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HIGHLIGHTS

» We present the starburst model of Snowball Earth events.

» Starburst periods of our galaxy coincide with the Snowball Earth events.

» We evaluate the effects of cosmic rays and dust particles during nebula encounters.
» Enhanced nebula encounters during the starburst can cause a Snowball Earth event.
» Direct evidence can be obtained from deep-sea sediments.
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The trigger mechanism of the Snowball Earth events at 2.2-2.4 Ga and 0.55-0.77 Ga in the Proterozoic
eon remains unknown despite intensive study over the last decade. We present the starburst model of
the Snowball Earth. During a starburst of the Milky Way Galaxy, frequent and prolonged encounters with
dark clouds and supernova remnants occur. The increased flux of cosmic dust particles and cosmic rays
during the nebula encounters lead to a global super-cool climate, a Snowball Earth event. The individual
nebula encounters may correspond to the substructures of super-cool/super-warm cycles in a Snowball
Earth event. The starburst periods deduced from the ages of stars and star clusters coincide well with the
Snowball Earth events reconstructed from geological records. We comprehensively evaluate the effects of
cosmic rays, UV radiation, and cosmic dust particles during nebula encounters for the first time, and
found that the starburst model of Snowball Earth events can adequately explain the triggering and occur-
rence pattern of Snowball Earth events. The direct evidence of nebula encounters can be obtained from
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deep-sea sediments deposited during the Snowball Earth events.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A number of geological evidences support that the Snowball
Earth events occurred at 2.2-2.4 Ga and 0.55-0.77 Ga in the Prote-
rozoic eon (Hoffman and Schrag, 2002; Maruyama and Santosh,
2008). However, previous models that included only internal forc-
ings, e.g., the reduction of greenhouse gas in the atmosphere, had
difficulty to initiate Snowball Earth events. A large negative radia-
tive forcing equivalent to a 10% decreased solar constant, such as
the reduction of p(CO,) to 0.01 mbar, was required to provide a
global freezing solution. Maruyama and Liou (2005) argued that
a suppression of volcanic activity might cause a significantly re-
duced p(CO,), driving the ice-albedo instability. Rino et al.
(2008), however, found that volcanism was most active in the Pro-
terozoic period, and thus, the atmosphere was most likely rich (by
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no means poor) in CO,. Furthermore, Shaviv and Veizer (2003)
found that there is no correlation between p(CO,) and ice-house
and green-house climates in the last 600 Myr and suggested that
external forcings cause the Earth’s climate changes.

A number of previous studies have suggested that an encounter
with a nebula may lead to an environmental catastrophe (Whitten
et al., 1963; Ruderman, 1974; Begelman and Rees, 1976; Clark
et al., 1977; Talbot and Newman, 1977; Pavlov et al., 2005a,b),
which may also lead to the Snowball Earth events as follows: an
encounter of the solar system with a nebula, such as dark clouds
or supernova remnants, enhances the flux of cosmic dusts and cos-
mic rays, which leads to global cooling and destruction of the
ozone layer. Pavlov et al. (2005a,b) discussed the effects on the
Earth’s environment during an encounter of a dark cloud. Taking
into account of two shields of the Earth, i.e., heliosphere and geo-
magnetic field of the Earth, they found that the large increase in
cosmic ray flux can lead to ozone destruction and in turn mass
extinctions in Phanerozoic eon (Pavlov et al., 2005b). They also
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found that the large increase in cosmic dust flux during the
encounter with a dense dark cloud can lead to a Snowball Earth
event (Pavlov et al., 2005a). On the other hand, the atmospheric
NO, also reduces the amount of insolation received at the ground
(Reid et al., 1978). Furthermore, super-GeV cosmic rays produce
charged ions in the troposphere that enhance aerosol nucleation
(Svensmark et al., 2007), leading to greater cloud coverage and in-
creased Earth albedo (Svensmark and Friis-Christensen, 1997,
Kirkby et al., 2011). However, there has been no quantitative com-
parison of these several different external forcings as well as the
ozone loss to explain the triggering of Snowball Earth events.

Many nebulae, including dark clouds and supernova remnants,
are distributed in the galactic disk of the Milky Way Galaxy with a
radius of 10 kpc and a thickness of 200 pc. A dark cloud consists of
high-density (100-1000 H cm~3) and low-temperature (10-100 K)
neutral gas. Cosmic dust particles also exist in a dark cloud,
accounting for approximately 1% of the mass of a dark cloud. The
size of dark clouds ranges from 1 pc to 100 pc. In contrast, a super-
nova remnant is a shell structure produced by a shock wave caused
by a catastrophic explosion of a star heavier than eight solar
masses. Galactic cosmic rays with energies greater than 10 GeV
per nucleon (the super-GeV component) are accelerated in super-
nova remnants. The frequency of nebula encounters in the present
Milky Way Galaxy, however, is too low to explain Snowball Earth
events, which require several nebula encounters in 200 Myrs: for
the present Milky Way Galaxy, it has been estimated that a super-
nova occurs within 10 pc of the solar system, approximately once
per several hundred Myr (Clark et al., 1977), whereas encountering
a dense dark cloud of 2000/ cc likely occurs once every billion years
(Talbot and Newman, 1977).

A starburst is a phenomenon in which the star formation rate in
a galaxy is, however, enhanced by dynamic interactions with near-
by galaxies. A starburst galaxy, e.g., M82, is completely covered by
thick, dark clouds in which numerous supernova remnants are
embedded; the star formation rate and the supernova rate are sig-
nificantly higher than in normal galaxies, such as the present Milky
Way Galaxy. In fact, the Milky Way Galaxy is believed to have
undergone several starbursts in the past. Rocha-Pinto et al.
(2000) and Marcos and Marcos (2004) reconstructed the star for-
mation rate in the past Milky Way Galaxy based on the ages of
stars and star clusters and found that the Milky Way has experi-
enced at least two starburst events, Burst I at 2.0-2.4 Ga and Burst
II at 0.6-0.8 Ga, which coincide with the two known Snowball
Earth events.

In such starburst periods, therefore, frequency of nebula
encounters was likely to be as high as once in every several tens
of Myrs, and seems possible to explain the Snowball Earth events
well. Recent observations revealed that a Snowball Earth event of
about a few hundred Myrs is not a simple contiguous super-cool
period but is composed of several sets of super-cool periods fol-
lowed by a super-warm period (Hoffman and Schrag, 2002). A
super-cool/super-warm cycle may comprise a single nebula
encounter.

