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SUMMARY: We use the most up-to-date Milky Way model and solar orbit data
in order to test the hypothesis that the Sun’s galactic spiral arm crossings cause
mass extinction events on Earth. To do this, we created a new model of the Milky
Way’s spiral arms by combining a large quantity of data from several surveys. We
then combined this model with a recently derived solution for the solar orbit to
determine the timing of the Sun’s historical passages through the Galaxy’s spiral
arms. Our new model was designed with a symmetrical appearance, with the major
alteration being the addition of a spur at the far side of the Galaxy. A correlation
was found between the times at which the Sun crosses the spiral arms and six
known mass extinction events. Furthermore, we identify five additional historical
mass extinction events that might be explained by the motion of the Sun around
our Galaxy. These five additional significant drops in marine genera that we find
include significant reductions in diversity at 415, 322, 300, 145 and 33 Myr ago. Our
simulations indicate that the Sun has spent ~60% of its time passing through our
Galaxy’s various spiral arms. Also, we briefly discuss and combine previous work

on the Galactic Habitable Zone with the new Milky Way model.
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1. INTRODUCTION

Mass extinctions have the effect of wiping the
biological slate clean, freeing up ecological niches and
thus producing explosions in biodiversity (e.g. McEl-
wain and Punyasena 2007, Alroy 2008). In the past,
several explanations have been proposed to resolve
ancient mass extinctions, including vast outpourings
of flood basalt (such as the Deccan and Siberian
Traps; e.g. Wignall 2001), periods of global glacia-
tion (Mayhew et al. 2008) and the impact of large

asteroids and comets upon the Earth (e.g. Alvarez
et al. 1980, Bottke et al. 2007). Of these, extreme ge-
ological and climate phenomena such as flood basalt
outpouring and ”snowball Earth” glaciations appear
to be very rare and randomly-occurring events in
the Earth’s history. Overholt et al. (2009) inves-
tigate Earth’s climate as a function of location in
the Galaxy, however, no obvious correlation could
be drawn. On the other hand, it is well established
that the Earth has been continually pummelled by
asteroidal and cometary impactors throughout its
history, a process that will continue well into the fu-
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ture. Given the damage that would be caused by
the impact of a cometary or asteroidal body several
kilometres in diameter (an event expected to reoccur
on timescales of millions or tens of millions of years),
it seems likely that the majority of mass extinctions
could be caused by such impact events. Thus, im-
pact theories are strong contenders to explain mass
extinctions.

In addition to the extinction risk due to im-
pactors, there is also the possibility that nearby su-
pernovae could also cause mass extinctions. In this
case, one would expect the nearby supernova flux to
be higher whilst the Sun is traversing the Galaxy’s
spiral arms than when it is between them (Svens-
mark 2012). However, given the low frequency of
supernovae, the likelihood of one occurring suffi-
ciently close to the Earth to trigger a mass extinction
is thought to be relatively low, even during spiral
arm crossings (Beech 2011). As such, here, we as-
sume that collisions with comets and asteroids are
the dominant cause of exogenous mass extinctions
(i.e. those extinctions whose cause is external to the
Earth).

The hypothesis of mass extinction driven by
cometary or asteroidal impact is part of the burgeon-
ing modern interdisciplinary study of astrobiology —
a field in which researchers from the breadth of all
the natural sciences come together to try to under-
stand the origin, diversity and history of life on Earth
and the prospects for life beyond our Solar system
(e.g. Horner and Jones 2010). When considering
life on Earth, biologists and geologists have long re-
ported evidence for mass extinctions throughout the
history of our planet (e.g. Horner et al. 2009), but
have found it difficult to find explanations for those
extinctions. Astronomical studies not only inform
biologists on the conditions that would have been
experienced by the earliest life on the planet, and of
the origins of the water considered so vital for life
to develop and thrive (e.g. Horner et al. 2011), but
can also be used to attempt to explain those mass
extinctions for which a terrestrial cause remains elu-
sive.

