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For lightningon Earth todayeach lightning flash produces &0 moles of NQ
with a typical lightning flasiproducing 250 moles of NO (Schumann and Huntrieser,
2007). When integrated over the surface ofEheh, this yields a global NO production
rate of~5 Tg/yr, or ~6 10° NO molecules/crfis (Schumann and Huntrieser, 200/ e
usethis as our estimate for thgdoballightning production of NGn modern Earth
Figurel shows the productiorateof NO from Ightning in Xbar, CQ-O,-N>-dominated
atmospheres, usirgjightning parameterizationpdated from Kasting (197%)at
assumes a freezmut temperature of 3500 K for all constituefisisting, 1990)which
broadly agrees with other lightning simulatioesy(, Rimmer and Helling, 2018)e
have assumed the same surface temperature (288 K) for each composition, broadly
consistent with the presence of a carboisdieate feedback cyclinat helps to stabilize a
SODQHW fé&/g.FKastindgt\wl H 993 Kopparapu et al., 20)3This results in a
water vapor mixing ratio of ~1% at the surface.

We have chosen the ternary diagrankig. 1 to highlight the dependence of NO
production on composition, and \@eknowledgehat some of the mixtures represented
may not correspond to physically selbnsistent gas assemblages. That said, we note
severaleffects 1) NO production is higtstfor approximately presefttay N\o
concentrations with highghanpresentday @ concentrationsWe have highlightethis
regionwith awhite boundarywith arrows pointing towards higher NO production. 2)
NO production remains within an order of magnitude of modern NO production
throughout the diagranexcept at very lov€O, and Q concentrationswhere oxygen
contributions to NGormation are sustained by water vapor in the atmosphere/lzem
WKH IORRUY LV DSSUR[LPDWHO\ RI PRGHUQ 12 IOX[HV
concentrations (down to ~1%\\NO production remains within a factor of 5tbé
modernvalue However,thesdow N2 concentrations woultikely result in abiotic
accumulation of @from water loss (Wordsworth and Pierrehumbert, 2G1atyedox
based false positiv& hisregion of parameter spaseshown bythe whitehatchedarea
in the lowerright corner othe diagram. Taken together, this suggests that a temperate
terrestrial planet with even modest amounts pfll exhibit rates ofightning
production of NO within an order of magnitudetioé modernterrestrial rate

Below, wedescribethe photochemicemodek we used to investigate the effect of
lightning on the photochemistry of hypothetical abiotic planetary atmospheres, along
with the results from thbsemodes.

Model description

For this study weusediwo 1-dimensional horizontallyaverageghoiochemical
models two of whichshare a commoheritage The model of Harman et al. (2015) is
similar to the models of Segura et al. (2007) and Tian et al. (2844 )y extension the
DomagalGoldman et al(2014) whichused the Segura et al. (200@pdel withminor
modifications A detailed description of this model can be found in Appendix B of
Catling and Kasting (2017The second modehtmos, is described in detail in Arney et
al. (2016), and while it shares its origins with the Harman et@deipZahnle (1986)
begarsignificant alteations These modelkave differing chemical speciggaction
lists, and physics parameterizatiomghich explains much of the intemodel variability.
However, these differences cannot explain the qualitattiéfisrent behaviorecently
reported in the literaturevhich arises insteddom thar differing treatmeng of lightning.
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Results