In the present paper, we consider the ozone layer in the strato-
sphere as the third shield of the Earth in addition to the first shield
(the heliosphere) and the second shield (geomagnetic field), and
comprehensively evaluate the effects of cosmic rays, UV radiation,
and cosmic dust particles, for the first time. We found that this new
“starburst model of Snowball Earth events” can adequately explain
the triggering and occurrence pattern of Snowball Earth events.
The prolonged encounters with dark clouds and successive
encounters with supernova remnants cause Snowball Earth events,
which consist of several super-cool/super-warm cycles as follows:
an encounter with a dark cloud shrinks the heliosphere by a factor
of 100 (breakdown of the first shield) and result in the enhances of
the flux of cosmic dust particles and cosmic rays, which lead to glo-

bal climate cooling in the troposphere and the destruction of the
ozone layer in the stratosphere (breakdown of the third shield),
particularly during geomagnetic excursions (breakdown of the sec-
ond shield). The duration of the encounters is from 10* to 107 yrs
depending on the size of the clouds (1-100 pc) and the relative
velocity (1-20 km s~') compared with the solar system. In con-
trast, an encounter with a supernova remnant shrinks the helio-
sphere (breakdown of the first shield) and also leads to a global
cooling event and ozone layer destruction through enhanced cos-
mic rays (breakdown of the third shield). The duration of an
encounter with a supernova remnant is as short as 10* to
10° yrs. A global super-cool climate and an enhanced mid-ultravi-
olet radiation (UV-B: 280-315 nm) due to the loss of the ozone
layer may have led to mass extinction. The green-house gas accu-
mulated in the atmosphere during the super-cool climate, resulted
in a temporal super-warm period in turn after the nebula encoun-
ter was over.

The purpose of the present paper is to outline how an encounter
with a nebula affects the Earth’s surface environment. We further
show that direct evidence of this starburst model can be found in
deep-sea sediments deposited during the Snowball Earth events.
It is also implicated that smaller-scale encounters with nebulae
might also have led to mass extinctions in the Phanerozoic era,
including the Big Five. Although the atmosphere in the Proterozoic
era could be largely different from that of the present Earth, we
adopt the current atmosphere of the Earth as a reference to under-
stand how these external forcings are important because the de-
tails of the atmosphere, such as chemical composition, are not
sufficiently understood. This is the first study in this direction,
and the present paper will be followed by studies that are more
comprehensive.

In Section 2, we describe the present situation of the Earth and
introduce important factors of “three shields” (the heliosphere,
geomagnetic field, and ozone layer) and “three spears” (cosmic
dust particles, cosmic rays, and ultraviolet radiation). In Sections
3 and 4, we estimate the various effects of the encounters with a
dense dark cloud and a supernova remnant, respectively. Based
on the enhancements of the three spears and destructions of the
three shields, we summarise their consequences in relation with
the Snowball Earth events. In Section 5, we discuss the relation
with the galactic starbursts with Snowball Earth events and the
possible evidence for the model.

2. The present Earth: three shields and three spears

This section describes the situation of the present Earth. As
shown in Fig. 1, three shields of the heliosphere, geomagnetic field,
and ozone layer protect the Earth’s environment against three
spears of cosmic dust particles, sub- and super-GeV cosmic rays,
and UV-B radiation from the Sun.

2.1. Three shields: the heliosphere, geomagnetic field, and ozone layer

In the present solar system, the interplanetary space is filled
with the solar wind, a wind of plasma blown-off from the Sun. This
area around the Sun is called as the heliosphere and controlled by
the magnetic activities of the Sun. In the present solar system, the
heliosphere extends across about one hundred astronomical units
(1AU=1.5 x 108 km: a mean distance between the Sun and the
Earth, Fig. 1). The outer edge of the heliosphere is determined by
a balance between the dynamic pressure of the solar wind and that
of outer interstellar gas. The heliosphere works as the first shield of
the present Earth. The magnetic field, accumulated around the
heliospheric boundary region, expels the cosmic rays with the en-
ergy under GeV and only super-GeV cosmic rays, so called galactic
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Fig. 1. Schematic picture of the present heliosphere (yellow). The solar system is
travelling in the interstellar gas (grey) with relative velocity of 26 km s~'. The Sun
blows the solar wind to fill the heliosphere. The Earth is protected by three shields,
the heliosphere, geomagnetic field, and ozone layer. First, the magnetic field of the
solar wind in the heliosphere expels the cosmic rays with the energy under GeV and
only super-GeV cosmic rays, so called galactic cosmic rays, penetrate into the solar
system, which is modulated by the magnetic field accumulated around the
heliospheric boundary. Second, geomagnetic field reflects sub-GeV cosmic rays,
produced in the interplanetary space. Third, the ozone layer absorbs biologically
hazardous UV-B (280-315 nm) and UV-C (100-280 nm) radiation from the Sun.

cosmic rays, penetrate into the solar system. The energy density of
super-GeV cosmic rays at the Earth is kept as small as 1 eV cm >,
and is modulated by the 11 yr solar cycles with the amplitude of
10-15%.

The second shield is the geomagnetic field. It blocks sub-GeV
cosmic rays produced in the interplanetary space and also reduces
the flux of the super-GeV cosmic rays which passes the helio-
sphere. Geomagnetic field is produced in the dynamo action of
the Earth’s core and fluctuates considerably in the time scale of
several 10,000 yrs depending on the magnetohydrodynamic status
there. In particular, geomagnetic field was weak, at least 10-20% of
the present amplitude, during geomagnetic excursions and
reversals.

The third shield is the ozone layer in the stratosphere. It absorbs
biologically hazardous UV-B (280-315nm) and UV-C (100-

280 nm) radiation from the Sun in the present Earth. The increase
in the sub- and super-GeV cosmic rays leads the destruction of the
ozone layer in the stratosphere through the production of nitrogen
oxide NO,, which refers to NO and NO,. NO, formation and the sub-
sequent ozone layer destruction in the Proterozoic atmosphere
could be different from that assumed in the present work because
the detailed atmospheric composition at that epoch is currently
unknown. Notably, Komiya et al. (2008) found local fluctuations
in the oxygen content; the peak oxygen content was as high as
the current value, although the oxygen content was mostly less
than 1% of PAL (present atmospheric level). Note that the overall
estimation of the present study is likely to be insensitive to the
0, levels in the Proterozoic era. Even if the Earth had a low O, level
of 1% of PAL, Levine et al. (1979) pointed that the ozone layer still
remains at lower altitude around 20 km with a similar level of
ozone column density. In the present paper, therefore, we will
use the present atmosphere to estimate the effects of ozone layer
destruction during nebula encounters, though comprehensive
studies for the Proterozoic atmosphere with differences in chemi-
cal composition must be performed in the near future.