One of the most intriguing suggestions related
to the mass extinctions on Earth is that those ex-
tinction events are not randomly distributed through
time. Instead, a number of authors have suggested
that there is a periodic signal within the mass ex-
tinction record, with both the historical major mass
extinctions and a number of more minor extinction
events following a periodic pattern. In recent years,
a number of studies (Rohde and Muller 2005, Melott
and Bambach 2011, 2013, Feng and Bailer-Jones
2013, Bailer-Jones and Feng 2013) have discussed
and analysed a proposed ~62 Myr period.

Thttp:/ /www.passc.net /EarthImpactDatabase/index.html

1.1. Impacts on the Earth

The meteors which can be observed on any
clear night represent the small, non-threatening end
of a spectrum of regular impacts. The largest and
most devastating impacts are the least frequent,
whilst the smallest (meteors) are so frequent that
millions occur across our planet every day. The
Earth Impact Database! currently lists a total of 182
confirmed large impact structures across our planet’s
surface. These structures are the scars left behind
as a result of collisions between the Earth and as-
teroidal or cometary objects, and represent just a
tiny fraction of the true impact history of our planet.
The majority of impacts occur in the Earth’s oceans
(which make up ~70% of the planet’s surface area)
and therefore, despite likely causing devastation at
the time, rarely create scars which would survive
to the current day to be analysed. Indeed, studies
show that a layer of water can significantly reduce
the ability of an impactor to leave an impact crater
on the ocean floor (e.g. Baldwin et al. 2007, Mil-
ner et al. 2008). Since the average depth of the
oceans is ~6 km, it is clear that the great major-
ity of impacts will fail to leave any recognisable scar
on the ocean bottom. Furthermore, the ocean floor
is recycled on timescales far shorter than the age of
our planet, effectively erasing any evidence of ancient
impact scars. Even for those impacts which occur
on land, erosion and weathering remove the scars
from all but the largest impacts on astronomically
short timescales. A true idea of the ongoing impact
regime experienced by the Earth is therefore best
obtained by looking at our nearest neighbour, the
Moon, or by examining the surface of Mars (where
the effects of weathering and erosion are far less ef-
fective at removing the scars left behind by impacts
of all scales). Both the Moon and Mars are far more
heavily scarred than the Earth — and both display
evidence that impacts are certainly a current, rather
than historical, concern. The repeated impacts that
have been observed on the giant planet Jupiter over
the last twenty years add further weight to this argu-
ment — both the large Shoemaker-Levy 9 impacts in
1994 (Hammel et al. 1995), and the smaller impacts
observed in the last few years (e.g. Sdnchez-Lavega
et al. 2010).

Over the years, there have been many sug-
gestions that the impact flux of such asteroids and
comets upon the Earth has varied significantly as a
function of time. The rate of the smallest impacts
(i.e. meteors) appears to vary periodically through-
out the course of the year, as the Earth encounters
streams of debris left behind by passing asteroids
and comets?. For the larger, more threatening im-
pacts, too, there are suggestions of periodicity (e.g.
Raup and Sepkoski 1986, Rampino and Stothers
1984, Rampino 1997, Chang and Moon 2005) — al-
though it is hard to uncover a clear result because of

2A simple illustration of this variation can be found in the annual Meteor Shower Calendar hosted by the International Meteor

Organisation — http://www.imo.net/calendar/2013
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the small number statistics involved in the study of
such events. The most widely-accepted hypothesis
of time-variation in the record of massive impacts is
that of the ”Late Heavy Bombardment”.

1.2. The Late Heavy Bombardment

The most widely discussed example of tempo-
ral variation in the Earth’s impact flux is the Late
Heavy Bombardment. This hypothesis suggests that,
early in the history of the Solar System, the Earth
and Moon were subjected to so many massive im-
pacts as to make the Earth entirely uninhabitable
(e.g. Oberbeck and Fogleman 1989, Grieve and Peso-
nen 1992, Gogarten-Boekels et al. 1995, Wells et al.
2003), due to the repeated sterilisation of the planet.
The proposed bombardment, thought to have contin-
ued until around 800 million years after the Earth’s
formation, is thought to have been linked to the cre-
ation of the ”seas” on the Moon.

