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ABSTRACT

M-dwarf stars are generally considered favourable for ygalanet detection. However, such planets may be subjecktterse
conditions due to possible high stellar activity. The gdalhis work is to determine the potentiaffect of stellar cosmic rays on
key atmospheric species of Earth-like planets orbitinghim habitable zone of M-dwarf stars and show correspondiaggds in
the planetary spectra. We build upon the cosmic rays modielnse of Grenfell et al. (2012), who considered cosmic rayded
NOx production, by adding further cosmic ray induced pragucmechanisms (e.g. for HOx) and introducing primary pnstof a
wider energy range (16 MeV - 0.5 TeV). Previous studies ssiggethat planets in the habitable zone that are subjeattagstlaring
conditions have high atmospheric methane concentratvanite their ozone biosignature is completely destroyed. €@urent study
shows, however, that adding cosmic ray induced HOx prodnatan cause a decrease in atmospheric methane abundanréoof u
80%. Furthermore, the cosmic ray induced HOx molecules reitfit NOx to produce HN@, which produces strong HNGignals in
the theoretical spectra and reduces NOx-induced catalgttruction of ozone so that more than 25% of the ozone cofemains.
Hence, an ozone signal remains visible in the theoretieadtspm (albeit with a weaker intensity) when incorporating new cosmic
ray induced NOx and HOx schemes, even for a constantly fldvirggar case. We also find that HN@evels may be high enough
to be potentially detectable. Since ozone concentratiwh&h act as the key shield against harmful UV radiation, afifected by
cosmic rays via NOx-induced catalytic destruction of ozdhe impact of stellar cosmic rays on surface UV fluxes is atadied.

Key words. Astrobiology, cosmic rays, Planets and satellites: atinesgs, Planets and satellites: terrestrial planets, treglimans-
fer, photochemistry, ozone, methane

04920v1 [astro-ph.EP] 16 Nov 2015

Fi 1. Introduction their host, which improves the geometric probability ofanit.
) ) ) ] Other favourable characteristics of M-dwarf hosts incltsr
With the discovery of the first exoplanetaround a main-sagee smg|| size, which improves detectability of Earth-sizeaiyaits in

star (Mayor & Queloz 1995), the scope of the search for life héhe Hz, and the large abundance of M-dwarf stars in our Galact
. . extended beyond our solar system. As of today, nearly 2000 gxini ?En

2 oplanets have been detected, over 1200 of these via thettrans gice a habitable plaﬁet orbiting an M-dwarf star lies so
> method, in which the occultation of the star by the planetiman ¢|ose to its host and because the planet might have a weak mag-
. ‘measured photometricallyTransiting exoplanets are of intereshetosphere (due to tidal-locking), the planet may be sabgec
(g for the detection of life, since it is theoretically possilhd char- high particle fluxes[(GrieRmeier ef . 2005), which are tm
acterise thgir atmosphere spectroscppically fﬁiantly bright  ~gsmic rays (CRs). These CRs are categorised by origincGala
targets. This would allow the detection of chemical comptsuniic cosmic rays (GCRs) originate outside the Solar Systemiew
that are associated with life forms, termed biosignatures. solar (or stellar) cosmic rays (SCRs) originate from the @un
Water plays a crucial role in the development and sustenarige host star of the studied planet). Independent of thégiror
of life as we know it. This has led to the concept of the habiERs can interact with the planetary atmosphere, possibly de
able zone (HZ; see Huang 1959; Kasting et al. 1993). The H#oying important biosignature species fieating the radiative
is defined as the orbital distance range of the planet whereghlance of the atmosphere by destroying key radiative speci
surface may maintain water in liquid form. This range depend For Earth, extensive research has gone into understanding
e.g. onthe planet's atmospheric composition and the testr@r the ionizing éfects of SCRs and solar proton events on the
of its host star. Herein lies one advantage of the compaigtivchemistry of middle atmosphere (€.g. Jackman et al] 1991520
cool M-dwarf host stars: habitable planets are situateseclto |Winkler et al 2008). In this region CRs are one of the key chem
ical forcing mechanisms. On the other hand, GCRs provide a
! seehttp://exoplanet.eu/ constant forcing on the atmospheric chemistry over alialgs.
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Nicolet (1975) and Solomon etldl. (1981) have studied theeafat orbiting an M-dwarf star. The main aim of the current study is
CR-induced NOx and HOx production. Recently, Calisto et @b improve upon the cosmic ray modelling scheme provided by
(2011) have analysed thefect of GCRs on the global atmo-Grenfell et al.[(2012), thereby expanding the energy rafige o
spheric chemistry with a 3D chemistry-climate model. They-s cident particles and adding further CR-induced photochami
gest that on Earth GCRs can locally produce up to 30% of avaitechanisms (NOx and HOx production). The improved model
able NO, causing a loss of up to 3% in the ozone column. isthen used to provide new insights into the biomarker ckewni
Owing to their favourable detection criteria_(Scalo et abf Earth-like exoplanets. We then study tHeeet of changes in
[2007), the habitability of M-dwarf planets has been extesigi the atmospheric chemistry on the spectral signals of kesidpio
studied. For instance, dynamical three-dimensional stusiig- nature species, and evaluate surface UV fluxes.
gest that tidally-locked planets, which are expected todra-c The UV flux on the planetary surface can have harmful con-
mon in the HZ of M-dwarfs, have regions that may be abkequences to life forms and therefofieats the habitability of a
to sustain habitable conditions (Jo 003). Exoplanearpa planet. The UV surface flux is stronglytacted by the interplay
eter studies using GCMs focus largely on quantifying the eff top of atmosphere (TOA) fluxes and atmospheriacOncen-
fect of certain parameters on the planet’s habitability gad- trations|Segura et al. (2010) have modelled the photoatedmi
eral circulation. These vary for instance the orbital etten effects of a large UV flare observed on AD Leonis (AD Leo),
i% gDressing et dl. 2010), the planetary obliquity (Spiegteall and find that UV surface fluxes stay within non-lethal dosages
), the surface roughness (Rauscher & Menou|2012), orBelmeier et al.| (2015b) find that GCR-induced @estruc-
stellar spectrum It 2012). Further recent GCM stydidin results in up to 40% increased biologically weighted UV
e.g. b@l 3), propose that clouds on tidalokéal  surface flux. However, as the AD Leo spectrum used features
exoplanets provide a stabilizing feedback, expanding the Mwer UV-A and UV-B fluxes and the planetary atmosphere re-
dwarf habitable zone. Studies of atmospheric loss prosgesg. tains enough @to shield from UV-C, total UV fluxes are much
Lammer et all 2011) suggest that planets with nitrogenaieh lower than on Earth. When using the flaring UV spectrum of
mospheres orbiting M-dwarfs may be eroded during the e%ﬂ@ for both “long” and “short” flare sceosyi
stages of planetary evolution unless the planet was peztdxnt i i 11(2015b) find that the GCR-inducegréduc-
a strong intrinsic magnetic field. tion would not be harmful to life with maximum biologically
The detectability of biosignatures in M-dwarf planet atweighted UV surface fluxes not exceeding four-times Earth va
mospheres is directly linked to the planet's atmospheties. GrieRmeier et al. (2015b) used a similar model version a
chemistry. Key studies that address biosignature detéitrab this work i.e. without time dependence. “Long” flares were as
(e.g.Selsls_2000;_Selsis et al. _2002; islet al. | 2082med to maintain the atmosphere in a continuously perdurbe
%&a&tﬁlu@& 2005; Tinetti et al. 2006; Ehrenreichl et atate, whereas for “short” flares it was assumed that the-atmo
; [Kaltenegger et all_2007; Ka,ltginﬁ%%er& Trallb_2009phere did not respond photochemicélly. Grenfell bt al1£30
[Kaltenegger & Sasselov 2010; Rauer e 011; Tessenyi etsaiggests that for planets in the HZ of M-dwarfs, tiieet of

[2013) investigate the impact of varying e.g. the stellacspen, SCRs to atmospheric£Zoncentrations is more devastating and
the abundance of radiative species, or background atmoephean cause nearly full atmospheric transmissivity of UVBi+ad
on synthetic emission and transmission spectra of hypotietation. The addition of new CR-induced photochemical mecha-
exoplanets. nisms in the current work has a significaffieet on Q concen-
With regard to the photochemistry of exoplanets orbiting Mrations and hence has afieet on UV fluxes. Consequently, we
dwarfs| Segura et hl. (2005) studied theeet of M-class stellar evaluate theféect of SCRs to biologically weighted UV surface
spectra on the atmospheric chemistry, which suggestedgijro fluxes using the scenarios presented in GrieBmeier et dl5{30

increased atmospheric concentrations of,@Hd HO with the This paper is organised as follows: Sectioh 2 describes
assumption of an Earth-like atmosphere (i.e, & dominated, the models used. The model scenarios are introduced in Sec-
1 bar surface pressure). A recent stud tal. (20dgH) stion[2Z1. In Sectio 212 the radiative-convecfjleotochemical

gested that abiotic production oh@&om CO;, photolysis could model is described. The improvements introduced to the cos-
be significant for planets orbiting M-dwarf stm mic ray scheme are detailed in Sectfonl 2.3. Results regardin
) investigated thefect of GCRs on biomarker moleculesitmospheric changes due to the incident SCRs are presented i

for biogenic Earth-like planets surrounding an active Madiv Sect[31L. In Sedi 3.2 significant chemical mechanismslare i
with varying heliospheric and planetary magnetic shigdithis tified. The resulting planetary emission and transmisspatsa
study was recently built on by GrieRmeier et al. (2015b) argde presented in Se€L.B.3. In Séét. 4 the UV flux at the planet’
GrieRmeier et al[(201ba), who use the updated version of gigface is investigated. Sectiéds 5 &hd 6 provide a disoussid
CR model presented in the current work to examine ffeceof concluding remarks.
the planetary magnetospheric shielding on GCR-induced pho
tochemistry. With a maximum of 20% ftierence in column- .
integrated ozone values (and 6% for £Bnd HO) between 2. Model description
no magnetic shielding and ten times the Earth’s magnetid fieknalogous ta_Grenfell et all (2012), we first compute the pri-
strength, they find GCRs have nearly niteet on the resulting mary cosmic ray proton flux at TOA from measurements of the
planetary spectra. A further study by Grenfell et al. (20fi2) CR flux of the Sun outside the Earth’s magnetic field. For the
cused on the féect of high-intensity SCR fluxes on the atmoEarth reference, we use a GCR particle spectrum and we assume
spheric chemistry via the mechanism of CR-induced NO pran Earth-equivalent magnetic field and shielding using thg-m
duction. They concluded that SCRs are able to significaetly metospheric model of GrieRmeier et al. (2005, 2009). FoMhe
duce the @ column by 99.99% for highly flaring stars via NOx-dwarf cases we assume a planet without magnetic field shield-
induced catalytic destruction. ing, which gives an upper limit to theffect of the CR flux. The