2.2. Three spears: cosmic rays, ultraviolet radiation, and cosmic dust
particles

Cosmic rays are energetic charged particles, mainly consist of
protons. In this paper, we divide the cosmic rays into sub-GeV
and super-GeV components depending on their energies. In the
present Earth, most of the sub-GeV cosmic rays are expelled, ex-
cept at the polar region, by the geomagnetic field as strong as sev-
eral 107> T. The air showers produced by the sub-GeV cosmic rays
stop in the stratosphere and excite the nitrogen molecule to form
nitrogen oxide NO,. The NO, molecules work as a catalyser to de-
stroy the ozone there through a series of chemical reactions. Fur-
thermore, NO, molecules in the stratosphere have a negative
radiative forcing since they absorb the visible light from the Sun
(Ruderman, 1974). The air showers produced by super-GeV cosmic
rays, on the other hand, reach the troposphere and ground, and de-
posit the energy there. In fact, the production rate of ions in the
troposphere is dominated by that of super-GeV cosmic rays except
just above (less than 1 km) the land. The enhancement of super-
GeV cosmic rays possibly affects the Earth’s environment as fol-
lows. First, it is suggested that they enhance cloud coverage of
the atmosphere and then the albedo of the Earth (Svensmark,
2007), since the ions in the atmosphere lead to the increase in
aerosols (Kirkby et al., 2011), which work as cloud nuclei. Second,
they contribute to the radiation dose of the biological system. The
energy deposition in the biological tissues can cause the double
strand break of DNA molecules to lead gene duplications and shuf-
fling (Ohno, 1970; Dubrova, 2006). Third, they may trigger erup-
tions of volcanoes with ferric magmas with a higher silicate
content (Ebisuzaki et al., 2011).

The near ultraviolet radiation is divided into UB-A (315-
400 nm), UV-B (280-315nm), and UV-C (100-280 nm). Unlike
UV-A radiation, UV-B and UV-C radiations are biologically hazard-
ous, but are almost completely absorbed by the ozone layer in the
stratosphere of the present Earth. UV-B radiation can reach the
ground, only when the column density of ozone is significantly re-
duced, as in a case of the ozone hole, while UV-C radiation never
reach there in the present Earth. UV-B and UV-C radiation cause
a significant reduction of primary photosynthetic productivity in
ocean. In fact, UV-B inhibits algal photosynthesis in ocean and
lakes in the present Earth (e.g., Smith and Baker 1989). Although
cyanobacteria, instead of eukaryotic phytoplankton, may be the
major primary producers in Proterozoic period, total production
by them is also likely to be suppressed under enhanced UV-B
radiation.
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Cosmic dust particles in the interstellar and interplanetary
space are made of various solid material such as silicate, carbon
(graphite or diamond), silicon carbide, or corundum. To the present
Earth, cosmic dust particle fall down in a rate of about 40 mil-
lion kg yr~'; most of them are interplanetary dust particles pro-
duced by the collisions of the asteroids in the heliosphere, since
dust particles from the outside are expelled by the magnetic field
in the heliosphere boundary region, because of their electric
charges. In this paper, we consider the sunshield effect of submi-
cron particles, which stay in the stratosphere for more than several
years. They scatter visible light from the Sun back into the inter-
planetary space. The radiative forcing by this sunshield effect is
significant when the dust flux is significantly large compared to
the current interplanetary dust particle (IDP) flux during the
encounter with a dark cloud rich in the interstellar dust particles.
It is suggested that about 100-fold enhancement of IDP flux is ex-
pected during the encounter with giant molecular clouds, and is
large enough to drive the ice albedo instability (Pavlov et al.,
2005a).

3. Encounter with a dark cloud

Fig. 2 depicts the interplanetary environment during a dark
cloud encounter (Section 3.1). The heliospheric boundary shrinks
by a factor of 100 and locates around the orbit of the Earth (break-
down of the first shield), and becomes unstable against the Ray-
leigh-Taylor instability, forming many cloudlets. These cloudlets
orbit the Sun independently, gradually sinking down to the Sun.
The shocks between these dense cloudlets and the solar wind con-
stantly accelerate the sub-GeV component of the cosmic rays in the
heliosphere (Section 3.2), unlike the present solar system, where
such acceleration occurs only after intensive solar flare events.
The super-GeV cosmic rays also freely penetrate the Earth’s orbit
(Section 3.3). The super-GeV cosmic rays enhance the radiation
dose at ground (Section 3.4), and possibly cause global cooling
via enhancing the cloud formation (Section 3.5). The sub-GeV cos-
mic rays penetrate the stratosphere of the polar region of the Earth
and destroy the ozone layer through NO, formation (breakdown of
the third shield; Section 3.6), particularly during geomagnetic
excursions (breakdown of the second shield). The largely enhanced
NO, may also contribute the global cooling (Section 3.7). Further-
more, a large amount of cosmic dust particles in the dark cloud ac-
cretes on the Earth and causes global cooling (Section 3.8). Finally,
we summarise their consequences in Section 3.9.

It is worth noting that the Rayleigh-Taylor (RT) instability be-
come important only during a dark cloud encounter when the
gravity is sufficiently strong to cause significant effects during pas-
sage of the fluid: when the heliosphere shrinks to 1 AU, the Kepler
velocity of 30 kms™! is larger than the flow speed of approxi-
mately 10 kms~!, and the RT instability fully develops. On the
other hand, when the heliosphere extends to 100 AU and the Kep-
ler velocity is as low as 3 km s, like the preset solar system, the
RT instability can be ignored.

