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AAbstract: On geological timescales, the Earth is likely to be exposed to higher than the usual flux of high energy 
cosmic rays (HECRs) from astrophysical sources such as nearby supernovae, gamma ray bursts or by galactic shocks. 
These high-energy particles strike the Earth's atmosphere, initiating an extensive air shower. As the air shower propa-
gates deeper, it ionizes the atmosphere leading to changes in atmospheric chemistry, resulting in ozone depletion. 
This increases the flux of solar UVB radiation at the surface, which is potentially harmful to living organisms. In-
creased ionization affects the global electrical circuit, which could enhance the low-altitude cloud formation rate. 
Secondary particles such as muons and thermal neutrons produced as a result of nuclear interactions are able to reach 
the ground, enhancing the biological radiation dose. The muon flux dominates the radiation dose from cosmic rays 
causing damage to DNA and an increase in mutation rates and cancer, which can have serious biological implications 
for surface and sub-surface life. Using CORSIKA, we perform massive computer simulations and construct lookup 
tables for 10 GeV - 1 PeV primaries, which can be used to quantify these effects from enhanced cosmic ray exposure 
to any astrophysical source. These tables are freely available to the community and can be used for other studies. We 
use these tables to study the terrestrial implications of galactic shock generated by the infall of our galaxy toward the 
Virgo cluster. Increased radiation dose from muons could be a possible mechanism explaining the observed periodici-
ty in terrestrial biodiversity in paleobiology databases.
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1 Introduction

Independent studies of paleobiology databases show a ~ 
62 My periodicity in terrestrial biodiversity going back to 
542 My [1, 2]. The physical cause driving this biodiversi-
ty cycle is not known. The period and phase of this bio-
diversity cycle anti-correlates with the motion of our 
solar system in the galactic disk. Our solar system oscil-
lates perpendicular to the galactic plane with amplitude 
of about 70 pc and a period of 63.6 My [3]. It has been 
hypothesized that the coincidence of time and phase of 
these two seemingly unrelated phenomena may not just 
be a coincidence, but are related by the following pro-
posed mechanism [4]. The Milky Way is falling toward 
the Virgo cluster at the rate of 200 km/s due to its gravi-
tational pull. A galactic shock is formed at the north end 
of our Galaxy due to this motion. Such a shock is capable 
of accelerating particles and exposing our galaxy's north-
ern side to a higher flux of cosmic rays. The earth is 
protected from these cosmic rays by the galactic magnet-
ic field when it is within the galactic disk or at the south-

ern side. But as it moves up the galactic plane, the mag-
netic field weakens and as a result it is exposed to an 
enhanced flux of high-energy cosmic rays. This happens 
once every ~ 62 My when we are at the north with higher 
cosmic ray exposure and the biodiversity declines at this 
time. Such an exposure will persist for about 107 years in 
each cycle [5].
Air showers generated by cosmic rays can ionize the 
atmosphere and secondary particles reaching the ground 
can irradiate the surface with secondary ionizing radia-
tion. Ionizing radiation, even though very small in energy 
compared to non-ionizing radiation, is very damaging to 
life. Of all ionizing radiation types, muons are the most 
penetrating and therefore dominate the radiation dose at 
the ground [6]. The biological impact of cosmic rays has 
been studied primarily to evaluate the damage to the 
human body in air and space travel. A lot of research has 
been done in the context of space travel, in particular 
with regard to the future human mission to Mars. Astro-
nauts will not be protected by the Earth's extended mag-
netosphere and will be vulnerable to galactic cosmic rays 
and solar flares. Cosmic ray primary and secondary par-
ticles can easily penetrate bones and tissues. The impact 
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of cosmic ray neutrons has also been studied on airline 
staff and found to be carcinogenic for elongated expo-
sures. Studies done on airline crews showed a significant 
increase in cancer rates compared to the normal. These 
particles can result in a significant biological damage 
depending on the type of particle and energy.

2 Method

In order to calculate the secondary muon flux at the sur-
face from high-energy cosmic ray primaries, one needs to 
implement Monte Carlo solutions to propagate air show-
ers generated by high-energy primaries. Analytical me-
thods are quick and easy to implement but do not provide 
accurate estimates of the muon flux. We used the freely 
available lookup tables generated by the Monte Carlo 
package CORSIKA for primaries in the 10 GeV – 1 PeV 
range [7, 8]. This table provides the energy distribution 
of muons at the surface for each primary particle aver-
aged over the hemisphere. The muon energies are given 
in log 10 base and are separated in logarithmic intervals 
of 0.1. The muon flux generated from the lookup table 
data is in excellent agreement with the Hebbeker and 
Timmermans (2002) polynomial fit [9] which itself is 
derived from a compilation of muon data from a number 
of experiments. Enhanced cosmic ray spectra were ob-
tained from Medvedev and Melott (2007) [4], also de-
scribed in detail in Melott et al. (2010) [5].

3 Results

Similar to the method employed to evaluate the atmos-
pheric ionization values [7], we used the muon lookup 
tables [8] to calculate the muon flux at the surface from
the two cases. The flux obtained from the primary energy 
spectrum has already been compared with existing results 
and was in very good agreement. Flux from case 1 shows 
a shift to higher energies as expected (figure 1). The total 
energy deposition from muons was enhanced by 47% 
both because of the increased number of particles as well 
as the increased average energy of muons. For case 2, 
there is a much higher increase in flux and the spectrum 
shifts a bit further to higher energy muons. The total 
energy deposition in muons in this case was increased by 
a factor of 15.89 ~ 16. We see a considerable increase in 
both the number of muons and also the average energy of 
muons. Under ordinary circumstances, muons contribute 
85% to the biological dose from cosmic rays at the sur-
face. Such an increase in flux will considerably increase 
the radiation dose and can be potentially harmful to the 
biosphere.

4 Discussion

Looking at the terrestrial effects discussed above, 
ozone depletion from enhanced UVB exposure is 
modest and will not have any significant contribu-
tion to biological damage. Cloud cover changes can-

not be determined due to the lack of knowledge of 
cloud microphysics and therefore this effect is of li-
mited importance. Enhanced muons flux however 
directly affects living organisms and could be the 
primary mechanism capable of driving biodiversity 
decline. Increase in the background radiation dose 
can result in increased rate of mutations and carci-
nogenic diseases over a period of ~ 10 My, when the 
cosmic ray exposure is highest.
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Figure 1. Enhanced muon flux at the ground level from case 1 (left) and case 2 (right).
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