This work focuses on the photochemical response to stel®ER flux is scaled quadratically with distance to the HZ of the
cosmic rays and the correspondirfgets upon theoretical plan-M-dwarf (see Seck.2.1), and is then input into the TOA of the
etary spectra and surface UV radiation of an Earth-like gflarphotochemical part of our 1D radiative convective photoche
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istry model (see Sedf. 2.2), where an air-shower approdogus — 10°[ T T e

a Gaisser-Hillas scheme (see Grenfell et al. 20074a) is egbfwi I GCR Eorth ———

M—dwarf SCR min ——
calculate secondary electron fluxes (see $edt. 2.3). Ggrta - M-—dwarf SCR max
Grenfell et al. [(2012) who only calculate NO molecules from  .[ M-dworf SCR SPE

these electron fluxes, we additionally introduce CR-induce
NOx (N, NO) and HOx (H, OH) production using parametrisag i
tions of the ion pair production rate (IPR) found.in Jackmbale i
(2005) and Solomon etlal. (1981), respectively (see B&flR. + 10°-
The converged steady-state solution of the atmospherieh®d i
then inserted into a spectral line-by-line model called BRXRL -
(Schreier & Schimpf 2001; Schreier & Bottger 2003) to calcu- | .[

late theoretical emission and transmission spectra (sgd254).

Ny

/dE m

1dJ

2.1. Cosmic ray spectra and model scenarios ool L
Similar tolGrenfell et dl.[(2012), we look at a number of segena v " brton Energy (biv)
ios, ranging from a planet without CRs to a planet exposed to

a flaring M-dwarf star. For the M-star cases, the planet is$-po&ig. 1. Cosmic ray proton flux spectra at top of atmosphere. Solar cos
tioned at a distance of 0.153 AU to its host star such thatiia t mic ray spectra for quiescent (case 2, red line), activee(Gagyreen
irradiance received by the planet is equal to one solar aanst line), and flaring (case 4, yellow line) M-dwarf scenariositfwut

For the stellar spectrum of the host we use the well-stugied-s planetary magnetic shleld_lng) were scaled to 0.153 AU. Tihekbline

trum of AD Leonis (AD Leo), which is a strongly flaring M_typeshows the average Galactic cosmic ray spectrum for EartiAdt(tase

star, to provide comparison to previous works. A discussibn 0)

the dfects of diferent host spectra can be found in Sgkt. 5.

Little is known about the SCR fluxes of M-dwarf starsfrom a model by Hauschildt etlal. (1999) was used. Apart from
IKhodachenko et al! (2012) (their section 2) summarise otirrghis all modelled scenarios are Earth-like as presentecbat. S
uncertainties. Most studies that investigate tffeads of SCRs P2
upon Earth-like atmospheres therefore use solar valuethéor  For scenarios 2, 3, and 4, we convert the measured particle
stellar wind parameters (e.g. Grenfell etlal. 2012; Seguaé e flux at 1 AU to the corresponding value the location of our test
2010) More recently, 3D Magnetohydrodynamic (MHD) modplanet (0.153 AU). For this, we assume steady-state comifi
els have been applied to estimate stellar winds on M-dwagRowing us to use the scaling for the total event fluencelier t
and their interaction with the planetary magnetospher® €sg. instantaneous particle flux, leading to
\Vidotto et al. 2013, 2015), which suggest a strong partialpot 5
for active M-dwarf stars. flux(d) = flux(1AU) « ( ) )

0. Earth reference case For the reference case, we use the

Galactic cosmic ray reference spectrum outside the maghés use an energy-independent valugdot —2.0 (see discus-

tosphere given bly Seo efldl. (1994). The cosmic ray flux $ipn inlGrenfell et al. 2012 for details). The resulting césray

the top of the atmosphere is calculated by numerically sim@nergy spectra reaching the top-of-atmosphere of our kesép

lating the transport of these particles through an Eartlivequare shown in Fid.J1. The SCR spectra show strongly increased

alent ma%netosghere using the magnetospheric model Bigxes at lower energies and lower fluxes at higher energies co

Ll
10°

o
>

1AU

scribed i 0%); Grenfell et al. (2007d)ared to the GCR case for Earth. The CR flux is input into the at-
Grielmeier et al! (2015a). mosphere model to simulatefidirent stellar activities and hence

1. M-dwarfw /o CR: In this case, CRs are absent. cosmic radiation environments on the modelled planet, whic

2. quiescent M-dwarf: This case is based on the SCR protoififluence planetary climate and photochemistry.
spectrum measured at solar minimum, using the cosmic ray As our model converges to steady-state, the proton fluxes for
spectrum of Kuznetsov etlal. (2005) at 1 AU (their Fig. Zhese scenarios are assumed to be constant. With this in mind
solid line). No shielding by a planetary magnetic field is aghe flaring M-dwarf case described in scenario 4 requireaéur
sumed. explanation._Grenfell et al. (2012) assume that the frequeh

3. active M-dwarf : This case is based on the SCR proton speltares for strongly flaring M-dwarfs is fast when comparedwit
trum measured at solar maximum, using the cosmic ray spéte chemical relaxation time scales in the middle atmospber
trum of(Kuznetsov et all (2005) at 1 AU (their Fig. 2, dashegarth-like planets. That said, a constantly flaring M-dvetudws
line). No shielding by a planetary magnetic field is assumei. itself flares of highly irregular intensity. We take therftey

4. flaring M-dwarf : This case is based on the SCR protofcenario as an upper limit although more observations ahgar
spectrum measured during the September 30, 1989 solar podwarfs are needed.
ton event, using data measured at 1 AU by the spacecrafts

GOES 6 and 7(Smart & SHea 2002, their Fig. 11). No shield-, amosphere model
ing by a planetary magnetic field is assumed. o

The one-dimensional, radiative-convective atmospheréeaino
For the Earth reference case, we use a solar input spectiaumd the photochemical model used in this work were origjnall
based ofi Gueymard (2004). The M-dwarf spectrum of AD Leteveloped to simulate atmospheric scenarios of the earh Ea

is produced from observations in the UV by the IUE satellite, (se 4, 1985). Both models were first caliple
the visible by Pettersen & Hawley (1989), and in the nearyR by 1L.(2003) to study th&ezt of diferent stellar
ILeggett et all.[(1996). For wavelengths longer than 2w} data spectra on the detectability of biosignatures on their Istest
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We use the new version of this model, described in Grenfell et parameterise the vertical transport of species betweerehead
(2012); Rauer et al. (2011) and references therein, to siain ers. The chemical scheme includes photolysis rates for tie m
Earth-like (i.e N, O, dominated) atmosphere. For the Earth-likgr absorbers and more than 200 chemical reactions inadudin
scenarios considered here we focus on responses from pgue tréhe essential chemical families Ox, HOx, NOx, and SOx, and
sphere up to the middle atmosphere (typically at 60-70kn@esi is designed to reproduce the ozone profile on modern Earth.
this region is expected to be important for biosignaturefias More details of the chemical network scheme are provided in
ozone and nitrous oxide. The two coupled submodules are d@sting et al. (1985 r al. (2003) with recent ugpslat
scribed in the following. described i FAThe reaction rates are set to the
recommendations of the JPL 2003 report (Sander et al.] 2003).

) Photolysis rates in the chemistry module are calculatedeior
2.2.1. Climate module far-UV wavelength intervals from 120-175nm, i.e. inclugllry-
alpha, which is important to capture water photolysis inupe
ﬁ% atmospheric layers for example. The remaining 108 wave-

e

The climate module calculates globally, diurnally avecitgsnm-
perature, pressure and water profiles by assuming two en
transport mechanisms: radiation and convecticz_)n. The mo
ranges from the surface to a pressure level 6f 60~ bar usin z . ,
a vgriable pressure grid. As ilr31itial values, the bulk comﬁ[m;g [1989) for 175.4 -855.0 nm and with Beer-Lambert
temperature, and pressure are set to modern Earth profged b(J:\aW for 120'17_5 nm. _

on the U.S. Standard Atmosphere (COESA, 1976). The surface The chemistry module converges when all species concen-
albedo is fixed to 0.2067 and the gravitational accelerationtrations in all model layers change by less tharm*16f their
9.8ms2. The radiative transfer scheme for the incoming stelelative amount between adjacent iteration steps dith 10°

lar short-wave spectrum (ranging from 237.6nm to 4 /&#% seconds. The resulting co.nverged profiles o_fthe radlam_eeles

is calculated using thé-two-stream methomg)é}fe passed back to the climate module. This process itarates
The scheme incorporates visible and near-IR absorptionsy ¢ the whole model converges to a steady-state solutionchvh
03, CHs, and CQ and HO as well as Rayleigh scatteringis reached when the relativefiirence of the temperature pro-
for Ny, O, and CQ. The long-wave (3.33 — 1000m) trans- files of two consecutive radiative-convectipotochemicaliter-

fer is handled by the Rapid Radiative Transfer Model (RRTMtions does not exceed POThis is satisfied in most cases after
Mlawer et al[1997), which takes continuum and gaseous opd€-100 iterations.