Current ideas of the Late Heavy Bombard-
ment (e.g. Gomes et al. 2005, Levison et al. 2008)
suggest that it was a side-effect of the migration of
the giant planets (Jupiter, Saturn, Uranus, Neptune)
in the early Solar system. In their models, the initial
architecture of the orbits of the giant planets was sig-
nificantly more compact than that we observe today,
with a large amount of material located just beyond
the orbit of the outermost planet. As Jupiter and
Saturn migrated, they eventually reached a regime
where their orbits were strongly mutually interact-
ing, which resulted in the chaotic evolution of the
orbits of all four giant planets. In the models pre-
sented by those authors, this resulted in the outward
scattering of Uranus and Neptune into the massive
disk of planetesimals that lay beyond, dispersing that
disk (and circularising the orbits of those planets),
and in the process flinging vast amounts of cometary
and asteroidal material towards the terrestrial plan-
ets. The result was a short but remarkably intense
period of cataclysmic impacts on the terrestrial plan-
ets — the Late Heavy Bombardment, following which
the Solar System would have relaxed to its current
relatively quiescent state. However, Norman (2009)
strongly questioned the cataclysm hypothesis, point-
ing out a string of inconsistencies in establishing ab-
solute ages of ancient impact basins and the sources
for the impactors.

There are other theories that relate the rate of
impacts on Earth to the dynamics of our Solar sys-
tem, many of them focusing on the possible presence
of a companion body to the Sun, which perturbs the
orbits of comets and planetary debris enough to put
them on a collision course with the Earth (e.g. Davis
et al. 1984, Whitmire and Jackson 1984, Matese et
al. 1995, 1999, Horner and Evans 2002, Matese and
Whitmire 2011, Sumi et al. 2011).

Whilst the idea of the Late Heavy Bombard-
ment is still heavily debated (e.g. Haskin et al. 1998,

Chapman et al. 2007, Cuk 2012), the hypothesis
clearly demonstrates the importance of understand-
ing astrobiological events and their consequent im-
pact on the biological development of life — hence the
field of astrobiology. Theories of planetary migration

(themselves inspired both by our study of extrasolar
planetary systems and studies of the small bodies in
our Solar system (e.g. Lykawka et al. 2009, Malho-
tra 1995, Nesvorny et al. 2013, Minton and Malhotra
2011)) are used to explain how such a phenomenon
could come about, and we come to understand that
the planetary environment in which we arose is in-
timately connected with the detailed dynamical his-
tory of the Solar system.

1.3. Impact History and the Structure of
Our Galaxy

An interesting alternative explanation for the
potential periodicity observed in the Earth’s impact
and extinction history is that the variation is the di-
rect result of the periodic passage of our Solar system
through the spiral arms of the Galaxy (see Fig. 1).
Our Solar system lies at significant distance (~8 kpc)
from the centre of a large spiral galaxy, the Milky
Way. The Galaxy consists of a central bulge (far
interior to the orbit of the Sun about its centre) sur-
rounded by a number of spiral arms. The arms them-
selves contain large quantities of gas and dust, from
which new generations of stars are continually be-
ing formed. The most massive stars, which are also
the most short-lived, are heavily concentrated within
the spiral arms, whilst the spaces between the arms
are significantly less densely populated, being rela-
tively free of gas, dust, and massive stars. Because
the most massive stars have the shortest lives, super-
novae (the cataclysmic explosions of the most mas-
sive stars) are also concentrated in spiral arms whose
thickness may be up to ~1-2 kpc (McClure-Grifths
et al. 2004).