To comparewith the previous calculations of Domagabldman et al. (2014) and
Harman et al. (2015poth the Harman et al. angmos modelswere run without
lightning (Fig.2, panets A and Q, while ensuring global redox balandellowing
Harman et al. (2015We have chosen to highlighoththe 'worstcase(highest Q)
scenario of Harman et al. farterrestrial planet with a 5% G@tmosphere orbiting GJ
876, an M4V stafpanels A and B)as well as for epsilon Eridani, a K1V s{panels C
and D). These planetsceiwe a WKH PRGHUQ (DUWKYV LQVRODWLRQ H
the Sun at 1.3 AU,sadescribed in Harman et al. (201%)pwever theseresults are
broadly applicable to all the M dwarf scenarios of Tian et al. (2014), DorGgdman
et al. (2014), and Harman et al. (201&)dto the K dwarf scenarios of Domagal
Goldman et al. (2014)nal Harman et al. (20157 he 'worsicase’ scenarieset to
maximizepotentialabiotic @ production —-assumes thaurfacesinks for Q are
nonexistentand that CO haan (@biotic) deposition velocityf 108 cm/s(Harman et al.,
2015) (Theabioticdeposition velocity is derived lssuminghatthe only sink for CO
in solution is hydration to formate (Harman et al., 20159th conditiongend to
magnifyany abiotic @ accumulation derived from Ghotolysis (Harman et al., 2015).
Both the Harmaet al. anditmos models produced atmospheres dominated by CO and
O for the M dwarf casefig. 2, panel A) in line with previous estimates of abiotie O
accumulation (Tian et al., 2014; Harman et al., 20IBgAtmos model did not
accumulate @in the dsence of lightningproduced NO (panel C, dashed curves), which
is due to differences in how species likeZ&@d Q are treated numerically, as well as
differences in model physics.

We then repeated this same calculation with lightning includedults ee shown
in Fig. 2, panes B and D In thesecasa, surface @concentrations areanishingly small
consistent with estimates forOn the prebiotic Earth arwh lifeless planets orbiting F
and G starsSegura et al., 200Bjarman et al., 2015%imilar, low-O- results are
obtained even if the atmospheric £&ncentration is increased to as much as 90% by
volume.

We conclude that th@; false positives reported/iian et al. (2014) and Harman
et al.(2015) would only occur on Mtar planets that had tightning or that had
lightning flash rates much lower than that of modern Earkewise, G would remain
low, with Oz variations between the models used here and in Dor@gdman et al.
(2014) explainedh large parby differences irhow global redodalance is ensuredith
the remainder of the variation explained by differences in the treatmentafrd@ as
fixed mixing ratio and longived species, respectivelfThe methodology of Domagal
Goldman et al. (2014) produced some simulations witimahtous atmospheric redox
imbalances, but this overlapped a consistexttfild-up in the F star casesee also
Harman et al. (2015).Because lightning is to be expected on any planet with a wet
surface that experiences moist convectoig et al., 817), it seems unlikely that this
represents a real false positive-stér planets may build up high abiotig ©vels in
other ways (e.g., prainsequence water loss), as discussed eaBigmphotochemical
false positivelike the ones described in Tian et al. (2014) and Harman et al. (2(5)
unlikely to actually occur.

Discussion
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To attempt to quantify how the production of nitrogen oxides by lightning helps
to reduce abiotic ©concentrationswe havemade a list opossible catalytic cycles for
recombining CO with O (seEable ). Our methodology follows that of Stock et al.
(2012), who looked ateveralpossiblecatalytic cycledor theMartianatmosphereMars
is areasonabl@nalog for the higtCO,, low-outgassinglanets we have simulated here
except that thdartianatmosphere is much colder and contains much leSs H