ity of H,O, CQ,, CHy, O3, NO into account. Both long and
short-wave schemes use the correlated-k method. In thééR,
k-codficients are precalculated for a specific range in compo

tion, temperature, and pressure, the validity range of thdeh The oriai ;
ans ginal model described in_Grenfell et al. (2007a, 9012
ranges from 0.01 to 1050 mbar and witiiB0K of the global- o5 atmospheric air-shower approach to simulate CR-

perature profile is determined by a wet adiabatic lapselated iftuced NO production rates (which were fed into the chamist

on in [(1988) and oll (1969), using the relative hmodule) from incident primary particles at TOA. The only-pri

o 4 mary particles taken into account are protons, which in puo
[Manabe & Wetherald (1967). .
midity profile of I 7 duce only secondary electrons. Particles are assumed pe pro

__The climate module converges when the relative temperatdggyte in straight lines, according to their initial incitlemgle.
difference between two adjacent iteration steps does not eacegfig approach is usually valid for particle energies betwtaV
value of 107 in all levels and the total radiative flux (downwardg,ng gev (Alvarez-Muniz et al. 2002). In our model, however,
and upwards) at top of atmosphere is less that Yym? fora e apply this approach for particle energies of MeV - TeV.
timestep larger than f&econds. The module then outputs coRrherehy we make use of extrapolated values for the Gaisser-
verged to steady-state solutions for the globally a_md (allyp Hillas-Function (see Se¢.ZB.3). The resulting secondkec-
averaged temperature, pressure, and water profiles, whéch g, fluxes reproduce the measured maximum of ionizing radi-

gth intervals range from 175.4 -855.0nm. The intensfty o
hoton flux is calculated with thé&two stream method

é-r_.’:’. Improvements to the cosmic ray scheme

then passed on to the chemistry module. ation by CRs at 152km, also called the “Pfotzer maximum®”
(Pfotzer 1936).
2.2.2. Chemistry module In the current work, we utilise an improved version of the

cosmic ray scheme used by Grenfell €t al. (2012). The key up-
The chemistry module calculates the steady-state solutfondates include

a photochemical network of over 200 reactions of 55 species,

which are important for biomarker and greenhouse gas chem- ) _

istry on a planet with an Earth-like development. The scheme an improved CR-induced production of NOx molecules and
thereby solves a set of non-linear continuity equationsgian a new CR-induced HOx production based on the ion-pair
implicit Euler method. When the species’ concentrations-co ~ Production rate (IPR) from CR particles (Séct. 2.3.1)

verge, loss rates (e.g. due to gas-phase in-situ sinkseosad  _ 41 improved, energy-dependent impact cross-section of CR-

tion, deposition at the lower boundary, wet deposition.,) etce induced secondary electrons (SEct. 2.3.2)

then in balance with species’ production rates (e.g. dues g ] )

phase in-situ sources, evaporati0n1 emission d@hgien fluxes — updateS to the parameters of the Gaisser-Hillas scheme used
at the model boundaries, etc.). bylGrenfell et al.[(2012) (Se¢l.23.3)

We assume modern Earth values for well-mixed isoprofile
i ~ - - - 4 , . . .
species (N~ 0.78, 3, =0.21, Ar=0.01and C@=3.55-10" 2 Eyrher detail on the species, absorbtion fioents, chem-

volume mixing ratio) and for surface biogenic fluxes of for €Xcal reaction network, etc. can be found in the followingKklin
ample CHCI, N2O, and CH (see Grenfell et al. 2013). An eddyhttp7/vpl.astro.washington.egicyAntiModelgmodels09.html for a
diffusion codicient profile (Massie & Huntén 1981) is used twersion of the model code as described by Segurd ét al.|(2005).
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2.3.1. NOx and HOx production via ion pair production rate  (1981)) and our model atmospheres provid@sient H,O con-
centrations in that region. For HOx a production@@éentkyox

The CR scheme used in this work uses an air-shower @~ oy molecules per ion pair produced is equivalent to the

proach based on the parametrisation/by (Gaisser & Hillag)19 ; e PTY
to derive secondary electron fluxes. In previous works (e.g(?structlon of a water molecule (wikh = kon = 1):
Grenfell et al 2007a, 20112), it was assumed that theserefect 1,0 4+ jon* — H + OH + lon* ®)
directly produce NO via
B . B Recent studies by Sinnhuber et al. (2012) have foundkthat
N2 +€e — 2N('S)+e (2) 0.9 in the mesosphere, yet testing this change (not shown) had
N(*S)+ O, — NO + OCP), (3) little to no dfect on our results.

with the assumption thakyox = 1, i.e one NO molecule
would be produced on average per destroyedmblecule.
Thus|Grenfell et d1.[(2007a, 2012) use an ion pair productidime above mentioned additions to our rather simple air-show
parametrisation with a production rate of 1 NO per ion pagcheme provide a motivation to improve our model input pa-
(Nicolet[1975). rameters in the CR scheme. The electron impact cross-sectio

The current work improves upon this scheme by paramet-is one such parameter. Our previous stu etal.
rically taking into account ionic products of the CR-inddce€2007&| 2012) have used a constant value for the electrorcimpa
destruction of the main atmospheric constituengsad G, cross-section for Nof oy, = 1.75- 1076 cn? (Nicolet[1975)
adding a HOx production parametrisation, as well as incdor electron energies between 30eV and 300eV (@pgd= 0).
porating branching ratios of the produced NOx and HORhe current work uses energy dependent total ionisatiossero
species. This approach is necessary when modelling HOX pse€tionsoion,), Tion(o,), Which are needed to calculate the ion
duction as one would otherwise have to incorporate a compleair production rate via EfJ 4.
ion chemistry network involving ionic water clusters (seg.e
Verronen & Lehmarin 2013).

We compute the IPR (ion pair production rate) by summing -9°F Lo Tt

up the ionisation rates by electron impact for&hd Q, i.e. A gg(fﬁ’ﬁ?ﬁ‘wjt2%562)007’ 2012)

Gianony (NIST 2013)

E, L
I PR(X) _ Z f nI(X) ) O_ion(i)(Eel) ) Fel (X’ Eel)dEel (4) ............................................

i=N,,0, E; 1.00

2.3.2. Energy dependent electron-impact cross-sections

A‘ECmE)
T T

wherel PR(X) is the ion pair production rate for the layer with
mass column densit), n; is the number density of speciés
Tion() 1S the total ionisation cross-section of chemical speties o

by electron impact, anBg the flux of secondary electrons. The 0.10
integral over electron enerdy is confined by the energy range
(E1,E2) of giong), i.6.~10 to 1000 eV for the current work. The
ionisation cross-sections forLNind G are given in FiglP. |

For this approach, production d&ieientsk are used not 001 : ‘
only for NOx production wheréoy = 1.25 (Porter et A, 1976; T T, T e
Jackman et al. 1930), but also for the production of HOx where Electron Energy (eV)
knox = 2 (Solomon et &l. 1981).

A further improvement is that we take into account branclig. 2. Comparison of previously used CYQSS-Seth
ing ratios for both NOx as well as HOx species, which are wélf > ¢ and new total ionisation cross-sectiangyw,) (ltikawal2006)
known. The reaction of Nwith CRs results in 45% of ground 2"dien(2) )-
state nitrogen N{S) and 55% excited state nitrogen, e.g?Dl, .

N(2P) (Jackman et al. 2005; Porter etlal. 1976). In accordance Figure2 shows both the old, constant valuef as well as
with Jackman et al[ (2005), we do not directly includéD)(in our updated Bland G ionisation cross-sections. Using the new

(10

according to their energies. The overall impact of theseahd
N(®D) + O, — NO + O(CP) (5) further changes is shown in Sdct. 2]3.4.

roceeds instantly while ground state N can either produce_o . . ,
b y 9 P 2.3.3. Expanding energy range and improving energy

destroy NO vi
eeoy e dependence of the input parameters of the
N(*S)+ O, —» NO + O(P) (6) Gaisser-Hillas scheme
N(*S)+ NO — N + OCP), (7) Since GrieRmeier et al. (2015b) work with primary protonthwi

an extended energy range of 16 MeV to 0.5TeV (compared to
depending on the pressure and temperature of the surraundie previously-used range of 64 MeV to 8 GeV), the parameters
medium. of the Gaisser-Hillas formula need to be extended as web. Th
The parametétyox Strongly depends on the amount of availscheme is detailed by Grenfell el al. (2007a), but we neetrtis
able atmospheric $#D. For the purposes of the current work, wgive a short review here.
assume the maximum valligox = 2 as we are interested in alti-  We wish to calculate the secondary electron figxfrom the
tude regions below 60 km (compare with Fig. 2 in Solomon et abp-of-atmosphere proton flux, so tifa§ can then be input into
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Ep[MeV] 64 128 256 512 1024 2048 4096 8192

Xolg/cn?] 0.00L I 2 80 80 80 80 80 O et e vaives (s i Greniar e o 20— | |
Xnax [g/lc\erF] 0.??1 g 235 135)30 1350 1350 éSO 3}50 | Sty o e 5558 Comary rotongy” " 1490 1995 ]
max
Table 1. Parameters of the Gaisser-Hillas function (Ed. 13) follmyvi i
(Grenfell et al.[(2012) ~ 400 -
€ L ,
3 | ,
Eq. [@). At firstF4 is separated into : ZOO; ]
Fa(X. Ee) = Ra(X) - Sa(Eo), 9) [ ]
the total electron fluxRy and the spectral distribution of i ]
electronsSq(Ee), which is assumed to follow a power law 06 — ‘8 E— 1‘0 E— 1‘2 E— 1‘4 B
(Grenfell et al
renfell lma) log(Proton Energy/eV)
S«(Ee) = a- -3 (10) Fig. 3. Values forXax from/Swordy & Kieda|(2000) (black diamonds).
e

