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1 INTRODUCTION

ABSTRACT

Observations of open star clusters in the solar neighbarho®used to calculate local super-
nova (SN) rates for the past 510 million years (Myr). PeakheénSN rates match passages
of the Sun through periods of locally increased cluster ftiam which could be caused by
spiral arms of the Galaxy. A statistical analysis indicdtes the Solar System has experi-
enced many large short-term increases in the flux of Galaosmic rays (GCR) from nearby
supernovae. The hypothesis that a high GCR flux should aeneith cold conditions on
the Earth is borne out by comparing the general geologicarceof climate over the past
510 million years with the fluctuating local SN rates. Susprgly a simple combination of
tectonics (long-term changes in sea level) and astrophlyawtivity (SN rates) largely ac-
counts for the observed variations in marine biodiversitgrahe past 510 Myr. An inverse
correspondence between SN rates and carbon dioxidg)(€eels is discussed in terms of a
possible drawdown of COby enhanced bioproductivity in oceans that are bettediati in
cold conditions - a hypothesis that is not contradicted kg da the relative abundance of the
heavy isotope of carbom3C.

Key words: Astrobiology - Earth - supernovae: general - cosmic raysenoglusters and
associations: general - Galaxy: structure

ble climatic and biological effects of radiation from supevae
exploding nearby. An "ultraviolet deluge” at the Earth’'sfage,

That life on Earth has always been subjected to strong inflgen
from the cosmos has been among the main revelations in geolog
in recent decades. Headlines include the verification oftaee-
tary Milankovitch effect as a pacesetter of glacial cycths,reali-
sation that life was unsustainable during a heavy bombantiofe
the young Earth (Hadean Eon), and the evidence that the Miesoz
Era of giant reptiles ended suddenly when an asteroid hit-Mex
ico. Learning from such terrestrial examples, astrobiistisghave

due to formation of nitrogen oxides and consequent damatieto
ozone layer, was proposed in 1974 by Rudefman (1974). CaiRers
amined the idea (Whitten etlal. 1976; Gehrels &t al. 2003esad
suggested that supernovae could cause mass extinctioivsngf |
species| (Terry & Tuckar 1963; Russell & Tucker 1971; Reidst a
1978).

Consideration of the effects of nearby supernovae (SNs) has

wondered whether cosmic hazards may make some planetary sysrecently focused on the influence of Galactic cosmic raysRC

tems unsuitable for life. For example, by analogy to the Gmi#ts
Zone of optimal stellar irradiation, Lineweaver et al. (2D@iscuss
a Galactic habitable zone in the Milky Way where one requéaem
is "an environment free of life-extinguishing supernovae”

Even though life in general has survived robustly on our@ian
for billions of years, the fossil evidence tells of contihahanges
among the inhabiting species in an ever-variable climataety
years ago the astrophysidist Shapley (1921) suggesteit¢hages
on the Earth might be due to the Solar System’s encountets wit
gas clouds in the Milky Way. That idea was revived half a cgntu
later byl McCreal (1975), pursued by Talbot & Newman (1977) and
developed recently using better observations by Erisc((R@ut
among some of those investigating risks associated witthBar
interaction with the interstellar medium, interest shifte possi-
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generated by SN remnants. As discussed more historicaBgat.

[6, empirical evidence suggests that ionization of the aiG&R
has influenced the terrestrial climate on time scales ranfyom
days (Svensmark etlal. 2009) to billion of years (Shaviv 2003
Sufficiently energetic GCR primaries from SNs10 GeV) pro-
voke showers of secondary particles in the atmosphere that i
clude muons which dominate at the lowest altitudes. The tigso
sis (Marsh & Svensmaltk 2000) is that ionization by the seaond
particles helps to seed the formation of low clouds, by &isgis
the formation of aerosols (@& 2-3 nm), some of which subse-
quently grow into cloud condensation nuclei (r larger tharb0
nm). A high flux of GCR results in an increase in the number
of cloud condensation nuclei which in turn increases theddb
of the clouds. As low clouds exert a cooling effect by inchegs
the Earth’s albedo, high GCR fluxes imply low global tempera-
tures, and vice versa. The chemical mechanism that prortiotes
creation of cloud condensation nuclei from sulphur compisun
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the air has been verified in the laboratdry (Svensmark|e08I7 2
Enghoff et al. 2011; Svensmark ef al. 2012), and obsenaition

the whole chain from GCR, to aerosols, to clouds has been ob-

served in connection with sudden solar coronal mass ejectia
time scales of days (Svensmark et al. 2009; Svensmark éiit) 2

The energetic GCR that ionize the lower atmosphere are only
weakly influenced by variations in the geomagnetic field osdiar
magnetic activity. Both cause low-altitude ionizationeato vary
by (=10%) in the course of a magnetic reversal or during a solar
cycle. Over decades to millennia the GCR influx to the Sola-Sy
tem scarcely changes. On longer time scales, changes in 8GR v
much larger than those due to geomagnetic or solar actieityro
as a result of variations in the rate of nearby SNs. Sincehtheniin
ionization in the Earth’s lower atmosphere is caused by G2V
GCR, such energies will be implicitly assumed in the follogi

