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Introduction:  Our understanding of solar flares 

and associated phenomena, such as Solar Energetic 
Particles (SEPs) and Coronal Mass Ejections (CMEs), 
has improved greatly in recent times, both from a 
theoretical and observational standpoint (Webb & 
Howard 2012; Reames 2013; Priest 2014; Benz 
2017). These discoveries have been supplemented by 
a wealth of data from the Kepler mission, which sur-
veyed ∼ 105 stars and yielded detailed statistics con-
cerning the frequency of large flares with energies & 
1033 ergs (superflares) on M-, K-, and G-type stars 
(Maehara et al. 2012; Shibayama et al. 2013). 

Hence, there has been a concomitant increase in 
studies analyzing the effects of flares and superflares 
on planets situated in the habitable zone (HZ) of their 
host stars, i.e. the region in which liquid water can 
theoretically exist on the surface of the planet (Kast-
ing et al. 1993). Since large flares are usually accom-
panied by bursts of high-energy radiation and parti-
cles, most studies have highlighted their deleterious 
effects from the perspective of habitability. The dan-
gers posed by SEPs are especially significant since 
they may cause significant ozone depletion and bio-
logical damage (Dartnell 2011; Melott & Thomas 
2011; Lingam & Loeb 2017a). However, recent evi-
dence intriguingly suggests that flares could have 
played a beneficial role in the origin of life (abiogen-
esis) by delivering the requisite energy for the prebi-
otic synthesis of organic compounds (Buccino et al. 
2007; Airapetian et al. 2016; Nava-Sedeno et al. 
2016; Ranjan et al. 2017; Lingam & Loeb 2017). 

It is therefore the goal of this work to examine the 
potential role of SEPs, specifically energetic protons, 
in facilitating surface-based prebiotic chemistry. In 
this work, we shall not tackle non-surficial theories 
for the origin of life, such as hydrothermal vents 
(Martin et al. 2008; Russell et al. 2014), since the SEP 
fluxes are not expected to be significant in these envi-
ronments. We will focus on ancient and current Mars, 
primarily motivated by the fact that the habitability of 
both environments has been extensively investigated 
(McKay 1997; Schulze-Makuch et al. 2008; Westall 
et al. 2013; Cockell 2014). Furthermore, some authors 
have argued that the biological potential of Noachian 
Mars was similar to, or slightly greater than, that of 
Hadean Earth (Jakosky & Shock 1998; Nisbet & 
Sleep 2001; Gollihar et al. 2014; Benner & Kim 
2015) although its current value is several orders of 
magnitude smaller than present-day Earth (Summers 
et al. 2002); there also exists a remote possibility that 

life on Earth was seeded by Martian ejecta (Davis & 
McKay 1996; Mileikowsky et al. 2000). Subsequent-
ly, we will generalize our results to encompass ex-
oplanets, with atmospheres resembling early Mars, 
orbiting low-mass stars (K- and M-dwarfs). 

Method:  We adopt the neutral atmosphere from 
the Mars Global Ionosphere Thermosphere Model (M-
GITM) (Bougher et al. 2015), which is a 3-D whole 
atmosphere (ground-to-exobase) code that captures 
the Martian lower, middle and upper atmosphere. To 
simulate the “current” Martian atmosphere, we use Ps 
= 6 mbar and based on the current solar radiation, 
while the “ancient” Mars atmosphere ∼ 4 Gya is cho-
sen to be Ps ≈ 1 bar and based on young sun radiation 
(Ribas et al. 2005; Boesswetter et al. 2010); here, Ps 
denotes the surface pressure. The input SEP spectrum 
at the top of the atmosphere is adopted from the ener-
getic January 2005 SEP event, and corresponds to an 
energy flux (per unit energy) of 5 × 1011 pr cm−2 
MeV−1 at 0.1 MeV, while the associated spectral in-
dex is −2.15 (Mewaldt et al. 2012). To calculate the 
transport of SEPs through the atmosphere and energy 
deposition near the surface, we apply a continuously 
slowing down approximation (CSDA) energy loss 
model that was developed by Jackman et al. (1980) 
and recently improved by Fang et al. (2013). Based 
on the calculated SEP energy deposited near the sur-
face, we will then make use of experimental results 
(i.e. the G-values of energetic particles) to estimate 
the yields of important biomolecules such as amino 
acids and nucleobases. 