We extrapolated the values to 64MeV - 0.5TeV (red crosses) fo

) o ) . the current study. Also shown are the values ¥y as used by
with the criterion thaSe (Ee) is normalised over the whole en{Grenfell et al.[(2012) (blue crosses).

ergy range

Proton attenuation length Xp: For this parameter we adopt the
fsa(Ee)dEe =1 (11) air-shower approach of Alvarez-Muniz et &, (2002), whooals
use the Gaisser-Hillas function, but assuke= 5 gcn? as
he depth of the first interaction. We therefore Xgto 5 gcn?
% r proton energies equal to 512 MeV and above. This has the
ect that the peak of our resulting secondary electron flue, pr
viously situated rather sharply at an altitude of about 15&m
Earth, spreads over a wider region, thereby corresponditigrb
to Earth measurements (see Sect. 2.3.4 andFig. 4).
Ra(X) = fdgf Na.p(X, 6, ¢, Ep) - Fp(X = 0, Ep)dEp,  (12) For energies below 512 MeV, the air-shower scheme applied
Q E here loses accuracy as it is better applied to high-eneimapy
particles. This outcome is most easily seen, wKgr Xiax, @s
whereQ is the solid angle anily , is the number of electronsthis would produce negative fluxes in Elq.|(13). Furthermprie,
produced by one primary proton with energy and an incident mary protons of such low energy are normally not involved in

As we see during the validation in Sdct. 213.4, measurenoént
the resulting NO production rate are best reproduced when
parametea in Eq. [I0) is set to a value of 18 éV

The total electron fluRy from equation[(P) is obtained by

direction @,¢) (Grenfell et al. 2007a). particle cascades or air-showers, but rather lose energytlyi
We obtainNg_, using the Gaisser-Hillas formula to the atmosphere via ionisation (Usoskin et al. 2009). To ad
dress this problem, we lower the values)ffor primary pro-
Xerex(Ep)-X' tons with energies below 512 MeV to the values shown in Table
Ne,p(X', Ep) = Nmax(Ep) - € &) [2 and3. This means these protons interact with the atmospher
) Xmax(Ep)-Xo(Ep) at higher altitudes in our model, which acts as an approximat
. ( X" = Xo(Ep) AEp) (13) of their energy loss via ionisation of the upper atmosphere.
Xmax(Ep) - XO(Ep) |

Position of the electron maximum Xgax: This parameter is

which was as first introduced as a fit function for high-ener@frongly energy dependent, so it needs to be addressed ac-
cosmic ray measurements (Gaisser & Hillas 1977). The edi@idingly when expanding the energy range. In their Fig. 1,

tion yields the number of secondary electrons produsgd, (2000) give theoretical values for in-
dependent on the mass column denXityn the trajectory of the jjent protons from 10()) '?’eV to 10 PeV. ke

primary particle and its enerdy,. The column density along a  £igyre3 shows an extrapolation of the values obtained from
trajectoryX’ at a given height depends on the incident angle Swordy & Kieda (2000) to the energy range relevant to this
of the proton and the mass column density, at work. The extrapolated values take the expected energyndepe
dence ofXux into account and show reasonable agreement with
X'(2) = X(@ ) (14) the previously used values at 100 MeV and 10 GeV.
cosp) In the previous CR scheme, th&ext of CR protons with
energies lower than 64 MeV were not included. These may,
The free parameters of E@.{13) are the posidqg, of the elec- however, play an important role for the simulation of the ef-
tron maximum, the numbé.x of secondary electrons Ay, fect of SCRs upon the atmosphere, as SCR proton spectra fea-
the proton attenuation lengtly, and the electron attenuationture many primary protons with energies lower than 64 MeV
lengthA = 40, whereXmax, Xo, andaA are each in units of mass(Wissing & Kallenr 2009) (see also FIg. 1). As suggested
column density, i.e. gn?. Table[1 lists the parameters used bgbove, the range of validity of our model reaches its limit at
\Grenfell et al.|(2012). We now address each of these parasnetew energies. Nevertheless, a rough assumption is made here
in turn. for energies between 16 - 64 MeV. Monte-Carlo simulations
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didates, related source gases as well as surface UV which sug
{1 gested that the model reproduces the modern Earth reagonabl
well.[Grenfell et al.[(2011) found reasonable agreementéen

the surface biomass fluxes required in the chemistry module t
reproduce the modern Earth atmospheric composition and the
N observed values for these fluxes.

] RADIATIVE TRANSFER -|IRauer et al. (2011) showed temper-

| ature profiles for the modern Earth which suggested that the
model reproduces observations of the modern Earth realsonab
well.

7 THIS WORK, COSMIC RAY SCHEME SCRs are dticult to

1 validate with Earth observation using our stationary (uighout

| time dependence) model because they are a time-depenaent ph
nomenon so we here focus only on GCRs. There are three points

H (km)

. ‘ ‘ ‘ to consider:
0.01 010 100 10.00 100.00 Firstly, the dfects of secondary Qlectrons producgd from air-
NO production rate (1/cm’s) shower schemes are commonly validated by comparing the com-

_ _ _ _ _puted ion pair production rates (IPR) with those observad. O
Fig. 4. Comparison of GCR-induced NO production rates, showingodel-calculated IPR (which is the NO production of Fig. tera
model output for the original scherrie (Grenfell éfal. 2012rkdblue  givided bykyox = 1.25, see SecE2.3.1) falls within the range

solid curve) and the new scheme (red solid curve) as well &b Beea- calculated biﬂLeJlnmL&Mateé\@DS) between solar minimum
surements frorh Nicolef (1975) for solar maximum (blue dbttarve) - - "o i in the middle stratosphere i.e. 3 to 30 ion pairs

and solar minimum (blue dashed curve) and from Jackman Etg0) 3 1 . ;
for solar maximum (green dotted curve) and solar minimunedgr percm=s, depen_dlng on solar cycle phase and altitude.
dashed curve). Secondly, the high-energy secondary electrons break up the

strongly-bound N molecule, and the resulting nitrogen atoms
_ quickly react with oxygen-containing species which leadsro
of downwards proton transfer in the atmosphere performed & to an enhanced production rate of NO (see Eig. 4). We
_ 1(2009) (their Fig. 2) suggest values fGompare our modelled production rate of nitrous oxide (NO)
Xmax In the stated energy range, which are given in Table 2. Wgth data derived from measurements [by Nidolet (1975) and
assume the proton attenuation len¥tto scale accordingly.  [Jackman et al.[ (1980). Using the improvements described in
Sect[Z.3B, we calculate the NO production rate as shown in

E[Mev] 16 32 64 Fig.[@. The blue solid curve used the original scheme, while
Xmax 0.01 0.65 1.7 the solid red curve used the improvements presented irosscti
Xo 0.001 0.01 0.1 231 -[Z.3B. The remaining curves show data obtained from
Table 2. Parameters for lower energy ranges, adapted fromeasurements by Nicolet (1975) and Jackmanlet al. (1980), re
\Wissing & Kallenrodel(2009). spectively, for minimum and maximum solar activity at" @fe-

omagnetic latitude. We see an improvement when comparing
the NO production rates of both the current and previous work
Overall the new scheme produces a broader peak below 20 km,
which is shifted down in altitude and whose maximumiis slght

of electrons produced per proton k) is also highly energy reduced, thereby producing better agreement with the megsu

dependent, but was used as a freely-adjustable factorviop rates. This fect is especially evident at altitudes below 13 km,

: ; . hich are due to the incorporation of higher energy incident
. - . W H H
)[/ivgr:kjvitﬁl\all \:al? d'i\t/ly p;]ge OIfL(_OJJlé ~ i)olgrgll/'de an analyticalare protons. These higher energy protoriteet lower altitudes due

to increasingXmax Values with proton energy (see Sdct. 2.3.3).
0 Additionally, high-energy protons have a greatéfieet on the
Nmax = 0.75- = (15) atmosphere due to higher values Mg, for higher energies.
The peak NO production for the new scheme is broadened be-
As with the previous parameters, we also extrapolate tiioe cause of the change . The parametea (see Eq[0) was
to the energy range relevant for this work (see Table 3). set to 18eV to move the peak value into the range of mea-
sured NO production rates. Above 35 km tHEeets of the new
IPR scheme (see Sett. 2]3.1) are particularly evident.isrréh
gion the branching between NO-producing and NO-destroying
The diferent model components have been validated as folloveffects of ground-state nitrogen (see Eds.[B) favours NO pro-
GAS-PHASE CHEMISTRY-|Grenfell et al.|(2013) showed thatduction. The curve is slightly jagged because of the noealin
the model (without CRs) calculates a (global, annual meafgpendence of Eq$](6) ard (7) upon pressure, temperatdire an
ozone column of 305 Dobson Units is in agreement with modencentration. In the altitude region between 20 and 35 lan th
ern Earth observations. That work also showed that the Chapedel results underestimate the observations. While gdain
man mechanism producing ozone dominates in the modelstrdtackground SCR spectrum to the incident protons could miti-
sphere, peaking near the observed ozone maximum, and éhaggite this discrepancy to some extent, the most probables caus
so-called smog mechanism dominates in the troposphereeThie that we need to better address the gradual loss of proton en
findings are in-line with current understanding of ozonetpho ergy via ionisation of the atmosphere. This issue is beybad t
chemistry on the modern Earth. That work also presented cstope of the current work. Nevertheless, we are able to fepro
umn values for other (in addition to ozone) biosignature-caduce the &ects of the Pfotzer maximum using both old and new