Severabf the catalyticcycleslisted shareindividual chemical reactiornsetween
them, but the slow step in each cysl®uld determinés oveall contributionto CO + O
recombinatior(shown as the 'Net’ value below each cydteYable 1, ve provide side
by-side comparisons of cases for the young Sun, the modern Sun, epsilon Eridani (a K
dwarf), and GJ 876 (an M dwarf), based on previous wuittk false positives (Tian et
al., 2014; DomagaGoldman et al., 2014; Harman et al., 2015) and models for the
spectral evolution of the Sun (Claire et al., 2012). For each star, we have shown a case
where lightning isassumed to bproducing NO (the 'L’aumns) and where it is not (the
‘L-off’ columns)In caseswhere no false positive forA@xists,theapproximateate of
catalyticdestruction of CO and @ equalto or greater thatherate ofphotolysis of CQ.
For model planets aroundi@pe stars, catalytic destruction@0O and O always
outpaces C@photolysis, even with lightning turned off in the mode&r K- and M
dwarf planets©> concentrations remain loanly if there areadditionalnitrogen oxide
basedcatalyticcycles, besides those initiated by photolysis g®Hn other words, in our
simulations of these world§), does not accumulate if lighing is included in the model,
consistent with the seilts of DomagaGoldman et al(2014).But CO, photolysis
outpaces water vapéor the K and M dwarf ndightning (L-off’) casesleading to
atmospheric @accumulatiorin these simulationgonsistent witilian et al.(2014)and
Harmanet al.(2015)

Importantly, there is an overlap between wheredgrived NO may be sufficient
to drive the recombination of CO and,@nd where His undetectable. Below
approximately 0.5 bar Nthe N> dimer featurevould belargely undetectable
(Schwieterman et al., 201%)ut the NO production rate would still srdge enough to
catalytically recombin®. with CO, as long apN2 is greater thar0.01 barHowever,
the lower limit for pN~0.08 bar would be set by temperate water loss and O
accumulation (Wordsworth and Pierrehumbert, 2014). For 0.5 bap < pN.08 bar,
then,separatinghese wo false positivesising the N dimer alone is not possibland
additional constraints on the atmospheric composition or total pressure would be needed
Secondary features such as the absence of tldén@@r would rué out Q> 0.5 bar
(Misra et al., 2014)and high signalo-noise measurements of sevespéctrafeatures
may place aisefullower limit on total atmospheric pressui@e§ Marais et al., 2002;
Misra et al., 2014)although these types of observations Mde difficult with theJWST
(Batalha et al., 2018Additional information from Rayleigh scattering (e.g., Selsis, 2004
Benneke and Seager, 20132 thermal phase curves (e.g., Koll and Abbot, 2015) could
also be used to constrain atmospheric pressure

Additional snks for abiotic oxygen

In addition to the catalytic recombination of CO ando® NO, othemeologic
sinks for abiotic @exist onEarthlike planetsPlate tectonics exposaew material that
would chemically react with free oxygen, but whether and under what circumstances
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plate tectonicstartedon Earth (e.g., Conde and Pease, 2B8@8enaga, 2013 let alone

on other planets (e.g., Valencia et al., 200dtenaga, 2010janSummeren et al., 2011;

van Heck and Tackey, 2011; Foley et al., 204@ack and Breuer, 20)4remains
uncertain(and potentially unanswerabkeelLenardic and Crowley, 2012pxidative
weathering may be relatively insensitive to the exposed land fnadtib behaves

similarly to silicate weathering (Abbot et al., 201I2)the absence of plate tectonics,
however, the addition of reducing gases from the interior of the planet would act as a sink
for O.. Volcanic outgassing is tangentially related te tactonic activity o planet, both

being driverprincipally by internal heang of the planet (from planetary formation and
radioactive decayHowever, theadionuclide budget of a planstexpected to decrease

with time, but also as a function of tt#fODQHWTYV IRUPDWLRQ DJH *RQ]DOH]
The composition and flux of volcanic gaseslso incredibly complexependhg on

redox state of the mantl&dsting et al., 1993 the source material (Schaefer and Fegley,
2007),and the volcanic setting.g.,Burgisser and Scaillet, 200Gaillard et al., 2011,

Galillard and Scaillet, 2034but may remain consistent over the lifetime of the planet

(e.g., Trail et al., 2011All three terrestrial planets in our solar system demonstrate

varying amountsfovolcanic activity (e.g., Smrekar et al., 2010; Hauber et al., 2011),
despite their divergent evolutionary paths.

