smrekar et al., 2010; Hauber et al., 2011), 386 
despite their divergent evolutionary paths.  387 
 388 
Other considerations  389 
 Smaller amounts of lightning-produced NO, consistent with suggestions for ocean 390 
worlds (HodosÆn et al., 2016), can still be effective in limiting abiotic O2 buildup. Even if 391 
the rate of NO production is decreased by an order of magnitude, O2 concentrations in 392 
our ’worst case’ GJ 876 scenario remain at or below ~1 ppb at the surface. However, NO 393 
production rates more than 30 times less than modern are insufficient to prevent 394 
significant accumulations of O2 in our 5% CO2 GJ 876 case. That said, the models used 395 
here have parameterized lightning production of NO based on the modern Earth, which 396 
would underestimate lightning occurrence (and thus NO production) for warmer, wetter 397 
atmospheres (e.g., Wong et al., 2017).  398 
 In our model, lightning is assumed to be the only source of NO. However, other 399 
sources of NO exist, and NO is not the only catalyst capable of recombining CO and O2. 400 
Volcanoes are a known source of NO (e.g., von Glasow et al., 2009), and could have 401 
introduced fluxes of NO into the early Earth’s atmosphere comparable to that produced 402 
by lightning fixation of NO on the modern Earth (Martin et al., 2007). GCRs can also 403 
produce nitric oxides in the atmosphere (e.g., Nicholet, 1975; Scalo et al., 2007). Planets 404 
orbiting M dwarfs experience larger and more frequent flares (e.g., Airapetian et al., 405 
2017) and enhanced GCR fluxes due to the proximity of a planet in the habitable zone to 406 
its host star (e.g., Grenfell et al., 2007), suggesting that the NO production estimates 407 
outlined below are conservative. Chlorine and bromine radicals could potentially operate 408 
in the same way as NO (even interacting with NOx, which further complicates the story). 409 
These radicals can be derived from sea salt spray (Finlayson-Pitts, 2003), and are relevant 410 
to the O2 and O3 chemistry on Venus (e.g., Mills et al., 2006). Further work could 411 
quantify the effects of these species on abiotic O2 concentrations in more Earth-like 412 
atmospheres.  413 
 As always, constraints on the atmospheric composition of an exoplanet will be 414 
invaluable in determining whether an O2 absorption signal is really an indicator of life. 415 



Substantial concentrations of CH4, or of H2O, N2, CO2, and CO, combined with the 416 
absence of a substantial O2 dimer spectral feature (indicative of a post-runaway 417 
greenhouse atmosphere), would effectively exclude all known false positive mechanisms 418 
(Schwieterman et al., 2016; Wang et al., 2016). Several methods along these lines meant 419 
to minimize false positives have been proposed (e.g., Desch et al., 2018; Harman et al., 420 
2018). This work suggests that, even in the absence of such constraints, the simultaneous 421 
detection of O2 + H2O + N2 would be strongly suggestive of the presence of life on a 422 
terrestrial exoplanet orbiting in the habitable zone. 423 
 424 
Conclusion  425 