Maximum number of electrons Nyax: The maximum number

2.3.4. Model validation
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E[MeV] 16 32 64 128 256 512 1024 2048
Xo 0.001 0.01 0.1 1 2 5 5 5

Xmax 0.01 0.65 1.7 92 333 574 815 105.6

Nmax 0.125 0.25 0.05 0.10 0.19 0.38 0.77 1.54

E [MeV] 4096 8192 16384 32768 65536 131072 262144 524288
Xo 5 5 5 5 5 5 5 5
Xmax 129.7 153.8 178.0 202.0 226.2 250.3 274.4 2985
Nmax 3.07 6.14 12.29 2458 49.15 98.30 196.61 393.22
Table 3.Updated set of Gaisser-Hillas parameters with improvedggndependence and expanded energy range.

schemes, and both modelled curves show good agreement to theso T

data obtained from measurements in this region. However, th L AN 1
new scheme works with ionic secondary particles so that NOx | .
and HOx production parametrizations can be calculatedhéda t

IPR approach. In addition the energy ranges for primary par-
ticles were extended from 64 MeV - 8192MeV to 16 MeV - 40
524288 MeV and our new scheme uses updated input parame-
ters that are energy dependent, which allows for primarti-par
cles to produce a ffierent number of secondaries depending ons
their initial energy. =

Thirdly, the model calculates a concentration of NO based
on its sources and sinks (including the GCR source). The mod-
ern Earth scenario (including GCRs) produces a conceoittrati
of nitrogen monoxide (NO) of 12 ppbv at 40 km which is consis-
tent with modern Earth observations (see £.g. Serbtal)1998 | ‘ ‘ ‘ ‘ ‘ ‘
However, this species varies both diurnally and over ldétso 10° 10 10? 10° 10* 10° 10° 107

—3.-1

a clear consensus of its global average (i.e. as calculatedri lon pair production rate (em™s™)

model) is not available. Fig. 5.lon pair production rates as output by the CR air-showerraehe
While it would be desirable to validate directly with OH prognown are: scenario 0 (GCR Earth, black¥:urve), scenarini2ggent

duction, OH is a diicult species to observe especially in thg-dwarf, red curve), scenario 3 (active M-dwarf, green e)nsce-

stratosphere. OH is a highly reactive trace species antt@®s nario 4 (flaring M-dwarf, yellow curve), as well as the flaricase from

spheric mean value is not well known. Faced with the lackimg dGrenfell et al.[(2012) (dashed blue curve, scenario 6).

servations, some recent 3D model studies from the Earthseie

community have been recently applied to estimate tfectof

GCRs on HOXx. For example, Calisto et al. (2011) reported H3x Results

decreases due to GCRs of 1-3% in the stratosphere. Our mq)dgl

calculates a column response of 3% decrease of HOx 3H

+ HOy) due to CRs. While these values are broadly compa®i.1. lon pair production rates

ble they cannot be directly compared to the 3D model study of . , )

Calisto et al.[(2011) as that study does not provide globairmeF'gureB shows the model output ion pair production rates (se

values. In a similar fashion the response of @ncentrations Eq.[4) for the incident proton spectra shown in Fij. 1. Solid

can be mentioned. Our model calculates an integrated coluf{if§S were calculated using the new scheme, while the dashed

density loss of @ of less than 1% due to GCRs on Earth, whildn€ originates from the scheme as used by Grenfelllet alZp0
Calisto et al.[(2011) find that GCR cause up to 3% loss of ¢ their flaring case. Th(=T mo_delled IPR ofGCRs (black ling) an
in the polar stratosphere and upper troposphere as well aso&rys (coloured lines) in Figl 5 peak at decidediffetent al-
increase in @ of up to 3% in the tropics and south polar tropotitides, with GCRs peaking at around 14km and SCRs at 25 to
sphere. 30 km altitude. Whll_e the IPRis r(_elatlve!ys_mall for the_qment

M-dwarf case (red line), the IPR intensity increases sigaiftly

with activity of the host star (green and yellow lines).
2.4. Line-by-line spectral model Noteworthy is the change in IPR intensity when compar-

ing the flaring M-dwarf scenario of this work with that of
We use a radiative transfer line-by-line tool called SQUIRRGrenfell et al. [(2012). The new scheme results in an IPR at its
(Schwarzschild Quadrature InfraRed Radiation Line-lg)i maximum that is roughly 40 times smaller than the IPR pro-

' impf 2001; Schreier & Bottger 2003). Thisltoaluced byl Grenfell et all (2012). This significant change ia th

uses a radiative transfer method with line-by-line absorpt effect of CRs is a direct result of our updated input parameters
from the HITRAN 2004 database (Rothman et al. 2005) to corgsee Secl. 2.3.3). In particular, the expansion of the gmampe
pute planetary spectra of,@, CG,, Oz, CHy, N2O, CO, SQ, of the Earth GCR validation run with energies8.2 GeV, to-
NO,, NO, HCI, HNG;, H,0,, HO,, CHsCIl, OH, CIO, and gether withNmax(E) ~E, significantly increases the contribution
CIONOs,. The converged density profiles of the above mentionefl CR particles withE > 8.2 GeV to the validation spectrum.
species, as well as pressure and temperature from the atftee SCR fluxes of these high energies are, however, negligi-
spheric column model are input into SQUIRRL. bly small when compared to the maximal SCR flux. Hence the

20—

Atmospheric profiles
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Fig. 7. Temperature and #D concentration profiles for scenarios 1-6.
Colouring scheme same as above.

Altitude (km)
Altitude (km)

CR (blue line) is very similar to the AD Leo caselof Rauer ét al.
), as we use the same version of the atmospheric maedel. |

Of e 0E . ‘ ‘ A creasing the CR intensity has noticabtéeets on the modelled
10% 10° 10'° 10" 10'? 10" 10™ 10° 10° 10" 107 atmospheres. While only small changes in the NO,,N@d
N0 concentration (mol/cm?) CHiCl concentration (mol/em’) N4 concentrations are observed for the quiescent M-dwarf,
60 ‘ N eof the active and flaring scenarios (scenarios 3 and 4) show sig-
= 50 N = 50 nificant variations. The active case shows a column-intedgra
< 40 vl 240 decrease in @by 30% and CH by 15% as well as a 300%
3 30 3 30 increase in HN@ compared to scenario 1 (CR). The flar-
Z 5 Z 5 ing scenario (4) shows a column-integrategdecrease by over
“ 10 ) IS BT 70% and CH by 80% and a significant increase of HNBy a
0 / ‘ —) ) A A —— factor of 315. A detailed list of column-integrated concatibns
10° 0% 10 0% 10™ 0% 107 107 10° 10° 107 10°  of key species can be found in Table 4. In general CRs lead to
NO concentration (mol/cm?) OH concentration (mol/cm?)

the photochemical destruction o§CH,, N,O, and CHCI. Be-
cause of the large amount of CR-induced NOx and HOx, these
species are increasingly stored as HN@th increasing CR in-
tensity.

When comparing scenarios 5 and 6, tifieets of the newly
introduced CR-induced NOx and HOx production is clearly ev-
ident (as both scenarios calculate a similar IPR). Scerrio
calculates a reduction in by 99.99% because of the exces-
sive amount of NO produced which destroys €atalytically in
the middle atmosphere. In scenario 5 thikeet is mitigated by
Fig. 6. Chemical concentration profiles for biomarker species@s,  the additionally produced OH, which converts NOx into H)O
N0, and CHCI and for related species NO, OH, NGnd HNQ in  mainly via
molecules per cf Shown here are scenarios 1 through 5: M-dwarf
w/o CR (solid dark blue line), quiescent M-dwarf (red line)theeM- NO, + OH+ M — HNOs + M. (16)
dwarf (green line), flaring M-dwarf (yellow line), flaringd®) M-dwarf ) . .

(light biue dashed line). In addition we show the resuit cé@elletal. Without CRs (case 1) the modelling of Earth-like planets or-
(2012)'s flaring case (dark blue dashed line) for comparison biting in the HZ of M-dwarfs results in up to 300 times as
much CH, compared to the reference case (seelalso Segura et al.
[2005;| Rauer et al. 2011). This so-called massive; @ireen-
overall SCR-induced IPR profiles decrease because theneuehouse &ect can strongly perturb climate and habitability. How-
of E > 8.2GeV GCR protons is increased. While the updatesier, when adding CRs including the updated HOx-production
scheme provides a more physically valid parametrisatidh®f scheme (cases 2,3,4,5), this £l more dficiently destroyed,
effect of cosmic ray ionisation (especially regarding the gyeras the produced OH acts as a strong,GHk via
dependence of the parameters), we nevertheless wish to com-
pare the chemicalftects of our improved scheme with those ofHa +OH — CHs + H20, 17)
the original. For this purpose we include two new scenamos dq that for the flaring M-dwarf (case 4) only 50 times as much
our analysis as shown below: CHj, is available compared to the Earth reference case. A sim-
ilar mechanism is responsible for the large decrease igGLH
5. flaring(x40) M-dwarf : same as scenaiid 4, but with 40 times,0 concentrations, on the other hand, are not greatly inflegnc
enhanced IPR. by the changes to the scheme. Overall, this shows that the CR-
6. flaring M-dwarf (Grenfell et al. 2012): same as scenailid 4,induced HOx chemistry and the nitrogen radical production i
but with the original version of the CR scheme as describe@dduced to this work has an importarffect and may not be

60
50
40
30
20 20

10 \ 10

0 . , . ¥ , o’ 0 , . . . .

10% 107 10® 10°10'™10'10'?10" 10% 107 10% 10°10'°10"10'210"
NO, concentration (mol/cm?) HNOj concentration (mol/cm?)