Fields & Ellis (1999) speculated that increased cloud cover
due to GCR from a very close SN could cause a "cosmic ray win-
ter”. A more comprehensive scenario from Shaviv (Shavivz200
2003 Shaviv & Veizer 2004) linked icy episodes on the Earth d
ing the 542 Myr of the Phanerozoic Eon to the Solar System's en
counters with spiral arms of the Milky Way as it orbited arduhe
Galactic centre. Shaviv attributed the climatic effect htvanced
GCR, as did de la Fuente Marcos & de |la Fuente Marcos (2004) in
a study that used local star formation rates as a proxy for @ER
tensities. Some scientists have strongly opposed Shadesario
and suggest that a GCR link to climate is at most of seconaary i
portance to variations in COconcentrations_(Royer etlal. 2004).
One source of difficulty in resolving this issue, which is tahto
understanding Earth history during the main eon of plantamd
imal evolution, has been uncertainties in the geologicebn of
climate. Recent research has improved the situation irréispect.
On the astronomical side, the Galaxy’'s spiral pattern,dtation
speed and its density variations remain uncertain. Sterdtion is
mainly confined to the Galaxy’s spiral arms, which are lit bgam
sive young stars. It is now generally accepted that the Isgtinac-
ture seen in many galaxies is produced by density waves atd pr
ably persists for billions of years. As the Sun is a typicakdstar
of the Milky Way, orbiting around the Galactic centre, an onp
tant feature of the ever-changing environment experiemgethe
Solar System is the formation of new stars from nearby gasislo
A large fraction of star formation in the Galaxy is accounfizdby
cluster formation/(Lada & Lada 2003), and the ages of clesies
also a guide to the changing birth rate of massive stars. N s
that are more than about 8 solar masses,\Mnd their relatively
short lives in SN explosions. These generate the shocksfinithe
interstellar medium that are believed to accelerate GCRhé&-e
gies in the range from £0eV to 107 eV (Berezhko & Volk 2007).
The GCR primary particles are mainly protorns 91%) and nu-
clei, and their energy density of 1 eV crhis comparable to the
energy densities of the Galactic magnetic fields and thesieiar
gas pressure, so that GCR play an important part in the dysami
and evolution of the interstellar medium (Boulares & Cox0P9

In a model based on observed positions of the spiral arms,
and the relative speed of the Suy,, with respect to the pattern
speed,Qp, of the spiral structureQ2o — Qp, as estimated from
the literature, Shaviv (2002) inferred the GCR flux experahby
the Solar System as it travelled through four spiral arme flimx

been generally accepted that the Galaxy possesses a dmmtral
Although observations of the 21-cm hydrogen line show a-four
arm spiral structure, there are still suggestions that tikyNtVay

is mainly a two-arm spiral galaxy.

In this paper the aim is to use the least model-dependent ap-
proach to the course of events in the past 500 Myr, by deriving
the star formation rates and supernova rates directly fnoem gtar
clusters in the solar neighbourhood, and using the SN rate as
proxy for the GCR flux to the Solar System. The paper is orgahiz
as follows. In Secf]2 the cluster formation rates over thst pao
Myr are derived directly from open star clusters in the saokigh-
bourhood, and then used in S&gt. 3 for computing the locabBér
as a proxy for the GCR flux to the Solar System. In additionlloca
features of Galactic structure are inferred from contrastiistories
in star formation outside and inside the solar circle. Infareto
test the results in Se€fl 3 a numerical model is us€dl in 4 tolate
the birth, dynamics and lifetimes of open clusters, andguerfex-
actly the same analysis as done with the observational datzeo
clusters. To complete the astrophysics, 9dct. 5 shows hdesa ¢
SN (< 300 pc) results in a short and sharp spike in the GCR flux.

In Sect[6, where attention turns to consequences of theehan
ing GCR flux for the Earth’s climate, those spikes due to therne
est SN events are offered as an explanation of relativelgesud
and short-lived falls in sea level, with brief glaciatioreusing the
marine regressions. Comparisons of SN rates with the teedadi-
mate record on longer time scales confirm the match betwegr ma
periods of glaciation and persistently high GCR fluxes. Gitrés
evidence for large effects on climate, large impacts ondifealso
to be expected. Sectibh 7 explores an evident link betweerates
and evolutionary history, as manifest in variations in meatbiodi-
versity. Also correlating with SN rates are variations ia farth’s
carbon cycle involving bio-productivity and (in anti-celation)
carbon dioxide concentrations, during the past 500 Myrt. Badis-
cusses some implications of the paper’s results, for dsysips,
palaeoclimatology and the history of life, and Séét. 9 afferief
conclusions that focus on the empirical evidence for a largect
of SNs on the prosperity of the Earth’s biosphere.

2 OPEN STAR CLUSTERS IN THE EARTH’S GALACTIC
VICINITY

Avoiding any preconception of the precise structure of tlaasy

or of the Solar System’s motion through it, the present waitkrer
construct the star formation in the solar neighbourhoodnduthe
last 500 Myr from open star clusters, with a view to inferrihg
local SN rate as a proxy for GCR (VERITAS Caollaboration et al.
2009). It is generally believed that nearly all star forraathas oc-
curred in open clusters, where stars made from the samea@as cl
remain for a certain time bround together by gravitationthii
each cluster the stars therefore have the same chemicalosomp
tion and age. The Pleiades cluster for example, known sinee a
cient times, is 150 pc away and estimated to be 142 Myr oldghwvhi
assigns it to the Cretaceous Period on the Earth. The jadidic
for using the number of open clusters as a proxy for large mass
stars is the evidence that the massive SN progenitor sersanly
formed in the central region of rich stellar clusters (Zicker et al.

reached a maximum after each encounter with a spiral arm, and1993;|Hillenbrand 1997; Zinnecker & Yorke 2007). Secondify,
then went to a minimum in the dark spaces between the arms. Thethe open clusters made and embedded in giant moleculars;loud

interval between spiral arm visits was judged to4el40 Myr.
Unfortunately the overall structure of the Milky Way is haodsee
because of our position within the disk, and only recentlg ha

only a small fraction survive the first few million years aretbme
visible open clusters. This small fraction of surviving opdusters
are likely to have been the initially most rich clusters (sl ada
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2003). The formation rates of open clusters are therefaed as a
proxy for the formation of SNs.