In the cases outlined here, lightning eliminates the reported photochemical O2 426 
false positives in the atmospheres of terrestrial planets around small stars. We conclude 427 
that: 1) A self-consistent habitable (but lifeless) terrestrial planet is likely to have several 428 
mechanisms at work that reduce photolysis-driven disequilibrium, including lightning 429 
and outgassing of reduced gases, and 2) physical processes beyond the scope of gas-430 
phase chemistry control the chemical composition of a planet’s atmosphere. On Earth, 431 
biology is the dominant control. For lifeless worlds, these controls include boundary 432 
conditions reflecting the assumed chemistry of the ocean, and phenomena like lightning, 433 
as we have shown here. Modelers must weigh the potential impact of these secondary 434 
processes and reservoirs and work to connect assumptions to geologically plausible 435 
scenarios. The production of NO is not limited to lightning, however, and M dwarf host 436 
stars, with their myriad other complications, have several substantial alternative NO 437 
production routes. Consequently, the presence of O2, alongside reasonable concentrations 438 
of H2O, CO2, and N2, should be regarded as a robust biosignature terrestrial exoplanets 439 
orbiting within habitable zones. Future plans to explore the influence of lightning on 440 
atmospheric composition will couple photochemical and climate simulations to better 441 
capture the interaction of lightning occurrence and O2 accumulations. 442 
 443 
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 447 
Figure 1: Lightning production of NO for a CO2/N2/O2 atmosphere with ~1% water 448 
vapor, where f(CO2)+f(N2)+f(O2)=1 (each as a fraction of the non-condensable 449 
component of the atmosphere). The white-hatched region at the bottom right corresponds 450 
to N2 and O2 concentrations at or below the level defined by Wordsworth and 451 
Pierrehumbert (2014) as being susceptible to abiotic O2 accumulation from water loss. 452 
NO production in excess of modern (>~6x108 /cm2/s) is highlighted by the white 453 
boundary, with arrows pointing towards higher NO production. For low concentrations of 454 
CO2 and O2 (<100 ppm), NO production is supported by oxygen derived from water 455 
vapor, remaining greater than ~3×107 /cm2/s (~5% of modern). O2 concentrations >0.9 456 
�E�D�U�����J�U�D�\���U�H�J�L�R�Q�����Z�H�U�H���Q�R�W���W�H�V�W�H�G�����7�K�H���P�R�G�H�U�Q���(�D�U�W�K�¶�V���D�W�P�R�V�S�K�H�U�L�F���F�R�P�S�R�V�L�Wion is shown 457 
as the blue circle. 458 
 459 
Figure 2: Mixing ratios for the major species in the atmosphere, following Harman et al. 460 
(2015). Solid lines are for the model of Harman et al. (2015), and dashed lines are for the 461 



Atmos model. Each panel is for a 5% CO2 case for a terrestrial planet orbiting at 1.3 AU 462 
equivalent around the M star GJ 876 (top panels, A and B) and the K star epsilon Eridani 463 
(bottom panels, C and D). (A and C) The production of NO by lightning is set to zero, 464 
and (B and D) the lightning production of NO is ’on’, with NO production set by the bulk 465 
composition of the atmosphere (Fig 1) and normalized to lightning production in the 466 
modern Earth’s atmosphere. Again, differences in model specifics (such as the numerical 467 
way in which CO2 and O3 are treated) yield different results, especially for panel C 468 
(epsilon Eridani, lightning is set to zero). O2 and O3 for all but panel A would be very 469 
difficult to detect (Domagal-Goldman et al., 2014; Harman et al., 2015). 470 
 471 
 472 
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 479 
 480 



 2 Gyr Sun modern Sun eps Eridani GJ 876 

 L L-off L L-off L L-off L L-off 
H2�2�������K�#��--> OH + H 5.11E10 5.10E10 4.21E10 4.21E10 4.94E9 4.54E9 3.55E8 1.60E8 
CO2 �����K�#��--> CO + O 1.77E12 1.77E12 1.39E12 1.39E12 2.37E11 2.38E11 3.29E10 5.16E9 

CO2 + �K�#��--> CO + O(1D) 3.29E11 3.29E11 2.35E11 2.35E11 1.68E12 1.68E12 4.87E11 3.44E11 
Cycle 1:         

O + HO2 --> OH + O2 1.74E12 1.89E12 1.36E12 1.47E12 1.15E12 8.35E11 1.65E11 2.38E11 
CO + OH --> CO2 + H 2.03E12 2.05E12 1.57E12 1.59E12 1.87E12 1.81E12 4.82E11 3.45E11 

H + O2 + M --> HO2 + M 2.03E12 2.08E12 1.57E12 1.62E12 2.06E12 1.82E12 4.26E11 3.33E11 
Net: CO + O --> CO2 1.74E12 1.89E12 1.36E12 1.47E12 1.15E12 8.35E11 1.65E11 2.38E11 

Cycle 2:         
H2O2 �����K�#��--> OH + OH 1.42E10 7.43E10 9.19E9 5.15E10 1.70E11 5.35E11 3.87E9 2.79E10 
2(CO + OH --> CO2 + H) 1.02E12 1.02E12 7.85E11 7.93E11 9.36E11 9.07E11 2.41E11 1.73E11 