Other considerations

Smalleramounts of lightningproduced NO, consistent with suggestions for ocean
worlds (Hodogh et al., 2016)can still be effective in limiting abiotic uildup. Evenif
the rate oNO productions decreased by an order of magnitudgeconcentrationgn
our 'worst case’ GJ 876 scenagmain at or below ~1 ppb at the surfadewever, NO
productionratesmore than 30 times less than modern are insufficient to prevent
significant accumulations ofOn our 5% CQ GJ 876 caselhat said, he models used
here have parameterized lightning production of NO based on the modern Earth, which
would underestimate lighing occurrence (and thus NO production) for warmer, wetter
atmospheres (e.g., Wong et al., 2017).

In our model, ightning isassumed to bine only sourcef NO. However, other
sources of N@xist andNO isnotthe only catalyst capable of recombini@® and Q.
Volcanoes are a known source of NO (e.g., von Glasow et al., 2009), and could have
introduced fluxes of NO into the early Earth’s atmosphere comparahk fgroduced
by lightning fixation of NO on the modern Earth (Martin et al., 206 Rscan also
produce nitric oxides in the atmosphere (e.g., Nicholet, 1975; Scalo et al., RE08ts
orbiting M dwarfsexperiencdarger and more frequent flares (e.g., Airapetian et al.,
2017) and enhanced GCR fluxes due to the proximity of a plante imatbitable zone to
its host star (e.g., Grenfell et al., 2005()ggeshg that the NO production estimates
outlined below are conservativ@hlorine and bromine radicals could potentially operate
in the same way as N(@ven interacting with N@ which further complicates the stgry
These radicalsan be derived froreea salt spray (Finlaysdritts, 2003) and are relevant
to the Q and Q chemistry on Vensi(e.g., Mills et al., 2006 Further work could
guantify the effects of these species on abiotic@centrationsn more EartHike
atmospheres

As always, constraints on the atmospheric composition of an exoplanet will be
invaluablein determining whether an@bsorption signal is really an indicator of life
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Substantiatoncentrations o€Hs, or of H20, Nz, CO,, and COcombined withthe

absence of a substantiat @mer spectral featur@ndicative of a postunaway

greenhouse atmospherejould effectivelyexclude all known false positive mechanisms
(Schwieterman et al., 2018/ang et al., 2006 Several methodalong these lines meant

to minimize false positives have been proposed (e.g., Desch et al., 2018; Harman et al.,
2018).This work suggests thatven in the absence sdichconstraintsthe simultaneous
detection 002+ H20 + N2 would be strongly suggestive of the presence ofdiiea

terrestrial exoplanet orbiting the habitable zone

Conclusion

In the cases outlined here, lightnielgminatesthe reporteghhotochemicaO»
false positives in the atmospheres of terrestrial plaaretsnd small star§Ve conclude
that 1) A selfconsistent habitabl@ut lifeless)terrestrial planet is likely to have several
mechanisms at worthatreduce photolystglriven disequilibriumincluding lightning
and outgassing of reduced gasawd 2) physical processes beyond the scope of gas
phase chemistrgontrol the chemical composition of a planet’s atmosph@reEarth,
biology is the dominantontrol. For lifeless worlds, these controisludeboundary
conditions reflecting the assumeldemistry of the oceamandphenomena like lightning
as we have shown hemtdodelersmustweigh the potential impact déiesesecondary
processes and reservaoansd work to connect assumptionggenlogicallyplausible
scenariosThe production of NO isot limited to lightning, however, and M dwarf host
stars, with their myriad other complications, have several substantial alternative NO
production routesConsequently, the presence of @ongside reasonable concentrations
of H0O, CO, and N, shouldbe regarded as a robust biosignatereestrial exoplanets
orbiting within habitable zoneg$-uture plans to explore the influence of lightning on
atmospheric composition will couple photochemical and climate simulations to better
capture the interactiorf ightning occurrence andA &ccumulations.