The WEBDA Open Cluster Database (2009) contains about
1300 open star clusters with ages betweehaitd 10° years and
at distances between 0.04 and 13 kiloparsec (kpc). Onlysesob
these are suitable for the historical analysis of local SRs:arhe
clusters that emerge from the embedded phase gradually dgca
the loss of stars, due to internal close encounters or toreaten-
counters with massive clouds or other clusters. As a rdsaihtim-
ber of detectable clusters in a generation declines oves, timtil
after~ 500 Myr most have evaporated. Figliie 1 (top panel) shows
the distribution of the clusters within 2 kpc of the Solar ®ys in
the Galactic plane, and the colour-coded ages make it dlasttie
great majority of clusters are relatively young and only w &ee
more than 500 Myr old.

A second criterion concerns the distances of the clusters,
where the problem is observational. Open clusters are badgn-
tify at large distances, and Figl 1 (lower panel) shows tratiap
density of clusters in the WEBDA database falling away mdike
beyond 1 kpc in the Galactic plane. Therefore in order to fmve
nearly complete statistical ensemble, selected clustersatricted
to within 0.85 kpc of the Solar System, where there are 278-clu
ters within 0.3 kpc above or below the Galactic plane, andhwit
ages less 500 Myr. This sample is sufficiently large andssieailly
almost complete (Wielen 1971; Piskunov, A. E. et al. 2006)etA
rospective view of changes in star formation over the longeti
scale of interest must nevertheless take account of theostimn
of old clusters. The number of new clusters in some volume V of
the Galaxy formed in an interval of time, ¢t + A) can be written
as
N(t,A) = / q(r,t) dV A 1)

\%4

wheregq(r, t) is the production of clusters per unit of time and vol-
ume, and where\ is short compared to the lifetime of clusters
emerging from the embedded phase and will be set to 8 Myr in
the following. Then the surviving number of clusters of getien
formed at time interval’, ¢’ + A at a later time can be written as

Ut —t',A)=N(@{t, A)T(t—-t) )

wherel'(t —t') is a function describing the decay of the number of
clusters. If in a region of the Galaxy the present number ustelrs
as a function of age and the decay function is known, the betin

of clusters can be determined as

U(t—t,A)
rt—t)

This resulting loss of old clusters can be seen in Eig. 2achwhi
shows the number of observed clusters within 0.85 kpc in the
Galactic plane as a function of age, in intervals of 8 Myr.
The blue curve represents th&t — ¢') fall-off with increasing

age as a simple power law for the decay (Chandari et al.| 2006;
de la Fuente Marcos & de la Fuente Mafcos 2008; Gieles |2010),
ie.

N, A) = 3)

Lit—t)=alt—t)" (4)

wherea=0.50+0.1 is used in Fid.J2a. It is commonly assumed that
the cluster formation rate is constant in time and the deekagion
I'(t) is determined from observations. That assumption will reot b
made here. Instead, what follows is based on the deviatioms f
the decay law Eq.]4. Using Hg. 3 the deviations can be coresider
result of temporally (and spatially) varying cluster fotina rates,
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Figure 1. Top panel: The distribution of open clusters in the neigiboad
of the Solar System, plotted on the Galactic plane. The greieds at 1.0
kpc from the Solar System which is located at the centre opthe The
colours denote the ages of the clusters, most of which amévedly young.
Lower panel: The observed density of open clusters at isgrgalistances.
With more and more undetected open clusters at long rangegrdy line
gives the maximum size for a "nearly complete” sample.

as shown in Fid.12b. The low count of clusters less than 8 Mgy ol
compared with that in the 8-16 Myr bin, is probably due to thei
concealment by natal dust clouds that have not yet dissipatee
more general fall, going back 500 Myr, is the result of cluseray,
and applying the decay law ensures that cluster formatictufes
around a long-term mean, with little or no trend.

3 LOCAL SUPERNOVA RATES OVER 500 MILLION
YEARS

The next step is to deduce the number of supernovae (SNsglin ea
time interval of 8 Myr. As open clusters are held togetherhmsirt
gravity, only massive groupings containing massive starsise

for long periods. The clusters form with various masses amd-n
bers of stars, but the ratio of massive star numbers to thister
numbers is assumed to be constant over 500 Myr.

The relative numbers of stars of various masses in a cluster
is to a good approximation given by Salpeter’s initial masscf
tion (IMF) power law (Salpeter 1955). In consequence thelmm
of stars going supernova will be, on average, proportiooghé
number of clusters in a bin, but the occurrences of the SNis wil
spread into later bins. The evolution of stars in a clusteth&r
detonations as supernovae is simulated numerically by plaees



4  H. Svensmark

30
a)

20

N(t)

10

TTTTTT[TT I I [TITTroree
e

-400 -300 -200 -100 0

o
o

b)

C.(H/C.(0)
N

=

M rawawaws ra A TRETE FRRRRERTT)

TTTTT

=
=]

&nH
o
o

-100

o

-400 -300 -200

<)

=
[}

LI B e

SN(t)/SN(0)
-
o

o
2]

PETETErE IR |

0.0l
-500

-300 -200 -100

Time [Ma]

-400

o

Figure 2. To derive the variations in the local supernova rate wittia t
solar neighbourhood, over 500 million years (Myr), the nensbof open
star clusters withire 0.85 kpc of the Solar System, that originated in each
8 Myr bin, are first plotted in (a). When the decay is taken axtoount, the
formation rates of clusters over 500 Myr are derived in (i aormalized

by taking the average of the 24-16 and 16-8 Myr bins. In (ciihglication

of the supernova response function illustrated in[Hig. 8gihe SN rate per

8 Myr. There is a large variation between the lowest and lEgfaes. The
calculation of error bars is explained in the text (SectEzch plot starts at
-510 Myr.

Telescope Science Institute’s Starburst99 program (Egsitet al.
1999).