60 F
50
40
30

Altitude (km)
Altitude (km)

bylGrenfell et al.|(2012). neglected in scenarios with strong SCR flux.
3.1.2. Chemistry profiles 3.1.3. Temperature and water profiles

Figure[® shows chemical profiles for the biomarker specigs O’ he planetary temperature profile for the scenarios witiMhe
CHg, N2O, and CHCI as well as the related species NO, OHjwarf spectrum we used usually shows no stratospheric tempe
NO, and HNGQ for scenarios 1 through 6. The M-dwarfav ature inversion, since the stellar UV flux is too weak to warm
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# Scenario @[DU] CHa[DU] N,O [DU] CHsCl [DU]

0 Earth reference 306 10 233 0.35
1 M-dwarfwo CR 254 3.30° 630 160
2 quiescent M-dwarf 243  3.20° 620 150
3 active M-dwarf 175 2.10° 530 120
4 flaring M-dwarf 71  6.80 350 24
5 flaring(x40) M-dwarf 40 140 300 4
6 flaring M-dwarf (Grenfell et al. 2012) 0.2 113° 310 53
# Scenario NO [DU] OH [DU] NQ [DU] HNOj3; [DU]

0 Earth reference 140t 2.110° 0.2 0.6
1 M-dwarfwo CR 90.810° 8.410* 0.3 0.2
2 quiescent M-dwarf 1.002 8.410% 0.3 0.2
3 active M-dwarf 2.3102% 8.910*% 0.5 0.6
4 flaring M-dwarf 7.31¢° 1.510° 16 63
5 flaring(x40) M-dwarf 8.710° 1.01072 100 600
6 flaring M-dwarf (Grenfell et al. 2012) 1.80* 3.1.10°3 170 16

Table 4.Column densities of § CH,4, N,O, CH;Cl, NO, OH, NQ, and HNQ in Dobson units (1DU= 2.69- 10?° moleculegm?) for scenarios 0
through 6.

the stratosphere. Figuré 7 shows that with increasing aosani 60
diation the temperature in this region generally cools bytaip — 5o
30K owing to the loss of key radiative gases (e.9.4C853). £ .
Since CH abundances are significantly higher than on Earth (ly =0
factors between 10 for scenario 5 and 300 for scenario 1; see,
Table[d) there is a potentially significant methane greesbou® 10

as pointed out in previous works (see e.g. Segura etal. 2005;0f o 0 N
Iﬁmnm”ﬂ_al a). ;‘010 WOH 1012 WO.G 1014 WOWE 1018 1010 ;‘012 WOWA .wowa 1015 1020

The dfect on temperature of USing the new NOx and HOx CH, concentration (mol/cm?) H,O concentration (mol/cm?®)
production scheme is evident from comparing the flaringacen 60
ios 4 (yellow curve) and 6 (dark blue dashed curve): betweenso
10 and 50 km altitude temperatures curves of scenarios thsng= 40
new scheme are markedly lower. This decrease in temperattireo
follows from decreased Cftoncentrations (see Sdct. 3]1.2 ang 20
Fig.[8). HO concentrations relate well with GHwhich is ex- 10 10
pected as they are highly interdependent via Ed. (17). 0 0

10% 10° 10" 10'" 10" 10" 10°  10® 10" 10"
O3 concentration (mol/cm®) HNO; concentration (mol/cm?)
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3.2. Identifying significant chemical mechanisms Fig. 8. Chemical concentration profiles for species/H,0, O; and

To further identify important chemical mechanisms causgd HNOs in molecules per chfor scenarios 4.0 - 4.3 (see Sécll3.2)
the update of our CR scheme we have repeated runs of the flatifff the following CR-induced production mechanisms st on:
M-dwarf scenario (scenario 4), but this time withHfdrent CR- +HOx (scenario 4.0, solid yellow curve), NOX (scenario 4dlics

ind d ducti hani ¢ d We i tigat reen curve), HOx (scenario 4.2, solid blue curve), NO (ader.3,
Induced production mechanisms turned on. We INVeSUg&E Hhshed green curve). Scenario 1 (M-dwat6\ER) is shown for com-

following cases: parison (solid black curve).
4.0. flaring M-dwarf (NOx +HOX): same aEl4, hence producing
CR-induced NO, N, OH, and H. into N21 via e.g.
4.1. flaring M-dwarf (NOXx) : same akl4, but only produces NO
and N due to CR. NO + N(*S) — Ny + O. (18)
4.2. flaring M-dwarf (HOx) : same aEl4, but only produces H and , i o ) i
OH due to CR. Another interesting mechanism is evident when comparieg th

4.3. flaring M-dwarf (NO) : same a§l4, but only produces NP3 concentrations for scenarios 4.0, 4.1, and 4.2. Both the HOX
dueto CR, i.e. as iIn_G_r_e_nf_e_LLe_ﬂalLi(ZﬂMZ) and otherwise uscenario 4.2) as well as the NOx (scenario 4.1) producing

ing the updated Gaisser-Hillas scheme (sedHq. 13). schemes, lead to a decrease ig @ each case via catalytic
destruction with HOx and NOXx species, respectively. The NOx

Figure[8 shows thefiects of diferent CR-induced productionscheme destroys{most dfectively from 20 to 60 km altitude
mechanisms. When comparing scenarios 4.3 and 4.1, onecarfiee green solid curve in Figl 8, bottom left), while the HOx
fer that the @ destroying species NO is hampered in its catalytecheme is mostfiective from 10 to 40 km (see solid light solid
destructivity in scenario 4.1 by CR-produced atomic N rallic blue curve in Fig[B, bottom left). The catalytic NOx-cyclg-s
as significantly more ©is observable here. This is caused by aificantly outweighs the HOx cycle. While both separately re
self-regulating mechanism imposed by the CR-induced grodumove G, when combined (4.0, solid yellow line, Fig. 8), HOx
tion of nitrogen radicals (N)), as these can easily reconfigurand NOx production schemes cause an increaggui@ile com-
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pared with the dominant NOx cycle of scenario 4.1. This in-
crease in @ arises from the storage of both NOx and HOx
Os-destroying species in the unreactive reservoir specie®4IN
formed mainly via

NO, + OH+M — HNOsz + M. (29)

et/Star

Contrary to the @ destruction result, NOx and HOx production§
schemes reinforce each other with respect to destroying CH;
This is likely due to both schemes producing OH, either via di
rect HO destruction (HOx scheme), through the NOx scheme
via, e.g.

10
NO + HO, — OH + NO,, (20) 0

6 8 10 12 14 16 18
which is ten times faster for scenario 4 compared to wovelength/um
\Grenfell et al. [(2012) (scenario 6) due to increased; H@ail-  Fig. 9. Planetary emission contrast spectra (with resoluRoa 2000)
ability provided by the new scheme. for scenarios 0 (Earth GCR: black), 1 (M-dwarforCR: blue), 3 (active

Figure[8 also shows that the additional CR-produced NO kifdwarf: green), and 4 (flaring M-dwarf: yellow). The bluerea is
scenarios 4.0, 4.1, and 4.3 causes an increase@entration concealed behind the green curve for most wavelengths.
in the troposphere with regard to scenario 1. The increasst a
ability of NOx is known to favour the Smog mechanism (see e.

" n-Smit 1952- Grenfell L_2006), which is respdesibggnal becomes visible at around 148, consistent with the

: increased HN@concentration. Spectral signals of gidcrease
for most tropospherically producec; ©n Earth. in strength. This is a temperaturfext, as a colder stratosphere

rovides less intensity in the 18n CO, emission band (see e.g.
3.3. Planetary spectra [ 1959).

3.3.1. Emission spectra

N
o

. . - 3.3.2. Transmission spectra
We calculate theoretical emission and transmission speaial-

ogous to_Rauer et al. (2011). For exoplanets, planetaryssnis Transmission spectra are obtained through the measurement
spectra are best measured close to the secondary transie whuring and after the primary transit of the planet, where the
the insolated side of the planet is directed towards thergbse planet occults a part of the star. In this section theorktiaas-
Since it is dificult to separately resolve transiting exoplanetsission spectral;j(1) are calculated. Therein we assume that

from their host star, therefore the measured figis beams cross the atmosphere at equidistant tangent hemhts ¢
responding to the atmosphere model layers. The total trigasm
F1(1) = Fp(2) + Fs(4) , (21) sionT is then determined by the sum of individual transmission

whereF is the planetary emission flux arkel the stellar flux beamsT;, i.e.

depending on the wavelengthTo obtainF, another flux has to 1

be measured witk»(1) = Fg(1), which is realised when the star! = H Z TiAh;

occults the planet during secondary transit_(Rauer!ét dl1R0 i

The planetary emission flux is then calculated via whereAh; is the distance between tangent heights and H is the
_ 3 maximum height of the modelled atmosphere.