The motion of the spiral arms around the cen-
tre of the Galaxy is somewhat slower than that of the
stars that make up the galaxy, which means that, as
the Sun orbits the centre of the Galaxy, it follows
a path that takes it through the spiral arms every
few tens of millions of years. In the spiral arm envi-
ronment, the Solar System is exposed to a far more
hazardous and busy regime than in the inter-arm re-
gions (our current location). The Earth could be
relatively close to a star when its life comes to an
end in a supernova explosion — which could certainly
pose problems for life, although such supernovae are
relatively rare, and the odds of the Earth being suf-
ficiently close to one for life to be exterminated en-
tirely are low, even within a spiral arm (Beech 2011).
At the same time, close encounters between the Sun
and neighbouring stars become more frequent, as do
encounters between the Sun and giant gas clouds
(see Fig. 2). Such encounters would not pose a di-
rect hazard to life on Earth by changing the orbit
of the Earth around the Sun, but could pose a haz-
ard by disturbing the Oort Cloud (Porto de Mello et
al. 2009), a vast cloud of comets (Oort 1950) which
stretches to a distance of at least 100000 AU from
the Sun. The Oort Cloud is thought to contain tril-
lions of cometary nuclei, left over from the formation
of the Solar system, which are only tenuously grav-
itationally bound to the Sun (the outer members of
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the cloud are around halfway to the nearest star).
An encounter with a passing star or distant molec-
ular cloud can be enough to deflect an Oort cloud
comet, throwing it onto a new orbit that will bring
it into the inner Solar system — where it can pose a
threat to the Earth. The closer the star approaches
to the Sun, or the more massive it is (or both), the
more comets it will scatter inwards, and therefore
the more likely it will be that one of those in-falling
comets will hit the Earth.

Such comet showers are not merely hypothet-
ical — the catalogue of observed long period comets
(which come from the Oort cloud) contains a rela-
tively weak, but still statistically significant, sign of
a comet shower which is thought to have peaked a
few million years ago. This shower (the Biermann
shower) was first identified some thirty years ago,

and illustrates how even relatively distant encoun-
ters between the Sun and passing stars can influence
impacts on the Earth (Biermann et al. 1983).

Here, we test the idea that the Sun’s orbit
around the centre of the Milky Way has a signifi-
cant influence on the impact regime experienced by
the Earth. Using the latest results on the structure
of our Galaxy, we construct a detailed and accurate
timeline of the Sun’s motion through spiral arms, and
compare it to the latest knowledge of the history of
biodiversity on Earth over time and the vastly im-
proved dataset of global impacts that has become
available over the last few years. Correlations be-

tween spiral arm crossings and mass extinctions sug-
gest that the history of life on Earth is intimately
connected with our place in the Universe.

Fig. 1. The face-on view of the Milky Way (Churchwell et al. 2009). The location of the Sun is indicated,
along with the names and locations of the spiral arms and spur.
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2. DATA AND MODELLING

We make use of the major international
impact databases to acquire the largest possible
database of impact dates and sizes over the past
billion years or so. We combine this with the lat-
est understanding of the history of life on Earth,
using the results of recent studies of the biodiver-
sity of our oceans as a function of time to deter-
mine whether there is any correlation between that
biodiversity and the flux of impacts on the Earth.
Whilst it is true that any correlation between the
two will be somewhat masked (by endogenous causes
of mass extinctions, such as snowball Earth epochs,
flood basalt outpourings, etc.), there are enough data
to definitively determine whether the history of life
on Earth has periodically been truncated by asteroid
and cometary impactors. However, the further back
we look, the more evidence is likely missing, lost to
the ages past (i.e. as we go further back, there is less
of a fossil record, so smaller mass extinctions could
be missed/overlooked).

2.1. Models of the Sun’s Trajectory through
the Milky Way

In recent years, our understanding of the
structure of our Galaxy has improved dramatically.
As a result of a number of highly detailed surveys, a
new picture is emerging which reveals our Galaxy’s
structure in far more detail than has ever been shown
before. With that model, it is possible to accurately
estimate the timing of the Sun’s last orbit through

the Galaxy’s spiral arms — yielding timings that we
can compare to the observed impact cratering record
and extinction records to determine whether any cor-
relation can be seen.