This work was fuded by NASA'’s Habitable Worlggoposal#¥NNX15AQ11G and, and
by the NASA Astrobiology Program through the Nexus feofilanet System Science
(NEXSS)

Figure 1 Lightning production of NO foa CQ/N2/O atmosphere with ~1% water

vapor, where f(C@+f(N2)+f(O2)=1 (each as a fraction of the roandensable

component of the atmosphere). The winiggched region at the bottom right corresponds
to N2 and Q concentrations at or below the levelidetl by Wordsworth and
Pierrehumbert (2014) as being susceptible to abigt@c@umulation from water loss.

NO production in excess of modern (>~6%1&h¥/s) is highlighted by the white
boundary, with arrows pointing towards higher NO production. Forclmcentrations of
COz and Q (<100 ppm), NO production is supported by oxygen derived from water
vapor, remaining greater than ~3 1@m?/s (~5% of modern). £concentrations >0.9
EDU JUD\ UHJLRQ ZHUH QRW WHVWHG 7HKoHAiIiPsROABHUQ (DUWK
as the blue circle.

Figure 2 Mixing ratios for the major species in the atmosphere, following Harman et al.
(2015). Solid lines are for the model of Harman et al. (2Gdrijdashed lines are for the



462
463
464
465
466
467
468
469
470
471
472
473
474

Atmos model. Each panel is for a 5% e&se for a terrestrial planet orbiting at 1.3 AU
equivalent around the M star GJ 8T@p panés, A and B) and the K star epsilon Eridani
(bottom panels, C and DA and Q The production of NO by lightning is set to zero,
and (Band D the lightning prodation of NO is 'on’, with NO production set by the bulk
composition of the atmosphere (Fig 1) and normalized to lightning production in the
modern Earth’s atmosphepfgain, differences in model specifics (such as the numerical
way in which CQ and Q aretreated) yield different results, especially for panel C
(epsilon Eridani, lightning is set to zero). &nd Q for all but panel A would be very
difficult to detect (DomagatGoldman et al., 2014; Harman et al., 2015).
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2 GyrSun modern Sun eps Eridani GJ 876
L L-off L L-off L L-off L L -off
H2 K#OH+H 5.11E10 5.10E10 | 4.21E10 4.21E10| 4.94E9 4.54E9 | 3.55ES8 1.60E8
CO;, K#CO+O0O 1.77E12 1.77E12 | 1.39E12 1.39E12| 2.37E11 2.38E11| 3.29E10 5.16E9
CO+ K#> CO + OfD) 3.29E11 3.29E11 | 2.35E11 2.35E11| 1.68E12 1.68E12| 4.87E11 3.44E1l1l
Cycle 1:
O+HG->0H+Q 1.74E12 1.89E12 | 1.36E12 1.47E12| 1.15E12 8.35E11| 1.65E11  2.38E1ll
CO+OH-->CQO;+H 2.03E12 2.05E12 | 1.57E12 1.59E12| 1.87E12 1.81E12| 4.82E11  3.45E11

H+OQ+M->HO+ M 2.03E12 2.08E12 | 1.57E12 1.62E12| 2.06E12 1.82E12| 4.26E11  3.33E1l1l

Net:CO + O--> CO 1.74E12 1.89E12 | 1.36E12 1.47E12| 1.15E12 8.35E11| 1.65E11 2.38E1ll
Cycle 2:

H.O; K#> OH + OH 1.42E10 7.43E10 | 9.19E9 5.15E10| 1.70E11 5.35E11| 3.87E9 2.79E10

2(CO+ OH-->CO; + H) 1.02E12 1.02E12 | 7.85E11 7.93E11| 9.36E11 9.07E11| 2.41E11 1.73E1l1l

2H+ 3+ M->HO,+M) | 1.02E12 1.04E12 | 7.84E11 8.07E11| 1.03E12 9.10E11| 2.13E11 1.67Ell

HO2+ HOz --> H02 + O, 1.44E10 7.47E10 | 9.25E9 5.17E10| 1.70E11 5.40E11| 3.95E9 2.95E10

Net: 2CO + Q--> 2CO 1.42E10 7.43E10 | 9.19E9 5.15E10| 1.70E11 5.35E11| 3.87E9 2.79E10

Cycle &:
NO + HG --> NO, + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0
CO+OH-->CQO;+H 2.03E12 2.05E12 | 1.57E12 1.59E12| 1.87E12 1.81E12| 4.82E11  3.45E11