2(H + O2 + M --> HO2 + M) 1.02E12 1.04E12 7.84E11 8.07E11 1.03E12 9.10E11 2.13E11 1.67E11 
HO2 + HO2 --> H2O2 + O2 1.44E10 7.47E10 9.25E9 5.17E10 1.70E11 5.40E11 3.95E9 2.95E10 
Net: 2CO + O2 --> 2CO2 1.42E10 7.43E10 9.19E9 5.15E10 1.70E11 5.35E11 3.87E9 2.79E10 

Cycle 3*:         
NO + HO2 --> NO2 + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0 

CO + OH --> CO2 + H 2.03E12 2.05E12 1.57E12 1.59E12 1.87E12 1.81E12 4.82E11 3.45E11 
H + O2 + M --> HO2 + M 2.03E12 2.08E12 1.57E12 1.62E12 2.06E12 1.82E12 4.26E11 3.33E11 

NO2 + �K�#��--> NO + O 1.89E11 0 1.67E11 0 4.74E11 0 2.02E11 0 
O + O + M --> O2 + M 2.09E11 2.08E11 1.36E11 1.35E11 2.43E11 2.60E11 1.98E11 1.16E11 
Net: CO + O --> CO2 1.89E11 0 1.36E11 0 2.43E11 0 1.98E11 0 

Cycle 4:         
O + NO2 --> NO + O2 1.41E11 0 1.02E11 0 1.28E11 0 1.34E11 0 

NO + HO2 --> NO2 + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0 
CO + OH --> CO2 + H 2.03E12 2.05E12 1.57E12 1.59E12 1.87E12 1.81E12 4.82E11 3.45E11 

H + O2 + M --> HO2 + M 2.03E12 2.08E12 1.57E12 1.62E12 2.06E12 1.82E12 4.26E11 3.33E11 
Net: CO + O --> CO2 1.41E11 0 1.02E11 0 1.28E11 0 1.34E11 0 

Cycle 5:         
NO + HO2 -> NO2 + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0 

NO2 + �K�#��-> NO + O 1.89E11 0 1.67E11 0 4.74E11 0 2.02E11 0 
O + HO2 -> OH + O2 1.74E12 1.89E12 1.36E12 1.47E12 1.15E12 8.35E11 1.65E11 2.38E11 

2(CO + OH -> CO2 + H) 1.02E12 1.02E12 7.85E11 7.93E11 9.36E11 9.07E11 2.41E11 1.73E11 
2(H + O2 + M -> HO2 + M) 1.02E12 1.04E12 7.84E11 8.07E11 1.03E12 9.10E11 2.13E11 1.67E11 

Net: 2CO + O2 -> 2CO2 1.89E11 0 1.67E11 0 4.74E11 0 1.65E11 0 
Total HxOy catalysis (1 & 2) 1.76E12 1.96E12 1.36E12 1.52E12 1.32E12 1.37E12 1.69E11 2.66E11 
Total NOx catalysis (3, 4, & 5) 5.18E11 0 4.04E11 0 8.49E11 0 4.97E11 0 
Total catalysis: 2.28E12 1.96E12 1.77E12 1.52E12 2.17E12 1.37E12 6.66E11 2.66E11 
Total CO2 photolysis: 2.10E12 2.09E12 1.63E12 1.63E12 1.91E12 1.92E12 5.20E11 3.50E11 
Ground-level O2 mixing ratio 2.1E-14 9.1E-19 2.3E-14 6.5E-19 7.5E-14 2.6E-5 6.9E-13 5.20E-2 
Ground-level CO mixing ratio 1.4E-5 1.4E-5 1.4E-5 1.4E-5 1.5E-4 2.2E-2 7.20E-4 1.30E-2 

Table 1: A summary of the major catalytic cycles suggested by Stock et al. (2012) occurring in the 481 
Martian atmosphere (first column, cycles 1-5; note that we have modified cycle 3). Each value is the 482 
column-integrated rate (cm-2 s-1) for the reaction listed, except the mixing ratios. This is an analog for 483 
the 5% CO2, low instellation (1.3 AU equivalent), low volcanic outgassing atmospheres shown here and 484 
in Harman et al. (2015). 485 
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