The kinematic parameters of the Milky Way
used in this work are based on previous estimates
(Gies and Helsel 2005), with the angular velocity of
the Sun set at 26.3 km s~! kpc™! and the difference
between the velocity of the Sun’s motion and that of
the spiral arms being 11.9 km s~! kpc~! (Overholt
et al. 2009), which means that the Sun moves at
a significantly greater velocity than the spiral arms.
According to these values, during the last 500 Myr,
the Sun has almost completely circumnavigated the
entire spiral arm pattern, crossing two major and
two minor arms, and one or two interarm spurs.
Svensmark (2006) estimated that the last two spi-
ral arm crossings happened approximately 31 Myr
and 142 Myr ago. He also estimated that the spiral
arm/interarm density ratio is in the range 1.5-1.8.

Historically, it has been assumed that the
Sun’s crossing of the Galaxy’s spiral arms is a rel-
atively simple, periodic event. However, the new
model of our Galaxy’s structure (Figs. 1 and 2) re-
veals the truth to be significantly more complicated.
The spiral arms are not evenly spaced, and a num-
ber of smaller sub-arms are dotted between them.
The result is that encounters between the Sun and
the spiral arms will be both more frequent and more
randomly distributed in time. By using this new

model of galactic structure, we are able to take ac-
count of this irregular behaviour for the very first
time, enabling us to carry out the first fair study of
the influence of the Galaxy’s structure on the impact
flux at Earth.

Fig. 2. The Milky Way model (left), based on Churchwell et al. (2009) and our new weighted symmetrical
model (right) of the Galaxy with the Sun’s orbital path over 500 Myr. The Sun’s current position is indicated
with a yellow dot. Eleven extinction events are shown along the path by circles. The six blue circles in the
new Galaxy model represent the known mass extinctions as marked in Fig. 3, whilst the orange circles
represent the five additional events we propose here. The thickness of two major arms is set to 1.5 kpc and

minor arms (as well as spurs) to 1 kpc.
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Fig. 3. The number of marine genera over geological time/age (in Myr). The major mass extinction events
are indicated by blue lines; Cretaceous-Paleogene (CP; 66 Myr), Triassic-Jurassic (T.J; 200 Myr), Permian-
Triassic (PT; 251 Myr), Late Devonian (LD; 375 Myr), Late Ordovician (LO; 445 Myr) and Late Cambrian
(LC; 488 Myr). Five proposed new extinction events are indicated by orange lines; Eocene-Oligocene (EO;
33.9 Myr), Aptian Extinction (AE; 145 Myr), Olson’s Extinction (OE; 300 Myr), Carboniferous Rainforest
Collapse (CF; 322 Myr) and End-Silurian (ES; 415 Myr). The vertical lines correspond with the orange/blue
circles in Fig. 2. The green shaded area on the top represent Sun’s passage through the Milky way in the
new model while in red we indicate passage in the older model. Figure adapted from Rohde and Muller

(2005).

The model of the Sun’s path through the
Milky Way can be used as the basis for a model of
the impact rate. Such a model would take account
of the infall time for new comets (typically of or-
der 500 kyr to 1 Myr), and feature gradual ramping
up and slowing down of the impact flux at Earth,
as the Solar system transitions between the low-flux
state (whilst it lies between the spiral arms) to the
high-flux state (whilst passing through the arms) and
back to the low-flux state (as it returns to the space
between the arms). During the time that the So-
lar system is located between the spiral arms of the
Galaxy, encounters (whether with passing stars or
giant molecular clouds) that might perturb the Oort
cloud, causing a comet shower and an elevated im-
pact flux will clearly be far less frequent than during
the Sun’s passage through the crowded spiral arms.
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We also note that the model we are using and
that of Gies and Helsel (2005) are similar in appear-
ance, but that any differences would result in differ-
ent gravitational potentials and thus slightly differ-
ent trajectory shapes. We superimposed the Solar
orbit from Gies and Helsel (2005) onto the Milky
Way model based on Churchwell et al. (2009) (see
Figs. 1 and 2). In Fig. 2, we mark the approximate
locations of the known mass extinctions as a function
of the Sun’s orbit around the centre of the Galaxy,
as described in the following section.