Results: In Fig. 1(a), the penetrating SEP energy 
spectrum at the surface is shown for current and an-
cient Mars. From Fig. 1(b), it is seen that SEPs with 
initial energy lower than ∼ 150 MeV (black dotted 
and dashed lines) are unable to penetrate through the 
current Martian atmosphere, and only those energetic 
particles with energies > 150 MeV (black dashed-
dotted line) can reach the surface; the same cutoff 
value has also been presented by the Mars Science 
Laboratory’s Curiosity rover group (Hassler et al. 
2014). In contrast, the much thicker atmosphere as-
sumed in the ancient epoch effectively prevents the 
penetration of < 150 MeV particles above 40 km alti-
tude (red dotted line). In fact, the threshold energy for 
incident SEPs being able to reach the surface through 
the ancient Martian atmosphere is elevated to ∼ 3 
GeV. Note that the threshold penetration energies of 
∼ 150 MeV and ∼ 3 GeV, for current and ancient 
Mars respectively, vary slightly over the planet due to 
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the spatial asymmetry of the atmospheres. The inci-
dent SEP spectrum at the top of the atmosphere is also 
shown for reference in Fig. 1(a). 
 

Figure 1. Panel (a) illustrates the globally averaged 
differential number flux distribution at the planetary 
surface. Different colors represent cases with varying 
cutoffs marked at the top. The black dashed line 
shows the precipitating SEP energy spectral shape for 
reference. Panel (b) depicts the altitude profiles of 
penetrating SEP energy fluxes near the subsolar point 
under current (in black) and ancient (in red) atmos-
pheric conditions. The energy fluxes are divided ac-
cording to different energy ranges of incident parti-
cles at the topside boundary, as marked in the figure. 
Panel (c) presents the globally averaged ionization 
altitude profiles for < 1 GeV and < 6 GeV SEP pre-
cipitation in the current (black) and ancient (red) 
Martian atmosphere respectively. The shaded regions 
demarcate the range of values at different latitudes 
and longitudes. 
 
In Fig. 2, column mass density and SEP energy depo-
sition on the planetary surface as a function of latitude 
and longitude is presented. This is one of the notable 
features of our study since our simulations are fully 3-
D and thus display signatures of asymmetry (Bougher 
et al., 2015). For current and ancient Mars, the SEP 
energy flux broadly increases as one moves to higher 
latitudes. Moreover, for both cases, the energy flux is 
generally higher on the night-side relative to the day-
side. The temperature difference between the day- 
and night-side affects the global neutral density dis-

tribution - see column mass density in Fig. 2 - and 
consequently the SEP energy deposition at the plane-
tary surface is altered, thus leading to the observed 
asymmetry. These asymmetric features are less pro-
nounced for ancient Mars due to significant day-to-
night transport caused by the strong day-side EUV 
heating; the transport leads to a relatively uniform 
distribution of the atmosphere around Mars. 
 

 
Figure 2: Atmospheric column mass density and pene-
trating SEP flux at the surface for current (< 1 GeV) 
and ancient (< 6 GeV) Mars as a function of latitude 
and local time. 
 
Previously, we have argued that SEPs provide a valu-
able source of energy for prebiotic synthesis and that 
their energy flux is lower compared to lightning and 
volcanism. It is, however, important not only to eval-
uate the energy fluxes from different sources but also 
their efficiency in terms of chemical synthesis 
(Deamer 1997). SEPs are known to facilitate the for-
mation of nitrogen oxides, for e.g. nitric oxide (NO) 
and nitrogen dioxide (NO2), by reacting with atmos-
pheric nitrogen (Crutzen et al. 1975; Lopez-Puertas et 
al. 2005). It was noted in Airapetian et al. (2016) that 
these molecules reacted with the chemical species CH 
as follows: 

NO + CH → HCN + O, 
N2O + CH → HCN + NO 

thereby resulting in the production of hydrogen 
cyanide (HCN). It is also noteworthy that G-values 
associated with amino acid synthesis through irradia-
tion by energetic protons (∼ 0.01) are amongst the 
highest documented for prebiotic pathways (Koba-
yashi et al. 1990). Based on the penetrating SEP flux 
at the surface, we will estimate the yields of important 
biomolecules such as amino acids and nucleobases in 
this study. 
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