As seen in Fig3, if a stellar mass of%6olar masses comes
into being in an instantaneous starburst, supernovae ficstr af-
ter ~ 3 Myr and they continue fors 30-40 Myr, until the last of
the massive stars abruptly disappear. This form of the Spbrese
function can be used to obtain the temporal variation in tHede
caused by changes in the number of new clusters createdtimitne
interval (¢, ¢t + A) as

SN fcsn/ N(t

wherecs,, is a constant]N (', A) is the cluster formation history
given by Eq[B and shown in Figl 2b, and finaly v is the SN re-
sponse function to a starburst. A simplifying assumpticimég the
stars in theV (¢, A) clusters are formed instantly &t The numer-
ical integration is displayed in Fif] 2c which shows the Sksa
as a function of time. A spatial scale sfL kpc and temporal time

A)Rsn(t —t') dt’, (5)
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Figure 3. Response function of supernovae resulting from an initial
starburst of stellar mass 40M at t=0, as calculated by Starburst99
(Leitherer et al. 1999). Parameters of the simulation: el mass func-
tion intervals, with exponents 1.3, 2.3 at mass boundarieg005, 100 M,
supernova cut-off mass 84 metallicity 0.020 and Padova track with AGB
stars.
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Figure 4. The SN variation calculated as in Fig. 2c, but adding two 1othe
open cluster catalogues. The red curve is based on the WERBE#ogue
(273 clusters with K 850 pc and ages 500 Myr), the green curve uses the
Dias et al.|(2010) catalogue (224 clusters with distaq@&50 pc and age
500 Myr) whilst the blue curve is for the Kharchenko etlal.d@pcatalogue
(258 clusters with distance 850 pc and age: 500 Myr). The black curve

is an average of the red, green and blue curves, and the WE8§Ats (red
curve) follow it rather closely.

steps of 8 Myr ensure that the GCR flux has had time to equiébra
with the newly appearing sources in the region. The diffugion-
stant of a 1 GeV GCR particle is 0.13 Kpdyr ' (see Sec(]5),
which takes about 8 Myr to equilibrate over a 1 kpc region. The
SN rate is normalized to the present SN rate in the solar beigh
hood by taking the average of the two 24-16 and 16-8 Myr bins,
ignoring the 8-0 Myr bin rate which is misleadingly low besau
many new clusters are still hidden in dust. The present S&inat
the solar neighbourhood has been estimated in the range-3® 20
SNs Myr~'kpc~2 (Grenier 2000), which gives: 500-750 SNs for
a typical 8 Myr bin and an area afkpc? (solar neighbourhood).
The resulting SN rates shown in Fig. 2c should therefore in-
dicate the changes in GCR flux experienced by the Earth’s envi
ronment due to visits to regions of the Galaxy with high or low
rates of open cluster formation. The delays between foomathd
detonation of massive stars have the effect of partly sningtte
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Figure 5. Overview of the Milky Way. The known parts of the spiral arms
are shown as the grey lines (Taylor & Cordes 1993). The Solate® is
represented by the small yellow circle, surrounded by a greg denoting
the solar neighbourhood out to a distance of 1 kiloparsec)(Kphe two
thin dotted semi-circles around the Solar System are ttesarsed to com-
pare the star formation histories inside and outside thar saicle, which is
shown as a blue dotted line of radius 8.5 kpc from the Galaetitre. The
blue curves and the angles are the zones and positions where the Solar
System encountered the maximum SN rates in front of thelspings (see
Sect[B). The narrow grey segments show the estimated aimti&s in the
maximum SN positions.

very large variations from bin to bin seen in cluster numl§eig.

[Zb). Nevertheless, taking the SN rate in the solar neightmmd as

a proxy for GCR at the Earth, Fifll 2c implies that persistent i
ization in the Earth’'s atmosphere due to GCR went up and down
by a factor of 2 during the last 500 Myr. As for the error bars in
Fig.[d, the typical error in the age of a cluster is of the ortier
20% (de la Fuente Marcos & de la Fuente Marcos 2004). To esti-
mate the resulting uncertainty by a bootstrap Monte Carlthotk
37% of the cluster ages, chosen at random in a sample, aaeeebl

by a new age which is drawn from a random normal distribution
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Figure 6. Variations in the local supernova rate outside the solatecover
500 million years (Myr). The numbers of open star clusterthiwi2 kpc of
the Solar System, that originated in each 8 Myr bin, are gtbith (a). When
the decay of clusters is taken into account, the formatidesraf clusters
over 500 Myr are derived, as shown in (b), with the rate noizedl by
taking the average of the two 24-16 and 16-8 Myr bins. In (ppliaation
of the supernova response function illustrated in [Hig. 2gjihe supernova
rate per 8 Myr. The black curve is a least square fit of Eq. 6eadtita. The
calculation of error bars is explained in the text. Notice wave pattern in
(c) suggesting the presence of four spiral arms, althougimlglunequal.
Plot starts at -510 Myr.

with a 20% variance in the age and centred around the measured

age. This process is repeated for Eamples. The resulting vari-
ance in the number of clusters for each age bhin is estimatéd an
plotted as the error bars in F[g. 2a. Similarly the error basSigs.

[Zb and2c are calculated by generating pseudo clusteristns
and calculating the resulting pseudo cluster formatioesrand SN
rates. Here the error bars increase with age due to the smelle
ative number of observations of older clusters. A bootsiapte
Carlo simulation adding Poisson noise on the number of etsst
increases the standard variation4sy15% in Fig[2c.

Evidence from isotopes made by GCR hitting meteorites
while they orbited in space provides a test of whether the GCR
variations in the past derived as in Hig). 2 are realisticiélé et al.
(1999) conclude from the production rates®6€lI in a calibration
data set of 13 meteorites that the flux of cosmic rays in tharSol

-24 to -8 Myr is 32% higher than the average over the 500 Myr - in
satisfactory agreement.