Also, we include approximate observational

limits on the location of those events that result from
obscuration by material in the Galactic centre. This

is mainly because of the observational constraints
placed on our knowledge of the structure of the far
side of our Galaxy.
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2.2. Extinctions in Biodiversity

The six largest mass extinction events of the
last 500 Myr resulted in significant reductions to
the biodiversity of the planet. These six extinc-
tion events are: Cretaceous-Paleogene (C-P) (also
known as the Cretaceous-Tertiary or K-T, however
the Tertiary period is not currently recognised by
the International Commission on Stratigraphy) at
66 Myr ago; Triassic-Jurassic (T-J) at 200 Myr ago;
Permian-Triassic (P-T) at 251 Myr ago; Late Devo-
nian (LD) at 375 Myr ago; Late Ordovician (LO) at
445 Myr ago; Late Cambrian (LC) at 488 Myr ago.
In Fig. 3 we display (blue vertical lines) the position
of these mass extinction events along the geological
timeline and the global marine genera number dis-
tribution over the last 500 Myr (Rohde and Muller
2005).

There is extensive coverage of these mass ex-
tinction events in the literature, therefore, we em-
phasise their position in time rather than their effect
on ancient biodiversity. Our study is based on Sep-
koski’s definition® of a mass extinction event (Sep-
koski 2002), which is a sharp decrease in marine gen-
era along the diversity curve.

In addition to these mass extinctions, there
are five other significant drops in marine genera that
we find indicated in the data (they are also known in
the literature as ”lesser extinctions”). These some-
what smaller reductions in marine genera diversity
occur 415, 322, 300, 145 and 33 Myr ago (Fig. 3; or-
ange vertical lines). Not all mass extinctions would
be the result of spiral arm crossings. While other
events could also contribute (the background impact
flux due to the planetary system, and extinctions due
to climate and geological reasons), we suggest that
the probable cause for these reductions in marine
genera is also connected to spiral arm crossings.

Although extinction events have consistently,
and some would argue periodically, eroded away
life on this planet, they have also likely driven the
evolutionary radiation of the species. With the
widespread loss of species, surviving species may
fill new niches and physically adapt accordingly to
new habitats. Without the mechanisms that brought
about mass extinction events, the complexity of life
as we know it today may not exist. If these mecha-
nisms are of extraterrestrial origin, they may prove
to be an essential ingredient, rather than a barrier,
to complex life in the Galaxy.

As well as the addition of new extinctions we
identify in the data, we also see a pattern in the ma-
rine genera data over the last 500 Myr. There is rapid
growth beginning at 500 Myr, followed by a general
decline in genera, then a prolonged growth leading
to the present time. Because marine genera data,
and for that matter data on land flora and fauna,
are based on fossil evidence, these trends in the data
may be due to the efficiency of fossilisation and possi-
bly other unknown factors rather than actual genera
populations over time (Bailer-Jones 2009). Bailer-

Jones (2009) argues that there is no significant ev-
idence for intrinsic periodicities in biodiversity, im-
pact cratering or climate on timescales of tens to
hundreds of Myr; therefore it seems likely that more
than one mechanism has contributed to biodiversity
variations over the past 500 Myr.

3. NEW MILKY WAY MODEL

With a differential speed of 11.9 km s~ kpc ™!,
the Sun orbits the centre of the Milky Way galaxy,
passing through four spiral arms and a spur, and
almost completing one full circuit of the entire spiral
arm pattern (last 500 Myr; see Fig. 2 (left)). The
thickness of the major arms is set to 1.5 kpc and
minor arms, as well as spurs, to 1 kpc.

We have identified eleven significant spikes in
the extinction intensity data that we marked on the
Sun’s orbital path. If we were to contend that all
eleven extinctions discussed herein were the result of
our passage through the Galaxy’s spiral arms, then
it is clearly possible to modify our Galaxy model to
account for those extinctions. Whilst this is a purely
hypothetical exercise, it is not necessarily unreason-
able. As can be seen in the right-hand panel of Fig. 2,
only a small modification to the Milky Way model
put forth by Churchwell et al. (2009) is required in
order to ensure that all eleven mass extinctions occur
within one or other of the spiral arms. This region
of the Galaxy is far less known (observationally) and
that significant level of symmetry does exist in other
galaxies.