3.1. Stagnation distance

Dark clouds consist of high-density (100-1000 H cm~3) and
low-temperature (10-100 K) neutral gas. The size of dark clouds,
Rpc, ranges from 1 pc to 100 pc. The duration of the encounter with
a dark cloud is estimated as follows:

Toc = 4.9 x 10° yr( - RoC o (L)f1 1)
100 pc 20 km s-1

The local dynamic pressure of the neutral gas is

_ Ny UH 2
Poc = 0.67 “Pa<1ooo cm*3> (o7ms) @)

where Ny is the dark cloud density and u is the relative velocity be-
tween the dark cloud and the solar system. The neutral fluid indi-
rectly interacts with the fully ionised solar wind plasma via
charge exchange. The dynamic pressure of the solar wind is approx-
imately 1.7 nPa at 1 AU, and the solar wind density is inversely pro-
portional to the square of the distance, r, from the Sun:

Psw =17 “Pa<1 ;\U> ; (45015:1 s”) <SIZISI“/;/*3>7 3

where usyw and Nsy are the speed and density of the solar wind at 1
AU, respectively. The stagnation distance Rs,g is determined by the
pressure balance between the dark cloud and the solar wind as
follows:

. Ny ~172 4% -1
Roag =16 AU (1000 cm*3> (20 km s—l) ' “)

3.2. Sub-GeV component of cosmic rays

The energy density, psub-cev, Of the sub-GeV component is as-
sumed to be 20% of the total pressure of the solar wind at the stag-
nation distance. Following Zank and Frisch (1999), we assumed
that the modulation can be described as a function of the distance
of the termination shock, as approximately represented by the
stagnation distance, where the simple advection-diffusion solution
of the cosmic ray transport equation (Parker, 1965) gives an
approximate relationship as follows:

1 Gev
Pswv-Gev, ext = / E’N(r = 1 AUE)dInE and (5)
0.1 Gev

-2
_3(R —(Rstag—1 .
Puacev,exe + 0171 m 3 (£55) " exp (<G, if Roag > 1

Dsub-gev =

3 ( Rstay -2 i
psub—GeV. ext + 017 n.] m- (1 AEJ) ) 1f Rstag g 1
(6)

Here, we adopted a gyro radius of 0.01 AU for 100-MeV protons
and a Bohm factor of 100. The dashed curve in Fig. 3 shows the
enhancement of the sub-GeV cosmic rays in addition to the
enhancement of the energy density of the sub-GeV component
due to the modulation effect, which is calculated by assuming a
current level of 0.1 eV cm > multiplied by the modulation factor
at 100 MeV, as estimated from Fig. 4.

3.3. Super-GeV component of cosmic rays

The energy density, Psuper-cev, Of the super-GeV component is
determined by the modulation during the propagation of charged
particles in the heliosphere because the super-GeV component is
not produced in the heliosphere even during the encounter with
a dark cloud. Cosmic rays lose their energy in the interplanetary
medium as they are scattered by irregularities in the magnetic
field. We used an analytical solution for the energy spectrum as
follows (Gleeson and Axford, 1968):

N(r,E) N(oo,E + @)
N.E) _ Nioo.E 7)
EE-m?2 (E+ @) —m?

where E is the total energy, m is the rest mass energy, N(oo, E) is the
intrinsic interstellar spectrum before modulation (Usoskin et al.,
2005), and @ is the modulation parameter. We approximated the
mean energy loss (Parker, 1966) of @ as follows:



54 R. Kataoka et al./New Astronomy 21 (2013) 50-62

0 gne d e d R 0 d
oné Destruction _
,'l i oS vl
K ust
— IJ
7 - £ N -
xlayoff _
= 4 EF -
o c NA Ice Sheet B ‘,‘
4 A
1
\
L}
1
L Snowball Earth

£

[Dust Particles] [ Super-GeV| [[Sub-GeV Pariicies || [Dust Particies | [ Super-GeV |/| Sub-GeV Particles
1

|Dust Layer| | Clouds| [ NOx Layer| [Dust Layer| [ Clouds| E [NOx Layer]

Glaobal Cooling |Ozone Destruction | I[Global Cooling  [Ozone Destruction |
1

[Reduced PhoiosynmesiSI&-IStronf UVB | [Reduced Photosynthesisi--—-+[Strong UVE |

| Super Mass Extinction | \Polar Region Only ,

Fig. 2. Schematic pictures of the heliosphere (yellow) during an encounter with a dark cloud (brown). (a) The heliosphere shrinks to the Earth’s orbit, where the enhanced
ram-pressure of the interstellar gas balances that of the solar wind (breakdown of the first shield). (b) The interaction between dense cloudlets and the solar wind produces
shocks and sub-GeV cosmic rays, penetrating the stratosphere of the polar region of the Earth and destroying the ozone layer through NO, formation (breakdown of the third
shield). (c) When the geomagnetic field is weak (breakdown of the second shield), such as during geomagnetic excursions or reversals, even the low latitudes are exposed to
harmful UV-B radiation, leading to global destruction of the Earth’s ecosystem. (d) When the geomagnetic field is as strong as that of the present Earth, the low latitude is well
protected by the ozone layer from UV-B radiation.

- Rstag When R, is 1 AU, the flux of the super-GeV component of the

¢ =550 Mev(lOO AU) and ®) cosmic rays ilfglcreases by a factor of 1.2 because of the lack of helio-
spheric modulation, as shown in Fig. 4. In the present paper, we ig-

10 6ev nored higher energy (>100 GeV) cosmic rays because the total

DPsuper-cev = /m Cev E'N(r=1AUE)dInE. 9) energy deposition is negligible compared with lower energy cos-

mic rays.
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Fig. 3. Energy density of cosmic rays observed at the Earth as a function of the dark
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Fig. 4. Heliospheric modulation of the cosmic-ray energy-density as a function of
the kinetic energy for different sizes of the heliosphere.

3.4. Dose rate of ionising radiation at the ground

The dose rate at the ground is determined by the energy density
of the super-GeV component at the Earth’s orbit because the super-
GeV component is the main source of the air shower ionisation at
ground level. In this paper, we assume that the dose rate is propor-
tional to psuper-cev, Using the dose rate due to galactic cosmic rays
of the present Earth, ie, 1eVcm >=1.6x10“*nPa and
1 uSvday .