Fp(D) = Fa() = F2(1), (22) For the Earth around the Sun a transmission spectrum may

whereF; andF, need to have the same integration times to ré&ad to higher signal-to-noise in the visible due to its leigstel-

(24)

main comparable. lar flux. M-stars show larger relative fluxes in the IR, whieh f
The contras€, s between the planetary and stellar spectrufilitates the study of the absorption bands of relevant cbaim
is calculated by species (see Rauer eflal. 2011). o
Figure[I0 shows the relative transmission spectra of the
Fo() Rf, I modelled scenarios. For the flaring case (scenario 4), the-sp
Cpis(d) = F<() = R, (23) tra change considerably, as is expected by the large change i
S

chemical composition presented in the previous sectiorcSp
with the planetary radiuRy, the stellar radiu®s, and the spec- tral signals of CH become weaker compared to the less per-
tral flux densitied , andls of the planet and the star, respectivelyurbed cases (see above). The spectral bands@fNso become
1). slightly weaker. The ozone band at @ remains visible, but
Figure[® shows the planet-to-star contr@fs(1) due to is weaker than in the Earth case. This is because, in comdrast
emission. We have plotted scenarios 0, 1, 3, and 4, althol@tenfell et al.|(2012), not all is destroyed by NOx since the
only scenario 4 shows significant changes with respect to se#Ox source we introduced provides a sink for NOx, forming
nario 1. As expected from the chemistry section, the;Gld- reservoir species such as Hy@s a consequence, the spectral
nals at 2.3 and 34m decrease slightly for the flaring scenarisignals of HNQ become considerably stronger. This suggests
(scenario 4), yet they still remain visible because evemgho thatthe HNQ absorption bands at 11u2h may serve as a spec-
80% of all atmospheric CiHs destroyed in the simulated M-startral marker for CRs in Earth-like atmospheres. To confirrs,thi
planet for scenario 4, there still remains 50 times morq @ldn  further study is required regarding the range of possible co
on Earth. Additionally, the @band at 9.um gets weaker, but ditions (UV, NOx, CR intensity) for which the HNgsignal is
is still recognizable for the flaring case (scenario 4). An®4N visible in the theoretical spectra.
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Fig. 10. Relative transmission spectra (with resoluti®n= 2000) for Fig. 12. Relative transmission spectra (with resoluti®n= 2000) for
scenarios 0 (Earth GCR: black), 1 (M-dwarforCR: blue), 3 (active scenarios 0 (Earth GCR: black), 4 (flaring M-dwarf: yellow)(flar-
M-dwarf: green), and 4 (flaring M-dwarf: yellow). The bluerce is ing(x40) M-dwarf: light blue), and 6 (flaring M-dwalrf(Gresif et al.

concealed behind the green curve for most wavelengths. [2012): dark blue dashed).

107 4. Surface UV flux

I Q@A A g o~ s A
10 - .WE‘;Q 1 W= vy \ | . .

1o H,0 oA . e n the previous section, we have seen how SCRs may reduce the
1242 CHe qu'g"'”'””'zﬂmgoz N0 " 7] atmospheric ozone shield. Now we check whether this reduced
- I 1 ozone shield is still able toféciently protect the planetary sur-
10718 4 face against harmful UV radiation.

2 3 4 5 6 The UV radiation on the planet’s surface could be harmful to

developing and existing life. Especially UV-C radiatioor(bur
model 176 - 280 nm) and high doses of UV-B (315 - 280 nm) can
damage organic molecules and, thus, be harmful for life.

Similar tol GrieRmeier et all_(20155b), we numerically study
the full UV spectrum from 176 315 nm, and present integrated
results for the two relevant bands UV-A and UV-B. The UV-C
fluxes turn out to be negligible as a result of thfgéagency of
atmospheric shielding in this wavelength range.

Contrast Planet/Star

| o o
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:
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Fig. 11. Planet to star contrast spectra (with resolutidrs 2000) for
scenarios 0 (Earth GCR: black), 4 (flaring M-dwarf: yellow)(flar- f fl lculati
ing(x40) M-dwarf: light blue), and 6 (flaring M-dwarf(Gregifetal. 4-1- Surface flux calculation

[2012): dark blue dashed). Here, we give a brief description of the way we calculate the
surface UV flux. More details can be found % GrieBmeier bt al.
3.3.3. The very strongly flaring scenarios (2015D).

In this section we show planetary spectra for the comparativ_ We take the wavelength-resolved stellar UV flux and, with

the planetary orbital distance, calculate the flux incidsnt
flaring scenarios (4-6). As mentioned earlier the IPR priite .
duced by our updated scheme was roughly 40 times smaller than\-lrvg\'?e Fefr:gteh '\,Amivg?;;:ﬂgfﬁ% f:fjr;e:;‘\}r’llsa\rl\vc?l S\"’}Ig ulate the
the IPR from our previous scheme (Grenfell €t al. 2012). Vée ar _ O
confident that our current updates have improved the way we ﬁ]orsgé'f[z%/ \];\Illéx c ;S:ﬂgt ethtﬁ en\tjvr;\,e erllgﬁlgtrr??gseil\?eej %{Lt;egf
model SCRs. Nevertheless, we not only wish to compare our up- :
dated CR scheme directly to our previous one, but also cbeert xZVSFe;Z?hﬁIr?tZZt%% dsglrjfggg'e 'L:Jr\c/):‘rllufdrég’ Awgn(é?bci/uBlate the
:’r\:htﬁflﬁgrez;tdlrjern(gepgss'b;e m[axlllmuml lea: Tg?t(s)cseeneaﬂgjw%'fsen We calculate the ratio of UV penetrating fhrough the t plane-
dated chemistry scheme behaves when fed with these high |on|taeryR%tanOSp|T,%rf %S&agﬁzg&e rBtljeI S%rjslesgdl_lr_lﬁungband
if TOA
palrF?éﬁ?:gglnarr?éasz show the emission and transmission SpeC_chara_c:telnsesdurtﬁceI averﬁ%e UdV sh|eld|ru19 by the atmosphere in
, X X i a particular wavelength band.
Earth reforence base (0). AS xpeciod scenario & showkovery ~ “ic, Mtbly the vavelengfi resolved UV surtace specira
A ' o with the action spectrum ntz et/dl. (2009, Fig.
Os. However, scenario 5 even though it exhibits only 40 DU of 1, cqjcylate theféectivg biological UV fluxw at the plan%- :
%?S;gﬁhseg&?ésg%vz ?/ecrg(/azgig?h?ginpa:r:rlr}ge(:(;ﬁlt?g\s/test;;gtljr- tar;l/ surface. I? thisr,]thfeslglalA action spectrum is normalised
’ . ; to 1 at a wavelength o nm.
Although somewhat weaker than the §ignal of scenario 4, this g
result shows that for all assumed CR intensitiesrénains vis- We examine the UV flux for the main scenarios from
ible in the theoretical planetary spectra when incorpogg@R-  Sect.[Z1L: scenarios 1 (M-dwarf/av CR), 2 (quiescent M-
induced N and HOx production. Also the HN®ignal becomes dwarf), 3 (active M-dwarf), and 4 (flaring M-dwarf). In ad-
significantly larger for scenario 5. dition, we compare these scenarios to a scenario with Galac-
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tic (rather than stellar) cosmic rays, taking the resultsmfr Earth, the value o¥V remains below the terrestrial value for al-
\GrieRmeier et al| (2015b). For all cases discussed in thttose most all cases. However, when the high UV flux of a long stellar
we assume unmagnetised planets, following the argumentafiare coincides with a stellar particle eruption (which reesithe
of IGrieRmeier et al. (2015a) and GrieRmeier étlal. (201540 tlatmospheric UV shield\V reaches values considerably higher
magnetic fields on super-Earths around M-dwarf stars aedylik than on present day Earth (40 times the present-day tealestr
to be weak and short-lived. value).
For each of these scenarios, we examine threrént cases ~ Our results compare well to previous work, and extend
for the UV flux: quiescent UV (as is assumed throughout the rekem by including the increase in stellar UV fllix. Grenfelaét
of this article), short UV flare, and long UV flare: (2012) consider thefkect of the particle flux on the atmospheric
] ~ozone layer, but do not take the increase in stellar UV duaing
— Quiescent UV: We use the TOA UV spectrum of AD Leonisjare into account.Grenfell et al. (2012) find that the sufiiax
as described in Sed;__t_._I.Z. _ of UV-B (their Table 2) is increased by a factor ©f30 in the
— Short UV flare: During a stellar flare, the UV flux increasefaring case. Even with this, the surface UV-B flux is consider
by one order of magnitude in a typical case, and by @bly lower that the terrestrial value, which is qualitayveon-
least two orders of magnitude in more extreme cases Wiftent with our quiescent UV case. In the current work (gisin
a timescale of 1810° seconds. We use the TOA UV specthe new modelling scheme), less ozone is destroyed by SGRs, s
trum oflSegura et all (2010, Fig. 3, bold blue line, scaled f@hat the surface is better protected against UV-B. Howévéine
distance), i.e. the maximum flux at the flare peak. Our modgdw cases of stellar UV flares (both short and long), this ieemo
does not feature time dependence. Therefore, if the tif@sa@an compensated by the increase in stellar UV flux, leading t
of the UV flare (e.g. its duration) is short compared to the &n increase in surface UV-B by several orders of magnitude.
mospheric reaction time, we assume that the atmosphere hasor results are also compatible with those_of Seguralet al.
notyet adjusted to the increased UV flux. In this case, we Ugg10). They considered both the flare’s increased UV rixdiat
the atmospheric transfer functié(1) obtained in the quies- anq a proton event at the peak of the flare. Their flare peak is
cent UV case, and multiply this function with the TOA flare.omparable to our short UV-flare case for the flaring M-dwarf
UV flux. This scenario is appropriate for an isolated flare. scenario (see their Table 2), and the UV-B surface flux vaues
— Long UV flare: The flare timescale is longer than the typindeed comparable. Our work adds the long UV-flare case twhic
cal reaction time of the planetary atmosphere where it is afgs a higher potential impact on habitability, and the zsiglgf
sumed that the atmosphere is continuously perturbed.sn tfie biologically weighted surface UV flux.
case, we calculate the surface UV flux using the flare TOA

flux via the model of Secf._2.2. This scenario is appropriate , ,
for quasi-continuous flares. 4.3. Surface flux: Discussion

Our main findings are as follows. We find that CRs leave the
4.2. Surface flux results UV-A transmission cofficient and flux virtually unchanged. For
UV-B, GCRs modify the transmission rate and surface flux by

Tabled 5[ 6, and] 7 show the UV-A flux (315-400nm), the UV-Rss than 20%, whereas SCRs chaRdsy more than a factor of
flux (280-315nm), and the biologically weighted UV-flMfor  v5 For the GCR scenario, short flares are more harmful than
scenarios 1 through 4 plus, for comparison, the Galactim@s |ong flares. For the SCR scenarios, long flares (wReas time
ray scenario from GrieBmesier et al. (2015b). For each s@®nafy agjust to the modified particle flux) are more harmful than
we also compare the thredfidirent UV cases discussed above.ghort flares.