In the original Milky Way model (Fig. 2
(left)), we observe that nine of the extinctions stud-
ied happened during the Sun’s passage throughout
the spiral arms. However, in our modified symmetri-
cal model all eleven events are positioned in the spiral
arms. Four (TJ, PT, OE and CF event) of these ex-
tinctions lie on a part of the Sun’s orbit where our
view of the Milky Way’s structure is obscured by the
Galactic centre. Therefore, this gives some freedom
for speculation on a spur, similar to the Orion spur,
existing on the other side of the Galaxy. If we were
to assume that the extinctions are solely caused by
impacts induced by our passage through spiral arms,
then this would clearly allow us to constrain their
locations independent of astronomical observations
— an interesting test for the current model of galac-
tic structure.

However, as we noted earlier, there are a num-
ber of endogenous factors that could also cause mass
extinctions, and so it seems plausible to assume that
those extinctions that fall outside of periods when
the Sun is crossing a spiral arm could have an en-
dogenic rather than an exogenic origin. Equally, as
we also noted earlier on, being outside of a spiral
arm does not preclude close encounters between the
Sun and other stars, and so we would expect at least
some impact induced extinctions to occur whilst the
Sun is between crossings, albeit at a much reduced
rate.

3Sepkoski’s online database can be accessed at http://strata.geology.wisc.edu/jack/
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Summed over the entirety of its orbital path
over the last 500 Myr, based on the new weighted
symmetrical model, we find that the Sun has spent
~60% of its time in the spiral arms (see the green
shaded areas at the top of Fig. 3). By comparison,
for the case of the old non-symmetrical model, the
Sun would have spent ~ 50% of the same period in
the spiral arms (red shaded areas in Fig. 3).

Given the incompleteness of the available data
any claims on mass extinctions’ temporal distribu-
tion are naturally highly speculative. We therefore
employ a simple statistical prediction (null hypoth-
esis) of exactly how many of the extinctions could
occur randomly during spiral arm crossings, and es-
timate the likelihood of that occurring by chance.

The null hypothesis is that no mass extinc-
tion has been caused by spiral arm crossings, and
therefore all eleven mass extinctions occur within
the spiral arms purely by chance. The probability
of this is 0.36% (0.6'!). The hypothesis that six out
of eleven randomly occurring events fall inside spi-
ral arms by pure chance has fairly high probability —
20-25% — which is not negligible. However, the prob-
ability that all eleven random events fall within the
spiral arms is low (0.36%).

A simple numerical test also produces similar
results. We generated a series of data sets in which
eleven extinction events were randomly distributed
through the last 500 Myr, and then counted the fre-
quency with which all eleven occurred during spiral
arm crossings. Our results again support the hypoth-
esis that it is highly unlikely for all of the studied
mass extinctions to coincidentally fall during spiral
arm crossings, suggesting that their timings are not
simply a matter of chance.

Our results suggest that the proposed 62 Myr
periodicity (Rohde and Muller 2005) in mass extinc-
tions could be directly related to the Sun’s passage
through the spiral arms of the Milky Way. However,
we stress that significant controversy about 62 Myr
periodicity still exists among the scientific commu-
nity (for detailed analysis see Feng and Bailer-Jones
(2013), Melott and Bambach (2013) as well as Bailer-
Jones and Feng (2013).

4. CONCLUSIONS AND FUTURE WORK

We created a new model of the Sun’s orbit
around the centre of the Milky Way, in order to ac-
commodate the influence of spiral arm crossings on
the cometary flux through the inner Solar system.
Our model reveals the periods when the Earth has
suffered the highest risk of cometary impacts — pe-
riods that will likely span several million years, and
be separated by periods of several tens of millions of
years.

We have combined marine genera data, an or-
bital model of the Sun’s path around the Milky Way
with two face-on Galactic models. The first Galactic
model is based on an artistic rendition of the Milky
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Way, by Churchwell et al. (2009). The second is an
alteration of the first model, which accommodates all
the extinctions within the spiral arms and displays
a more symmetrical structure. Extinction data were
then added to the new model and the existing or-
bital path of the Sun. In doing so all extinctions fall
within the spiral arms.