As mentioned above the variation in SN rates was calculated
using the WEBDA database. There are however other congpikati
of open clusters with differences in selection criteriaettin some
cases give slightly different parameters. It is therefaredpnt to
compare the temporal variation of SN intensity shown in Bg.
with inferences from other open cluster compilations td the
consistency of the results. Figure 4 show the WEBDA resetd (r
curve) together with the widely used Dias et al. (2002, 2G¥1)
alogue (green curve) and the Kharchenko et al. (2005) @atalo
(blue curve). Although there are differences, the mainuiest are

System during the past 10 Myr was 28% higher than the average similar and the average of the three data sets (black cuoliejvs

over the past 500 Myr. For comparison, for the SN rates derive
from the open clusters in Fifj] 2c the average of the two eanly b

(© 0000 RAS, MNRASD00, 000—-000

the WEBDA results closely. The WEBDA catalogue will be used
exclusively in the remainder of the paper.
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Figure 7. As Fig.[8, but for open clusters inside the solar circle, wmita
kpc of the Solar System: (a) is the number of clusters, (b)foheation
rates of clusters, and (c) the supernova rate per 8 Myr. Bldkiat in this
case the orderly wave seen in Hig. 6¢ is replaced by a much coonplex
pattern. Plot starts at -510 Myr.

3.1 INTERPRETING THE MILKY WAY'S STRUCTURE

Having started with no assumptions about the configuratidheo
Milky Way’s spiral arms, the method of analysis adopted tvene
infer the local Galactic structure from cluster ages andabsoci-
ated supernova (SN) rates. There is ample evidence thatalasG

is a spiral galaxy, and based on velocity-longitude mapseded
spiral is detected (Blitz et &l. 1983; Dame el al. 2001; &P008)
outside the solar circle extending out to ab®& ~ 17 kpc. How-
ever, inside the solar circle it is more difficult to make utégoous
statements on the spiral structure, although it seems\aigarally
secure that the Galaxy is a barred spiral with a bar patteradsm
the range 50 - 60 kms kpc™! . But the pattern speed of the spiral
arms is one of the least constrained parameters and has &teen e
mated within a range of 10 to 30 kmvskpc—* depending on the
method used. For a recent review of the spiral pattern spseds
Shaviv (2003). One reason for the large variability in thdute=d
pattern speeds might be that there exist more that one patieed.
For example Naoz & Shaviv (2007) found two pattern speed-solu
tions to the Carina arm by tracking the birthplaces of opesters.

If the spiral pattern as seen outside the solar circle ista¥ed den-
sity wave extending to about 17 kpc, then the dynamical ktabi

given by the Lindblad resonance places the 4 arms from abeut t
solar circle with a pattern speed less tha20 km s 'kpc™!. (See
for example Shaviv (2003)).

The history of SN rates in Fifl 2c does not show a clear regu-
lar pattern that one might expect if the Solar System simpbspd
through four similar spiral arms as suggested by ShavivZp0m
verify that the present results on SN rates could none treles
compatible with a realistic Galactic structure, it will beosvn that
the complications in Fid.]2c seems to arise from differericdbe
Galactic structure inside and outside the solar circles Thidone
by extending the range of open clusters from the WEBDA da@ba
to 2 kpc in order to have adequate numbers of clusters totrtpea
procedure used to generate Fijy. 2 but now differentiatirigydsen
clusters lying outside or inside the solar circle. Fidurénéves the
solar circle in relation to observed spiral arms, and ardbhegosi-
tion of the Solar System are two semicircles of 2 kpc radiusreh
the clusters are to be incorporated.

Starting with the outside semicircle, one gets the reshits/a
in Fig.[8. The four maxima in Fid.]6¢c can be interpreted as the
Solar System’s encounters with four spiral arms, and usexttact
information about the spiral structure just outside theusoircle.
The model used to fit the data, with the black curve in Eig. §c, i
given by

4
M= Ao+ Aiexpl—(t —th)*/207],

i=1

(6)

which consists of four Gaussian functions. The parametetiseo
model are determined by a least square minimization anchavers

in Table 1. These results suggest that maxima in SN occutred a
time intervalsAT = (123.3£12.9, 128.%5.8, 103.5-4.9) Myr,
averaging to< AT > =118.4t7.8 Myr. The positions of the max-
ima are also shown in Fif] 5. With the spiral pattern rotatih@
smaller angular frequendy p, the Solar System moves in and out
of the spiral arms with the relative angular frequency

AQ =00 —Qp (7

whereQy = 30.3 & 0.9km s~ ‘kpc™? is the Solar System rotation
frequencyl(Reid et &l. 2009), giving the Solar System’stioitere-
guency relative to the spiral structure as

s 103
2 < AT >1.023 ®)

where< AT > is in units of Myr. The relative pattern speed is
thereforep /Qo = 0.5740.5, orQp = 17.3+1.8 km s *kpc™*.

Although there has been a large range of estimatés-ofthe
value found here is in agreement a range of values found in the
literature(Shaviv 2003) of2p ~ 16 — 20 km s~ *kpc™'. Further
it is consistent with four spiral arm encounters of the S8lggtem
over the last 500 Myr as seen in geological records (Shaw®s20
Gies & Helsel 2005; Svensmark 2006b).

Inside the solar circle, as shown in Hig. 7, the pattern was no
clearly periodic, and SN rates on that side plainly contgtduto the
irregularities seen in Fifl] 2c. A possible explanation fe tliffer-
ences, outside and inside, comes when considering the dgalam
stability of the Galaxy. Using a recently estimated Gataotita-
tion curve (Reid et al. 2009) and the pattern sp@eddetermined
above, one finds that the Solar System is right on the innee edg
of the four-arm stability region (bounded by the inner 1:4Adblad
resonance). The observed difference between Elgs. §landy7 ma
therefore be an unsurprising result of the four-arm stmechosing
its stability inside the solar circle. It is however not clusive, and