3.5. Radiative forcing by cloud formation in the troposphere
We calculated the negative radiative forcing, AFcg.cioud, due to

the cloud formation associated with super-GeV cosmic rays, based
on a correlation found by Svensmark (2007). Following the

formulation of Shaviv (2003), we approximated the radiative forc-
ing as follows:

AFCR-cloud = D(l - pQGCR) W m727 (10)

where pgcr is the cosmic ray energy density normalised to the pres-
ent cosmic ray energy density, which is dominated by the super-
GeV component. The actual values of D and g in the Proterozoic
eon need to be determined in the future. In this paper, we adopted
D=7.5and qg=0.2.

3.6. Radiative forcing by NO, production

The negative radiative forcing due to the NO, production by the
sub-GeV cosmic ray enhancement is calculated based on the re-
sults of the simulation by Reid et al. (1978). They found that there
are two competing factors; the increased absorption by NO, and
the decreased absorption by the ozone layer. Considering these
two factors, we calculated the radiative forcing, AFyo,, resulting
from NO, production as follows:

o 0.33pe” —1.5x 10 *pg Wm2, if pz > 100
YTl owm2, if peg < 100 ’
(11)

where pcy is the cosmic ray energy-density (the sum of the sub-GeV
and super-GeV components) normalised to the present cosmic ray
energy-density. The integrated radiation is negligible when
Pcr < 100. When pcg reaches 1000-fold, however, the increased NO,
absorption overcomes the decreased ozone content. The integrated
solar radiation is decreased as shown in Fig. 5. The concentration of
0, at that time is currently unknown, but probably lower than the
present level. This study therefore gives the upper limit of the overall
NO, effect to cool the Earth. Note that even if the NO, effect turns out
to be negligible in Proterozoic era, other factors, for example, obscu-
ration by cosmic dust particles in the stratosphere or increased cloud
amounts by super-GeV cosmic rays, can independently lead to the
Snowball Earth events in nebula encounters.

3.7. Ozone layer destruction and the penetration of UV-B radiation

The sub-GeV cosmic rays penetrate into the stratosphere and
deposit their energy, creating NO,, leading to the destruction of
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Fig. 5. Radiative forcing due to NO, formation in the stratosphere as a function of
normalised cosmic ray energy density to the present level.
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the ozone layer. This effect is more important at high-latitude re-
gions, where the cut-off rigidity, Rc, is as low as 0.1 GV. Assuming
a dipole-like magnetosphere, the cutoff rigidity can be formulated
as follows:

- 1\ (M o (M
Rc =145 GV(L—2> (m> =14.5cos A(m) (12)

where A is the invariant latitude derived from the Mcllwain’s L
coordinate (Mcllwain, 1961), M is the magnetic moment of the
Earth at the time of the event, and M, is the magnetic moment at
present.

Assuming cosmic rays with the theoretically hardest spectral
power index (—1), the polar region higher than 75° in magnetic lat-
itude is affected by sub-GeV cosmic rays (Fig. 6). Here, we used the
results of Whitten et al. (1963), and the reduced ozone column
density, Q, was approximated as a function of the normalised cos-
mic ray energy density, pcg, as follows:

Q=p& (13)

For the encounter with a supernova remnant, Crutzen and Briihl
(1996) showed ozone depletions ranging from 20% at the equator
to 60% at high latitudes. This resulted in a 100-fold enhancement
of the stratospheric NO, production compared with that of the cur-
rent value, using a 1D box model of the atmosphere. Conversely,
Gehrels et al. (2003) performed a simulation of a 2D model and
concluded that the destruction of the ozone layer is not significant
if the geomagnetic field strength is as strong as in the present
Earth. However, the effect of the sub-GeV cosmic rays on the ozone
layer is significant during geomagnetic excursions, when the geo-
magnetic field is significantly weaker than that of the present
Earth. For example, in the extreme case of M =0.01 cosmic rays
can penetrate even in latitudes lower than 20°. Furthermore, the
magnetic pole tends to incline with respect to the rotation axis
during magnetic excursions, which could favour a global destruc-
tion of the ozone layer.

The UV cross section in the Hartley band (200-300 nm) can be
approximated as a function of the wavelength (Joens, 1994):

0(7) =1.16 x 107" exp[—0.001614 (4 — 254)%] cm?. (14)
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Fig. 6. Ozone destruction by cosmic rays as a function of magnetic latitude for
various strengths of the geomagnetic field.

We assumed the typical column density of ozone at 60° latitude
as follows:

N(60°) = 8.1 x 10"® cm~2 = 301 DU (15)

The UV intensity is then calculated as a function of the wave-
length and the latitude as follows:

lo(4) = I (2)e”NW ST, (16)

The UV absorption profile in the Hartley band is shown in Fig. 7.
The UV-B radiation, at wavelength less than 280 nm, is mostly ab-
sorbed by ozone in the normal state, but UV-B radiation mostly
penetrates when the ozone content decreases to 10%.

3.8. Cosmic dust particles and their radiative forcing

The mass flux, f, of the extraterrestrial (or exosolar) dust parti-
cles is estimated as follows:

fause = 1.0 x 108 kg m™2 yr-!

« (N 1.0(55 0 )+46<L>712 17)
1000/cc/ | " \20km s-1! “\20 km s! ’

where the total mass of the dust particles is assumed to be 1% of the
dark cloud mass (Draine, 2011). The second term represents gravi-
tational focussing (Begelman and Rees, 1976; Talbot and Newman,
1977). The optical thickness, 7, is estimated as follows:

T=1.1x ]072 deSt < Lres )( Aqust >71
' 31x10 7 kgm2yr-'/\10yr)\0.2 um

-1
% 3pdust , (18)
10° kg m—3
where ¢, is the residence time in the stratosphere, dqysc and pqyst
are the radius and density of the cosmic dust particles, respectively.
We approximated the scattering cross-section of the grains by their

geometrical cross section. According to Kasten (1968), the residence
time in the stratosphere is approximated as follows:

Adust o
_ us
tes = 18 yr(o.2 Hm> . (19)

Using the solar constant, F=1366 W m~2, the radiative forcing
AF 4.5 Of the cosmic dust particle is estimated as follows:
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Fig. 7. UV absorption by ozone in the Hartley band.
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AFgue = —0.15F1 = -20 W m 2 7{dust
31 x107" kgm—2yr!

a4 —23 P -1
d
g <0~1 um> <103 kg m3> ‘ 20)

Here, we neglected the radiation pressure and the Poynting—
Robertson drag, which are both negligible during the passage of
the densest dark clouds. In fact, the results of Pavlov et al.
(2005a), who evaluated solid particle flux considering the radiation
pressure effect, are consistent with that found in the present work.
These effects, however, may be significant for smaller particles or
for less dense molecular clouds, and further study is warranted.