Our new Galactic model, if correct, would sup-
port the idea that spiral arm crossings cause mass ex-
tinctions. Although a cyclic occurrence of large scale,
global extinction is very likely to have an extraterres-
trial origin, complex interactions at the Earth’s sur-
face cannot be completely discounted. It becomes
harder to argue extinctions are caused by celestial
events when they are not cyclic, which is still a con-
troversial topic.

However, reconsidering the possibility that
spiral arms do cause extinctions on Earth, we can
consider the ramifications of this to possible com-
plex life elsewhere in the Galaxy. If we also consider
that extinctions accelerate rather than impede the
evolution of complex life, we may better constrain
ideas on the Galactic Habitable Zone (Lineweaver et
al. 2004). It may be the case that habitable planets
orbiting stars further from the Galactic centre do not
retain a high enough organic turn over rate due to
more infrequent spiral arm crossings, or that closer
in the extinction rate exceeds the ability for life to
recover. Consideration could also be given to the
possibility that habitable planet-hosting stars may
have highly eccentric orbits around the Galaxy.

Further statistical work and data on the struc-
ture of the Milky Way, kinematics, and the Solar or-
bit would refine our work and assist in continuing to
test the spiral-arm/extinction hypothesis. Our fu-
ture work will consist of two main threads — the first
being the consolidation of the archives of the Earth’s
impact history, extinction history, and the galactic
architecture; the second being the construction of a
detailed model that will allow us to test whether the
Galactic structure is the dominant factor in defining
the rate of Oort cloud comets (and hence impacts)
at Earth.

This also lends itself to a prediction — as our
knowledge of the ancient Earth improves, if the hy-
pothesis presented here is correct, then the periodic-
ity should become clearer as more extinctions are
found going further back. Is it reasonable to as-
sume that the morphology of the Galaxy will have
remained unchanged over the last four billion years.
If so, then we could possibly argue that the periodic
spiral arm crossings will have been happening all the
way back — albeit perhaps with some modulation on
period and exact timings as a result of the evolution
and disruption of the spiral arms and changes in the
Sun’s orbit around the galactic centre.
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YK 52-37
Opuzunasny HaywHY Pao

Kopucrehu wnajuoBuju momen Miaeunor
nyTta u opbure CyHIa TECTUPAIU CMO XUIOTE3Y
nma  cBaku mposaszak CyHIOA KpPO3 CHUPAJHY
rpaHy NOPOY3POKYyje MaCOBHA M3yMHpama CBUX
JKMBUX OpraHm3aMa Ha 3eMJbU. BIE Ipen-
cTaB/baMO HOBU Momes Mieuynor myrta Koju je
Oa3mpaH Ha MamUM MOIU(UKAIMjaMa JaJoer U1
Te;Ke BUIJBMBOL fejia Halne rasgakcuje. Tarobe,
HAIl HOBU MOJEJI CMO IPUIATOAWINA HA OO0 CATA
[O3HATUX W uUCTOpUjcku moTBphenux mect (6)
MAaCOBHUX W3yMUDPAHA. Y3 o0BUX TO3HATUX
MecT, MPEeNJOKUIU CMO jOIl IIeT HOBUX KOja
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Cy mpopadvyHaTa Ha OCHOBY 3HadajHE peIyKIUje
MOPCKUX }KUBUX OPraHn3aMa y HePUOIUMa O] Ipe
415, 322, 300, 145 u 33 munuona roauna. Harmre
cumyianuje nokaldyjy na je CyHie npoBeso Haj-
Mame 60% BpeMeHa CBOT MOCTOjama y CIIPAJTHAM
rpaHaMa ImMTO HOJATHO NOTBpDyje moBe3aHOCT
MaCOBHUX M3yMmupama ca mpoaazom Cyrua Kpo3
cuupasge rpane Mieunor myrta. Takobe, pas-
MaTpaMO ¥ YTUIAj OBAE MPEICTAB/LEHOT HOBOT
Momesa Hame ['amakcuje Ha crabusnnoct ['amax-
TUUYKE HACTAWBUBE 30HE.