As seen in TabIEIS., the atmospheric transmissiorfiicoent Regarding the biologically weighted UV surface flw,
R for UV-A is virtually mdependgnt of the COSMIC ray environi;cRrs can changd/ by up to 40%, while SCRs can changé
ment. It does, however, vary with the ambient UV conditiongy, oyer one order of magnitude. In all cas@é,is dominated
During a long UV-flare, the surface receives up to 50 timesemay, the contribution of UV-B. In the case of Earth (without any
UV-A radiation than under quiescent conditions. CRs),W = 0.125 Wm? (GrieBmeier et al. 2015b). Except in

Table[6 shows that the UV-B flux is more sensitive to the dgse |ong UV flare case, the corresponding value for an M-dwarf
struction of the ozone layer by CRs. The presence of a strof\gsy when subject to strong cosmic ray fluxes, is lower. With
cosmic ray environment can increase the atmospheric tiansny < 4.9 Wjm2 (Table[T), the SCR-induced surface UV radiation
sion codficient for UV-B (and the surface UV-B flux) by a factorgyring a long stellar UV flare may indeed potentially be harm-
of almost 4. Still, the variability of the surface UV fluxise | for certain types of cells (e.g. human skin or eye celsj;
inated by the UV activity of the host star, which can change thy ot strong enough to prevent life. For examjieinoccocus
surface UV-B flux by over two orders of magnitude. ~radioduransis able to withstand a flux af 40 Wm? without

The biological radiation damage created by UV-A radiatiogignificant damage, and life on Earth may have arisen during

is several orders of magnitude weaker than the damage chyseines when the biologically weighted UV flux was even higher
UV-B radiation (e. 09). Thus, itis not sisig (> 96 Wm2, seémga 9).

to see that the biologically weighted UV flu¥ qualitatively

shows a similar behaviour as the UV-B flux. Quantitativelig t

response ofV is stronger than that of the average UV-B fluxg piscussion

This results from the fact th&W is is sensitive mostly to UV-B

flux at 300 nm, which is more variable than the band-averaged the context of the photochemistry of Earth-like atmo-
UV-B flux. Table[T shows that under high cosmic ray fluxespheres the unconstrained parameter range is large. Key pa-
(i.e. during a strong stellar particle flare), the planetazgne rameters include atmospheric pressure ),
shield is reduced strongly enough to increase the weighted scomposition (e.gl_Segura et al. 2007), incoming stellarcspe

face UV fluxW by a factor of 20. During a long stellar UV-flare,trum L(Ge_.gi%a_&LHL_ZOOS), position in the habitableezon
W increased by an additional factor of 100. When compared (@.g./ Grenfell IL_2007b), incoming cosmic ray fluxes .(e.g
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case # UV-A quiescent UV short UV flare long UV flare
I7on lsutace RO | Iigl lstace RO | lrol lsutace RO
w/m?  [W/nv] W/me] W/ W/l [W/nv]

1 M-dwarf w/o CR 2.1 15 0.72| 82 57 0.69| 82 76 0.92
* GCR 2.1 15 0.72| 82 57 0.69| 82 76 0.92
2 |SCR (quiescent M dwarf) 2.1 15 0.72| 82 57 0.69| 82 76 0.92
3 SCR (active M dwarf) 21 15 0.72| 82 57 0.69| 82 76 0.92
4 SCR (flaring M dwarf) 21 15 0.72| 82 56 0.69| 82 79 0.97

Table 5. UV-A flux at top of atmospherel£3*), at the surfacelf\? ), and wavelength-range averaged atmospheric transmissigficient

RUV-A _ |UV-A

UV-A *
suracd lom - Notes:* results taken fro

al. (2015b, their casesL&4and SF, each witiM = 0).

case # uv-B quiescent UV short UV flare long UV flare

WP IS, RYS| P LR RM) NP gE, R

w/m  [W/nv] W/me] W/ w/me W/
1 M-dwarf w/o CR 0.18 0.020 0.11 49 4.8 0.10{ 49 3.1 0.06
* GCR 0.18 0.023 0.13 49 5.3 0.11| 49 3.1 0.06
2 | SCR (quiescent M dwarf) 0.18 0.021 0.12 49 4.8 0.10| 49 3.1 0.06
3 SCR (active M dwarf) || 0.18 0.028 0.1 49 4.8 0.10| 49 3.1 0.06
4 SCR (flaring M dwarf) || 0.18 0.05 0.28 49 4.8 0.10| 49 11.4 0.23

Table 6. As tabld®, but for UV-B.
case # biologically weighted surface flux quiescent UV short UV flare | long UV flare
W [W/m?] (compared to Present Day Earth)

1 M-dwarf w/o CR 0.0015 (0.01 PDB]| 0.48 (4 PDE) [0.15 (1.2 PDE)

* GCR 0.0021 (0.02PDB| 0.61 (5 PDE) |0.15 (1.2 PDE)

2 SCR (quiescent M dwarf) 0.0017 (0.01 PDB | 0.48 (0.01 PDE) | 0.15 (1.2 PDE)

3 SCR (active M dwarf) 0.15 (1.2 PDE) |0.48 (0.01 PDE) | 0.17 (1.3 PDE)

4 SCR (flaring M dwarf) 0.025 (0.2 PDE) |0.48 (0.01 PDE) | 4.9 (40 PDE)

Table 7.Biologically weighted surface UV-flux, in weighted M# and relative to present day Earth. Notesesults taken from GrieBmeier ef al.
(2015b, their cases CA, LF and SF, each with= 0). " PDE=Present Day Earth=0.126 Wm?, see GrieRmeier etlal. (2015b))

\GrieRBmeier et al. 2015a). Our model results can be compawedlies of our short UV-flare case for the flaring M-dwarf sce-
best to the work of_Grenfelletal! (2012) as we use thwario and their flare peak are comparable. Further photochem
same radiative-convectiyghotochemical model, but with an im-ical studies regarding planets orbiting M-dwarf planetdude
proved CR scheme (see Séctl2.3). A comparison shows tha . ), who use an early-Earth model with vagabl
improved scheme conserves spectrally visible amountgdh O O, and high CQ concentrations, whereas we assume an Earth-
the studied atmospheres and catalytig d@struction is partly like setup with constant i O,, CO, and biogenic fluxes. While
mitigated, helped also by an NOx-induceg-froducing smog m ((2014) study the abundance of @der abiotic con-
mechanism in the troposphere. Another application of aghotitions for diferent CQ mixing ratios, we study thefgect of
chemical model to exoplanets includes a studm et(ad this case) CRs on bioindicator species and trace gasks un
(2005), who studied thefiect of an M-dwarf spectrum on anbiotic and Earth-like conditions. Additionally, Tian ef ho
Earth-like atmosphere. Their placement of the planet withe use the stellar spectrum of an M-dwarf with low UV flux due to
Hz differs from the current work in that their total stellar fluxecent measurements of quiescent M-dwarfs (Francelet ., 20
was normalised so that the surface temperature equals 282613), whereas we use the active M-dwarf spectrum of AD Leo
ISegura et all (2005) find large concentrations of,QEkrth-like to provide comparison to previous works and because themurr
biogenic flux, but decreased photolysis of JHtausing a strong work focuses on the influence of the changes to the CR scheme.
CH, greenhouseftect. Adding CR-induced OH production toThe impact of diferent M-dwarf spectra to our photochemical
our scheme provides a further sink for the high/Jetels. This model was studied by Grenfell et al. (2013, 2014). Grentedlle
causes a reduction of GHoncentrations by a factor of five in(2013) presented a detailed analysis of atmospheric pgthwa
the flaring case (4) as well as a reduction in the surface tethat form and destroy, e.gs(for an Earth-like planet orbiting in
perature by 7 KL_Segura etlal. (2010) have studied freceof the HZ of diferent M-dwarf stars. Grenfell etlal. (2014) studied
an M-dwarf stellar flare. As mentioned in sectlon|4.2 the UV-Bhe dfect of varying the (uncertain) incoming UV flux for Earth-
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like planets orbiting in the HZ of M-dwarfs. They found tha{GrieRmeier et al. 2015b) for the case of GCRs. Still, evéinef
while increases in UVbgg-300nmfavoured Q loss via photolysis, SCR-induced surface UV radiation may indeed be potentially
increases in UVaoonmfavoured @ production by stimulating @ harmful for certain types of cells, it is not strong enouglptte-
photolysis. vent life.
Several caveats of our model require discussion. The
parametrisations used in the chemistry improvements were
set up for the Earth atmosphere only, and are hence vdrgferences
when assuming a nltrogen-oxygen dominated athSphel_'e Wilfarez-Muniz, J., Engel, R., Gaisser, T., Ortiz, J. A., &&tv, T. 2002, Physical
Earth’s mixing ratios. Calculating other atmospheric cosip  Review D, 66, 033011 _ _
tions would require input from an ion chemistry model to 'rnfeCa“Stg’P'\r’]'-’ Usosl‘gnh'-ﬁozanovr E., & Peter, T. 2011, Agpberic Chemistry
IPR as well as production cfiients. and Physics, 11, 45
. ell, C. S. 1999, Icarus, 141, 399
The changes to our a”'Sthwer scheme have caused the SA (U.S. Committee on Extension to the Standard Atmagph&976, US
of our constant flaring scenario to decrease by a factor of 40standard atmosphere, 1976, Tech. rep. o
However, these Changes have made our model more phys|c§” z, M., Guinan, E. F., & Kurucz, R. L. ZOQQ, Solar and SieVariability:
realistic, as primary particles of fierent energies now produce 'Mpact on Earth and Planets, AU Symposium 264, eds. A. Gotokev,
decidedly diferent amounts of secondary electrons #egent ooy - 214 J-b. Rozelot 5, 419
e_C| y ) ) y Des Marais, D. J., Harwit, M. O., Jucks, K. W., et al. 2002,rABtology, 2, 153
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