3.9. Consequences

Fig. 8 shows the time profiles of factors influencing the Earth’s
environment during an encounter with a dark cloud with a central
density of 2500 H cm—3, a Gaussian density profile with a scale of
10 pc across, and a relative velocity of 20 kms~!. Fig. 8b shows

the radiative forcings due to cosmic dust, cosmic rays, and NO,.
The most important is the effect of cosmic dust: Pavlov et al.
(2005a) found that cosmic dust with submicron size particles per-
sist in the stratosphere for several years and that the radiative forc-
ing of cosmic dust is as large as —15 W m~2, which well exceeds
the snowball forcing of —14 W m~2 when the solar system passes
the most dense part of the dark cloud. Although the atmosphere
in the Proterozoic era could be largely different from that of the
present Earth, it is likely to be sufficiently large to drive the Earth
from an ice-free solution to a snowball solution.

The flux of the sub-GeV cosmic rays increases by a factor of
approximately 1000, whereas that of super-GeV cosmic rays in-
creases by a factor of approximately 1.2 (Fig. 8c). These increased
fluxes lead to the destruction of the ozone layer in the stratosphere
via the production of NO, (in particular, NO and NO,). Ozone deple-
tion has been observed in the polar regions during large solar pro-
ton events (Jackman et al., 2005). The destruction of the ozone
layer is limited to the polar region when the geomagnetic field is
as strong as that at present time (~107> T; Fig. 2d). The destruc-
tion, however, extends to lower latitudes during geomagnetic
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Fig. 8. Time profiles of an encounter with a dark cloud with a diameter of 10 pc and a central density of 2500 H cm~3; (a) interstellar gas density; (b) negative radiative
forcings (solid curve: total; dashed curve: cloud albedo by cosmic rays; dash-dot curve: NO, effect; dash-dot-dot curve: cosmic dust effect; and dotted line: snowball forcing
of —14 W m~2); (c) cosmic ray energy densities outside of the Earth’s magnetosphere; (d) radiation dose rate at the ground; and (e) UV-B intensity with a weak magnetic field.
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excursions when the geomagnetic field strength is low (Fig. 2c). Be-
cause at least one geomagnetic excursion or reversal is expected
during a 10-Myr period (Cox, 1975), the encounter with a dark
cloud, which extends for 1 Myr, is sufficiently long to encompass
several geomagnetic excursions and reversals.

Fig. 8e shows the increase in UV-B radiation due to the ozone
layer destruction by enhanced sub-GeV cosmic rays, assuming an
ozone column density of 300 Dobson Units and a geomagnetic field
as low as 10% of the present value. The UV-B radiation destroys the
photosynthesis mechanisms of phytoplankton, and the primary
productivity decreases to 30-50% of the present level. In fact, in
the present polar ocean exposed to the enhanced UV-B flux due
to the ozone hole, a reduced primary productivity of phytoplank-
ton (Smith and Baker, 1989) has been observed. The reduced pri-
mary productivity together with the global cooling causes a
reduced oxygen density in the ocean (anoxia), negative excursions
of the §'3C, and possible mass extinction.

In addition, the accretion of cosmic dust particles may cause a
large variation in the 8'3C. Because the accreted total mass of car-
bon increased to 0.5 x 10~7 kg m 2 yr~! and the total carbon sedi-
mentation flux is 2.5 x 107*kgm~2yr~! in the deep sea, the
contamination of pelagic sedimentary rocks by grains with
extraordinarily high '3C/2C ratios (Amari et al., 1992), as high as
0.3, may cause high positive anomalies in the §'3C of ~10%.. We
therefore expect large periodic fluctuations in both the positive
and negative excursions of the §'3C during a nebulae encounter,
as observed in the sediment around Snowball Earth events.

4. Encounter with a supernova remnant

Fig. 9 shows the interplanetary environment during an encoun-
ter with a supernova remnant. The heliosphere shrinks to the
Earth’s orbit (breakdown of the first shield; Section 4.1). The cos-
mic rays of both the super- and sub-GeV components increase by
a large factor (100-1000 times; Section 4.2). The duration of the
encounters are 10* to 10° yrs depending on the supernova distance
and the surrounding gas density. The radiative forcings due to the
increased sub-GeV and super-GeV cosmic rays is estimated as
shown in the previous section, and the radiative forcing due to
the cosmic dust flux is estimated in Section 4.3. The increased cos-
mic ray flux also depletes the ozone layer through the production
of NO,, leading to an enhanced UV-B intensity (breakdown of the
third shield; Section 4.4). Finally, we summarise their conse-
quences in Section 4.5.

4.1. Stagnation distance

During the encounter with a nearby supernova remnant, the
heliosphere shrinks by a large factor. We adopted a spherically
symmetric Sedov-Tayer solution (Sedov, 1946) to describe the
evolution of the blast waves of a supernova. The radius, R, of the
supernova shock front has a self-similar solution, R  (E/n)'/°t2/5,
where E is the initial energy, n is the surrounding medium density,
and t is the age. Following the parameters of Fields et al. (2008), we
obtained an expression for the age, t, and total pressure, psy, as
follows:

N \ 2/ R e\
_ H
=48 l<yr(1 cm*3> (10 DC) (lOS] erg) @)

Doy = 3.3 0Pa <L) C(_E (22)
N 10 pc 10°' erg )’

Here, the pressure balance between the solar wind and super-
nova remnant gives the stagnation distance at
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Fig. 9. Schematic pictures of the heliosphere (yellow) during an encounter with a
supernova remnant (pink). (b) The heliosphere shrinks to the Earth's orbit
(breakdown of the first shield), where the gas pressure of the supernova remnant
balances the solar wind pressure. (c) The cosmic ray flux increases by a large factor
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of the third shield); the UV-B radiation can then reach the Earth’s surface. Super-
GeV cosmic rays enhance cloud formation. These three factors result in a reduced
photosynthesis, which leads to food and oxygen starvation in the biosphere. This
starvation leads to an anoxic ocean and negative 5'>C excursion through biogenic
CO, release.

(23)

-3/2
Rstag = 0.7 AU( Dsx ) ,

10 pc

where the Dsy is the distance of the solar system from the super-
nova centre.