H+O,+M->HO,+ M 2.03E12 2.08E12 | 1.57E12 1.62E12| 2.06E12 1.82E12| 4.26E11 3.33E11

NO;+ K#>NO + O 1.89E11 0 1.67E11 0 4.74E11 0 2.02E11 0

O+0+M->0+M 2.09E11 2.08E11 | 1.36E11 1.35E11| 2.43E11 2.60E11| 1.98E11 1.16E11

Net: CO + O--> CO 1.89E11 0 1.36E11 0 2.4F11 0 1.9811 0
Cycle 4:

O+ NG -->NO + QO 141E11 0 1.02E11 0 1.28E11 0 1.34E11 0

NO + HG; --> NO; + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0

CO+OH->CO:+H 2.03E12 2.05E12 | 1.57E12 1.59E12| 1.87E12 1.81E12| 4.82E11 3.45E11

H+ 3+ M->HO+ M 2.03E12 2.08E12 | 1.57E12 1.62E12| 2.06E12 1.82E12| 4.26E11  3.33E11

Net: CO + O--> CO, 1.41E11 0 1.02E11 0 1.28E11 0 1.34E11 0
Cycle 5:

NO + HG; -> NO, + OH 2.40E11 0 1.79E11 0 6.03E11 0 3.44E11 0
NO; + K# NO + 0O 1.89E11 0 1.67E11 0 4.74E11 0 2.02E11 0
O+HG->0H+Q 1.74E12 1.89E12 | 1.36E12 1.47E12| 1.15E12 8.35E11| 1.65E11  2.38E1ll

2(CO+OH->CO; + H) 1.02E12 1.02E12 | 7.85E11 7.93E11| 9.36E11 9.07E1l| 2.41E11 1.73E11

2H+ G+ M->HO + M) 1.02E12 1.04E12 | 7.84E11 8.07E11| 1.03E12 9.10E11| 2.13E11 1.67E1ll

Net: 2CO + Q> 2CQ, 1.89E11 0 1.67E11 0 4.74E11 0 1.65E11 0

Total HOy catalysis (1 & 2) 1.76E12 1.96E12 | 1.36E12 1.52E12| 1.32E12 1.37E12| 1.69E1l1l 2.66E11
Total NQ, catalysis (3, 4, & 5)| 5.18E11 0 404E11 0 8.4%€11 0 49711 0
Total catalysis: 2.28E12 1.96E12 | 1.77E12 1.52E12| 217E12 1.37E12| 6.66E1l1l 2.66E11
Total CQ photolysis: 2.10E12 2.09E12 | 1.63E12 1.63E12| 1.91E12 1.92E12| 5.20E11 3.50E11
Groundlevel & mixing ratio | 2.1E14 9.1E19 | 2.3E14 6.5E19 | 7.5E14 2.6E5 6.9E13 5.20E2
Groundlevel CO mixing ratio | 1.4E5 1.4E5 1.4E5 1.4E5 1.5E4 22E2 | 7.20E4 1.30E2

Table 1:A summary of the major catalytic cycles suggested by Stock et al. (2012) occurring in the

Martianatmospheréfirst column, cycles -b; note that we have modified cyclg Bach value is the
columnintegrated ratecf® s1) for the reaction listed, excefte mixing ratiosThisis an analog for

the 5% CQ, low instellation (1.3 AU equivalent), low volcanic outgassing atmosplsé@sn here and

in Harman et al. (2015)
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