Qo — Qp = =13.0+0.9kms ‘kpc*

(© 0000 RAS, MNRASDOG, 000-000
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Table 1. Model parameters of the function used in Hiy. 6¢ (black curve [ ]
are related to passages through the Sagittarius-Carinsel®e Norma and —_ S0r . B
Scutum-Crux arms. 4 =0.4+0.0. 2 . .o . *et % o o
E Or . o . o o f :..'o .'.’_.’u ’o:w
Spiral arm Perseus Norma Scutum-Crux Sgr-Car; [ . * . o0e j
tmax(Myr) -373.4+22 -270.4+24 -140.6+£35 -18.9+-7.6 '50§ g
o (Myr) 217427 253+ 3.1 21.0+ 4.6 23.4+£7.0 : : : :
A 0.74+0.1 0.7+ 0.1 0.4+ 0.1 0.6+ 0.1 -500 -400 -300 -200 -100 0
¢ (deg.) 284.4-19 2059420  107.1£3.0 14.4+65

there are other suggestions about the position relativieet@blar —_ S0r .l
System of the Lindblad resonances (Lépine &t al. 2011). L . . .. 8 o . o® o .
The variations in SN rates outside the solar circle, with-max g OF * ocopens 20’y 2% 33 W
ima approximately every 120 Myr, seem more likely to confaem > r * . |
well-known spiral arms of the Milky Way. The maxima in SN rate -50F 4
seen in Fig[Bc, applied to the overview of the Galaxy in Flg. 5 : ‘ ‘ ‘ ‘ l
determine the angles shown there for maximum SN activitgyTh -500 -400 -300 -200 -100 0

match well with the known positions of spiral arms, when ootea

that the maximal SN regions are right in front of the arms gree-
ment with an expected average delay of the SN explosionsoitab [ ]
18 Myr after cluster formation. Finally, the sizes of the rimax 50F -
in Fig.[@c indicate that the star formation in the Scutum>Catm g
during the Solar System’s passage 140 Myr ago was conslgierab r .. e % ¢ *el. 4 a'w
weak%r than in theyother arﬁws. ° e g '§' 0 N R ]
'50 r -
4 SIMULATING CLUSTER HISTORIES -500 -400 -300 -200 -100 0

Time [Ma]

Is it really possible to extract past star formation rates &N rates
from the age distribution of open clusters in the solar nedgin-
hood? As open clusters are born from their parent gas cloittls w
small random velocity dispersions there will be a dispersibthe
positions of open clusters as a function of time. Moreovasters
in near circular orbits at larger Galactic radii are oveetaky clus-
ters at smaller radii, which results in a shearing of anahgirea
of the Galactic plane in the direction as a function of time (also
called phase mixing). To examine this question, a modelsivitiu-
late the birth, dynamics and lifetimes of open clusters micaby,
and perform exactly the same analysis as done above for Heg-ob
vational data of open clusters.

The gravitational potential of the Galaxy will not includset
gravitational effects of spiral arms which, for the relativ short
time period of 500 Myr, are believed to be of less importafde
potential is therefore approximated by an axisymmetricaptial
as (Faucher-Giguére & Kaspi 2006)

Pa(R,z) = Pan(R, z) + Pu(R) + n(R) 9)

where the disk halo potential is

Ban (R, 2) = G (10)
\/(aa + 300 Bin/22 + h2)2 483, + R

and the potential for the bulge and nucleus is

Py (R, 2) = —GMyn (11)

\Vbi, + R?
where R is the radial distance from the Galactic centre anid
the height perpendicular to the Galactic plane. The cotstarthe
gravitational potential are given in Table 2. The equatiohmo-
tion in cylindrical coordinates (see for example Binney &ifraine

(© 0000 RAS, MNRASD00, 000—-000

Figure 8. The three components of velocitiéd, V, W) for 105 open clus-
ters within 850 pc of the Solar System and ages less than 50@tdghown

as a function of open cluster age. The three panels are frprtotbottom
theU, V andW components of the velocity. There is no noticeable increase
in the variance over the 500 Myr period.

(1987)) are

. 0Pc(R,z) L2
B = —%+ﬁ (12)
. __0%c(R.2)
o 0z
L. = R%

where L, is the conserved angular momentum around:ztais.
With this simple set of equations it is now possible to nucely
simulate the number of clusters and their ages in the solghne
bourhood as a function of time, taking account of the disparsf
clusters and loss by evaporation.

4.1 Velocity dispersion of open clusters

Open clusters for which both proper motions and mean raéial v
locities are specified in the WEBDA database are analysed-in o
der to estimate the velocity dispersion. Restricting tha taopen
clusters within a radius of 850 pc of the Solar System and with
ages less than 500 Myr reduces the number to 105 open clusters
Their measured proper motions and mean radial velocitidade

the following components: 1);, the velocity of the cluster, 2)s,

the velocity of the Solar System, 8),;, a velocity component due

to Galactic rotation, and 4) a measurement error.
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The velocities are initially transformed to (U,V,W) in the-|
cal system of rest (LSR), where U is in the direction of thd-ant
Galactic center, V in the direction of Galactic rotationdaV in
the direction of Galactic north. Applying corrections fbetSolar
System’s velocity with respect to the LSR/o, Vo, Wo) = (-9,
12, 7) km/s, and for Galactic rotation,

Vi == V'L - V@ - Vrot (13)

where the index refers to each of the 105 open clusters. The ve-
locities v; display a systematic variation as a function of Galactic
latitudel, which is removed. The resultin@, V, W) velocities are
shown as a function of age in the three panels of Hig. 8. A rea-
sonable assumption is that the components of velodjtie¥’, V)
have a Gaussian distribution and therefore the distributiothe
velocities squared will be the gamma distributip(, 1). Arrang-

ing the data into bins of size 10 Kifs? and fitting the resulting
distribution for each of the velocity componens, V, W) gives
the variance of each velocity componentHowever all velocities
contain a small measurement error which adds to the truevelo
ity dispersions. If the measurement error is also assumbéeve a
Gaussian distribution, the velocity can be written

v, =V + & (14)

wherev; is the required velocity ané; is the small error. The ve-
locity dispersion becomes