4.2. Cosmic-ray energy density

Fig. 10 shows the time evolution of the total pressure of the
supernova remnants observed at distance Rsy from the centre. As
seen in Fig. 10, the total pressure of a 10-pc supernova exceeds
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the solar wind pressure at the Earth’s orbit. The latest measure-
ment of the northeast shock of supernova remnant RCW 86 im-
plied that more than 50% of the post-shocked pressure is
supported by cosmic rays (Helder et al., 2009). Dashed curves show
the energy density of the super-GeV component or sub-GeV com-
ponent. In the present paper, we assumed that 10% and 20% of the
total pressure of the post-shock layer of the supernova is converted
to the energy density of the super-GeV particles and sub-GeV par-
ticles, respectively, considering the hardest spectral power index
(—1). The duration of the encounter is 10 to 10° yr depending on
the supernova distance, which is much shorter than for a dark
cloud. The dose rate at the ground can reach 1Sy yr~!' or more
and continues several thousand years after the encounter with a
supernova at a distance of 10 pc.

4.3. Radiative forcings
Radiative forcings due to cloud formation (AFcg.qouqa) and NO,

(AFno, ) are calculated as described above for the encounter with
a dark cloud. The flux of cosmic dust particles is estimated as

fon=11x10"kgm 2 yr! Maus: \ ( Row )~ (24)
1.0M,/\10pc/ ’

where My, is the total mass of cosmic dust particles inside of the
supernova. The radiative forcing by the dust particle is then calcu-
lated as described above for the encounter with a dark cloud.

4.4. Destruction of the ozone layer and the penetration of UV-B
radiation

The destruction of the ozone layer and the increased UV-B flux
were calculated as described above for the encounter with a dark
cloud.

4.5. Consequences

The influence of a supernova that encounters the Earth’s envi-
ronment is summarised in Figs. 9c and 11. First, the maximum
radiative forcing due to the increased sub-GeV and super-GeV cos-
mic rays is approximately —20 W m~2 for several thousand years
and well exceeds the snowball forcing of —14 W m™2. Second, the
dose rate at the ground reaches 1Sy yr~!, which has a significant
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Fig. 10. Cosmic ray energy density associated with supernova blast waves (as
observed at the Earth) for 10 pc, 30 pc, and 100 pc distances from the supernova
centre. The corresponding dose rate at the ground is shown on the right axis.

effect on the biological systems such as genome instability (Dubr-
ova, 2006; Nadezhda et al., 2006; Aghajanyan et al., 2011). Third,
the increased cosmic ray flux depletes the ozone layer through
the production of NO,, leading to an enhanced UV-B intensity.
The reduction of primary production due to this enhanced UV-B
radiation, together with global cooling, causes a catastrophic turn-
over of the ecosystem at the surface of the Earth during a super-
nova encounter, similar to the effect caused by the encounter
with a dark cloud.

5. Discussion

The previous Snowball Earth models, in which only internal
forcings were considered, cannot explain the triggering mecha-
nism nor occurrence pattern, while the starburst model, which in-
cludes the external forcing from the outside of the Earth, can
explain both. First, the negative radiative forcing during a nebula
encounter can be strong enough to trigger ice albedo instability,
leading to a Snowball Earth during the solar system encounters
as described above.

Second, the starburst model provides a plausible explanation
for the temporal pattern of the occurrence of the Snowball Earth
events that occurred only twice, during the Early Paleoproterozoic
era (around 2.3 Ga) and the Late Neoproterozoic period (0.8-
0.6 Ga) (Fig. 12b). Based on the statistics of stars and star clusters,
this implies that the Milky Way Galaxy has experienced at least
two starburst events (Burst I: 2.0-2.4 Ga; Burst II: 0.6-0.8 Ga), as
shown in Fig. 12a. Bursts I and II correspond to the Snowball Earth
events in the Early Paleoproterozoic era and the Late Neoprotero-
zoic era, respectively. According to Marcos and Marcos (2004),
the error in the age estimation of the star clusters is likely 50-
150 Myr for the youngest cluster (age<0.5Gyr) and 150-
250 Myr for the older cluster. These numbers are small in compar-
ison with the geological age of the Snowball Earth events. Kono and
Tanaka (1995) emphasised that the geomagnetic field is approxi-
mately 25% of the current strength and the quadrupole component
dominated in Late Neoproterozoic era. The weak geomagnetic
field may be one reason why Snowball Earth events in the Late
Neoproterozoic era were as severe as those that occurred in the
Early Paleoproterozoic era, though Burst Il was less intense than
Burst 1.

The maximum encountering rate of nebula encounter during
the starburst is estimated to be several events in 200 Myrs to ex-
plain the geological record, which is an order of magnitude larger
rate than that of the present Milky Way Galaxy. One must be very
careful to compare the amplitudes of the fluctuations in different
periods in Fig. 12a. Note that the situation is much better in the
ages, which have the firm basis of the theory of the stellar evolu-
tion. We used the star formation rate without correction of selec-
tion effect in Fig. 12a, since it is dangerously difficult. If we take
into account of the effects of the selection, the Burst Il must be
more prominent probably at least by a factor of 10 than those in
Phanerozoic era, which are probably related to the mass extinction
events, like Big Five.

In the Late Neoproterozoic era, two Snowball Earth events oc-
curred (Sturtian and Marinoan), separated by 100 Myrs. Recent
observations revealed that a Snowball Earth event is not a simple
contiguous super-cool period but is composed of several sets of
super-cool periods followed by a super-warm period (Hoffman
and Schrag, 2002). Such a hierarchical temporal structure in geo-
logical records of Snowball Earth events may correspond to the
hierarchical nature of the galactic disk; in other words, from the
entire disk, through spiral/bar structures, to individual nebulae.
During a starburst, the negative radiative forcing due to cosmic
dust particles kept high for a several hundred Myrs, since the entire
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intensity.

galactic disk is almost covered by relatively thin dark cloud (10-
100 H cm~3) as shown in Fig. 12d. When the solar system encoun-
tered the dense cores (~1000 H cm~3) of dark clouds and super-
nova remnants, which are embedded into the thin dark cloud,
super-cool climates took place. A super-cool/super-warm cycle in
the Snowball Earth periods may comprise a single encounter with
dense core of dark cloud or a supernova remnant (Fig. 12e): after
the super-cool period is triggered by a nebula encounter, the cli-
mate becomes super-warm because of the accumulation of CO,
in the atmosphere because of reduced photosynthesis. Note also
that a Snowball Earth event that continues for approximately
50 Myr can be explained by a starburst with a typical duration of
100 Myr but not by a spiral arm passing that lasts approximately
10 Myr.

The starburst model is a working hypothesis. Evidence to sup-
port the model may be provided by detailed geochemical studies,
including isotope studies of platinum-group elements or pluto-
nium in deep-sea sediments where the accumulation speed is suf-
ficiently low. These types of studies may predict the existence of a
large amount of exosolar grains in the sediment during the Snow-
ball Earth period. As a possible evidence of very recent supernova,

an excess of ®°Fe has been observed in a Fe/Mn crust in marine sed-
iments (Knie et al., 2004; Fields et al., 2005). This excess was inter-
preted as a signature of a supernova explosion 2.8 + 0.4 Myr ago.

Bodiselitsch et al. (2005) found iridium anomalies at the base of
all cap carbonates both after the Marinoan and Sturtian glaciations.
Iridium and other platinum-group elements are typical proxies for
extraterrestrial (including exosolar) materials and are much more
abundant than in the Earth’s upper mantle and crust. The authors
interpreted these anomalies as the product of the rapid accumula-
tion of extraterrestrial material that was once trapped in surface
ice and later transported to the ocean floor via the melting of the
ice at the end of the glaciation. Nevertheless, the excursion of irid-
ium may also reflect the enhanced flux of extraterrestrial material
due to an encounter with a nebula.

Moreover, 2**Pu is expected to remain in the Fe/Mn crusts of
interest. Fields et al. (2005) estimated the 24*Pu production by a
supernova explosion to approximately 0.9 x 10~7 solar masses.
The expected flux of the 2#4Pu at the Earth is approximately 10716 -
kgm~2yr~'. A significant amount (0.1 Bqm™2) of the accreted
244py remains in the sedimentary rocks, even considering the
half-life of 2**Pu (80 Myr).
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Fig. 12. Star formation rate in the Milky Way Galaxy and during Snowball Earth
events: (a) two major starburst events were observed in the history of the star
formation rate by Rocha-Pinto et al. (2000) and Marcos and Marcos (2004). Note
that the age bias is still prominent, and a direct comparison between the intensity
of bursts during different epochs is difficult. (b) There are two Snowball Earth
events at similar time intervals of starburst periods that well coincide with Burst II
(0.6-0.8 Ga) and are separated by 100 Myr?4, consistent with the typical duration of
a starburst. (c) Earth environment during the Neoproterozoic Snowball Earth event.
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of the temperature of the Earth during Burst II.

The existence of abundant spherule particles, 100-pm spherical
iron balls, in the sediment is also possible direct evidence. For
example, Miono et al. (1993) argued that the spherules accumulate
in Paleozoic-Mesozoic bedded cherts. These spherules are gener-
ally believed to originate from micro-meteorites.

The cosmic ray-cloud connection is not firmly established and
controversial (see Yu et al., 2008 and their discussion for details)
in the present atmosphere of the Earth. For example, Erlykin and
Wolfendale (2011) recently concluded that cosmic rays have neg-
ligible effect on climate. However, the majority of the averaged
data of ISCCP and some others used in their analysis do not neces-
sary give the true upper limit and possibly miss the important fun-
damental processes. More careful examination of the cloud
properties with fine temporal and spatial resolutions is needed
and important to reveal and evaluate the potential effect of cosmic
rays in a long term with possible large amplitude variation as pro-
posed in this study. For example, note that Svensmark et al. (2012)
recently conducted more detailed analysis during Forbush events
to examine the possible effect of cosmic rays on cloud properties.
Apart from the present atmosphere, in the past, it is likely to exer-
cise a climate effect due to the enhanced ionisation rate by a large
factor (100-1000) in the troposphere through super-GeV cosmic
rays because of encounters with supernova remnants and dark
nebulae: two independent experiments clearly showed significant
increases in the formation of cloud condensation nuclei by en-
hanced ionisation rate in the atmosphere (Svensmark et al.,
2007; Kirkby et al., 2011).

Overholt et al. (2009) cast doubt on the correlation between ice
houses and the spiral arm pattern of our Galaxy, assuming the cur-
rent CO data and the fixed spiral pattern. This assumption, how-
ever, is unlikely to be valid: the recent precise simulations of the
Milky Way Galaxy suggested the spiral pattern itself is quite unsta-
ble (Baba et al., 2010), and so as the period of encounters to them.
Furthermore, environment of galaxy drastically changed in the
past, in particular, two starbursts with enhanced star formation
rates by at least several times are suggested in Proterozoic era (Ro-
cha-Pinto et al., 2000; Marcos and Marcos, 2004), as we discussed
in the present paper. Much more careful comparisons between
Earth’s climate records and galaxy environment have to be done
in near future, though it is beyond of the scope of the present
paper.

A mass extinction, such as the Big Five, may be related to a sim-
ilar but a smaller-scale encounter with a dark cloud or a supernova
remnant during the Phanerozoic eon (542 Ma to present). The
encounters with a combination of minor dark clouds and superno-
vae may cause mass extinction events at the P-T boundary as well
as other geological boundaries. In fact, Baba et al. (2012, private
communication) performed a series of N-body simulations and
succeeded in reproducing realistic behaviours observed in the
present (normal or non-starburst) state of the Milky Way Galaxy.
They found an encounter frequency of 100 Myrs~! with dark
clouds or supernova remnants. They also found significant fluctua-
tions in the encounter frequency that may correspond to the ice-
house of the Earth in the Phanerozoic eon. Their results are
consistent with our results. It may also be worth reconsidering
the cause of the extinction at the K-T boundary. This extinction
is currently explained by the collision with an asteroid (Alvarez
et al., 1980); however, this extinction may alternatively be related
to a nebula encounter.

Finally, an increase (by a factor of 100-1000) in the radiation
dose rate at the ground leads to genome instability (Dubrova,
2006), which may accelerate the evolution of life through segmen-
tal or whole-genome duplication (Ohno, 1970) and induce gene
shuffling. The dose rate of cosmic ray irradiation during nebulae
encounters reaches 1 Sy yr~! and possibly contributes to the explo-
sive emergence of new types of animals after mass extinctions.
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