2 ~2 2

g = O'U+€U (15)
2 ~2 2

gy = Uv+€v
2 ~2 2

ow = UW+6W

whereo on the left hand side is the estimated velocity dispersion,

is the required variance amnrds the error in estimating the velocity.
The final step is to perform a bootstrapping Monte-Carlo sim-

ulation wheree™* = 37 % of the velocitiess; are chosen at ran-

dom, and a small Gaussian distributed velocity compomeist

added witho? = 1 kn?/s?. For each of 19 realizations one de-

termines the velocity dispersions and so probes the satsibf

the parameters. The average dispersions of the ensembtaiace

to be

oy = b7+14 km/s (16)
oy = 3.2+0.8 km/s
ow = 3.2+0.4 km/s

These values are similar to those found for young clusters
by |Piskunov, A. E. et al.| (2006) and are for ages 6 Myr,
(ou,ov,ow) = (7.2, 4.1, 2.6) km/s but with the important dis-
tinction that the dispersions are found not to increase thae6500

Myr time span used in this work, as is also indicated by vigual
spection of FigB. Although the velocity dispersions in [E§ still
contain an unknown small added error, the foregoing armabyjses
credence to the use made of open cluster data over the past 50
Myr.

4.2 Numerical procedure

The aim is to simulate the formation and dynamics of opentetas
in the Galaxy, and to be able to modulate the effect of spatad
temporally variations in cluster formation by the presentéor
example spiral arms. The simulation is confined to an anrwitls
inner radiusR i, = 7.4 kpc and outer radiufimax = 9.6 kpc,
with the solar circle aRs = 8.5 kpc. The effect of the spiral arms

y [kpc]
y [kpc]
y [kpcl

x [kpc] x [kpc]

Figure 9. Snapshot illustrations of a model of the dynamics of open sta
clusters that tests the effect of cluster dispersion on ¢eenstruction of
SN rates in the past, as was done with real data in Bect. 3. Sdelrtracks
the motions of clusters following their formation within &gc annulus in
the Galactic plane containing the solar circle, which hasdaus of 8.5 kpc.
The red coordinate axes are scaled smaller than the blaskbgxa factor
of 0.7 for better viewing of initial and final positions of cliers. Plotted
using the red axes, the red points show the initial positafrdusters born
at times a) -8 Myr and b) -72 Myr, assuming a 4-armed spiratstre with

the arms separated by 90 deg. in phase angle. The small witbleadius
0.5 kpc indicates the solar neighbourhood. Plotted usiegbthck axes,
the black points show the positions of the surviving fractaf clusters at
time t=0 Myr, after integrating the trajectories f6r8 Myr and¢=72 Myr,

respectively. The position of the solar neighbourhoodjraghown by the
small circle, rotates more than 90 deg over 72 Myr. Note tmatiumber of
clusters has visibly diminished after 72 Myr, by the modallswance for
a randomized loss of clusters (see text).

is simulated by a density variation in the formation of neustérs,
using the Gaussian relation

4 2
P(¢,t) =po+ leL exp [%} ) a7
where¢ is the angular coordinate; (¢) is the angular position of
the'th arm at timet, p; is the amplitude of the density maxima,
po iS a constant, and; is the width of the density maxima. Finally
P(¢,t) is normalized so its maximum is one, with imposed peri-
odic boundary conditions ith. The temporal dependence ©f(t)
makes it possible to simulate a pattern speed for the spitattare.
The pattern speefpr is chosen so thah) of Eq.[8 corresponds

to AT = 128 Myr between spiral arm passages of the Solar Sys-

tem. The numerical procedure begins by simulatinyttfjectories
originating at random positions distributed uniformly ire{ R, ¢)
plane, in the annulus of 2 kpc containing the solar circlé, expo-
nentially distributed in ther direction with scale height of 50 pc.
Integration of the equations of motion over a time pefi@dwhere
T, = [8,16,24, ...,512] Myr, then gives 16 new trajectories for
each’,.

This basic set of trajectories is then modulated using El. 17

to simulate either a homogeneous stationary pattern or amiyal

&patial structure caused by a 2-armed or a 4-armed spirrpat

whereby clusters are born with a higher probability withispéral
arm than between spiral arms, and are rotating with a spétsm
speedp. In addition cluster lifetimes are simulated by removing
a fraction (chosen at random) of cluster trajectories of Agein
agreement with the decay law in Ed. 4 for the evaporation sindi
tegration of clusters.

Figure[® is an example which displays a subset of the sim-

ulated cluster histories. The red annuli in panels a) anchbyvs
the initial positions in the Galactic plane of newly formelds:
ters at times -8 and -72 Myr respectively, with the imposedatiap
modulation around the annulus corresponding to the 4-aspiedl

(© 0000 RAS, MNRASDOG, 000-000
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Figure 10. Example of a simulated reconstruction of the SN rate based on

the age distribution of open clusters over 500 million ye@gr) within
the solar neighbourhood (a). When the decay is taken intouatcthe for-
mation rates of clusters over 500 Myr are derived in the bluwesin (b),
where the black curve is what the rates in the solar neigiioma should
have been according to the initial input into the simulation(c) the appli-
cation of the supernova response function illustrated gn[Figives the SN
rate per 8 Myr (red curve), whilst the black curve is the SNorstruction
based directly on the input number of clusters, as in thekliacve in (b). It
is a general feature of the simulations that the oldest gantsless accurate
reconstructions.

structure. The pattern is moving, so that there is a 128 Myinde
between encounters of the solar neighbourhood (indicagetthéd
small black circle) and the highest rates of cluster fororafound

in the arms. Using a larger scale (black coordinate axed)dtier

viewing, the black annuli of points in Fifi] 9 show the positicof

clusters integrated from = -8 and -72 Myr tot = 0. Notice that
for clusters of age 72 Myr the number surviving is alreadyblys

reduced.

FigurdI0a shows one simulated realization of the age lolistri
tion over the 500 Myr period. The cluster formation rate iesg#n
so that the number of clusters in the solar neighbourhoad=at
corresponds realistically to what is observed. Corrediinghe de-
cay of clusters leads to the cluster formation rate over GgeNyr
as shown in the blue curve in Fig.]10b. The black curve in thagp
is the modelled input of the number of clusters in the soléghie
bourhood at each instant of time. Finally Higl 10c is thewaetiSN
variation (red curve), together with the SN variation bagiedctly
on the input clusters in the solar neighbourhood (blacke&u®ne

(© 0000 RAS, MNRASD0Q, 000—-000

SN(t)/SN(0)

SN(t)/SN(0)

-400 -300 -200 -100

Time [Myr] Time [Myr]

Figure 11. Results from the model of cluster dynamics applied over 500
Myr give normalized SN rates near the Solar System. The hlnees show
the rates that would be inferred directly from the modellagsters in the
solar neighbourhood, had they been observable at the tirtrenfforma-
tion. To show results obtained by looking back in time from finesent age
distribution of nearby clusters, each of the red curvesfiriad from 100
realizations of the simulated age distributiort at 0, which take account
of cluster dynamics. The error bars show the Yariance of the realiza-
tions. In Panel a) the simulated formation of clusters iewblin the blue
curves accords with a spiral structure with two equal arn® dé&y. apart
and with velocity dispersions given in the text. Panel b)nsilar to a) but
for a spiral structure with four equal arms 90 deg. apart)st/im Panel c)
the cluster formation is spatially and temporally homogergeand the re-
constructed SN rate is approximately constant. FinallpelPd) simulates
the results from real data in Sefct. 3, shown in the black giafo, by using
unequal spiral arm amplitudes = (1.0,1.5,0.7,0.8) in generating the
birth of clusters, and with velocity dispersions given ie thxt. Notice that
a fairly good agreement persists between the red and blveg;uneaning
that it is possible to reconstruct the SN variation from tge distribution
in the solar neighbourhood, although the uncertainty geafor the oldest
part.

sees a fairly good agreement over the period although thesold
part is less satisfactory.

Figure[11 shows applications of the cluster dispersion tnode
to various star formation histories over 500 Myr, in a 1 kpe re
gion around the Solar System, assuming different modelfef t
Galaxy. In each panel the blue curve shows the "true” histdry
SN rates in the model, based on a simulated formation of open
clusters that would have been observable by astronomeatshbg
been alive all those millions of years ago. Each red curvevsho
the history of SN rates "inferred” from the modelled age rilist
bution of surviving clusters in the solar neighbourhood at 0,
using the method applied to real observations in $éct. 3[Hg
assumes a 2-armed spiral structure with equal sized arrasadeg
by 180 deg.p; = (1,0, 1,0) andpo = 0 and velocity dispersions
ou,ov,ow) = (4.3,2.4,2.8) given in Eq[I®6. The "inferred” SN
history in the red curve is averaged over 100 realizationthef
simulation. There is overall agreement with the "true” bigtin
the the blue curve, although it is less good in the earliesesi
-400 Myr). Fig.[11b is similar, but for a 4-armed spiral stre
with equal sized arms separated by 90 deg.—= (1,1,1,1) and
po = 0 and velocity dispersionsu, ov,ow) = (4.3,2.4,2.8).
The "inferred” SN history in the red curve is averaged oveD &
alizations of the simulation. Again there is overall agreetwith
the "true” history in the the blue curve, less good in theieatl
times (< -400 Myr). A situation with spatially and temporally ho-
mogeneous cluster formation is shown in Eig. 11c the SN sgitgn
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Table 2. Parameters of the model Galactic potential E¢§. 91D, ldntak
from|Faucher-Giguere & Kaspi (2006)

Constant Disk-Halo (dh) Bulge (b) Nucleus
M 145.0x10° Mg 9.3x10° Mg 10.0x10° Mg
51 0.4
B2 0.5
B3 0.1
h1 0.325 kpc
ha 0.090 kpc
hs 0.125 kpc
ag 2.4 kpc
b 5.5 kpc 0.25 kpc 1.5 kpc

over the 500 Myr period displays a fairly constant SN ratehwit
only small fluctuations.

Finally the real observations are simulated in Eig. 11d bygus
unequal spiral arms as specified in the caption and with itgloc
dispersions(ou, ov, ow). The red curve is the reconstructed SN
variation from 100 realizations of the simulation, with@rbars
showing the 1o variance of the realizations. The black histogram
is the reconstruction based on real observations as seeg. [Ad-
The correspondence between the curves is satisfactdmgugih it
falters again at about -400 Myr. Comments on the performafce
the simulations are deferred to the Discussion in $éct. 8.

5 THE NEAREST SUPERNOVAE

The averaging of supernova (SN) rates in bins of 8 Myr, asgn Fi
[c, provides a low-resolution overview of substantial gfemin the
background of GCR reaching the Solar System during the st 5
Myr. But at a high resolution, not directly available frometbpen
star cluster data, one would see much larger short-livetLigions

in GCR due to the nearest supernovae. The main purpose ialthe f
lowing is to demonstrate the type of fluctuations in GCR elgac
at Earth as a function of time. Since the most important eesrg
for ionization in the lower atmosphere are 10-20 GeV, GCRthw
energies of 10 GeV will be used. A model is needed but, with to-
day’s computers, elaborate models of GCR propagation wittefi
grids cannot resolve the steep gradients around poinsikeces
(Buisching et &l. 2005). The approach used here is therefe@ve
the transport equation analytically, although that mehestiodel
has to be simple. In this section a model of the temporal traria
of GCR at the Solar System will be calculated, consideriny thre
transport of GCR by diffusion in the interstellar mediumNIf as-
suming it to be homogeneous for a radius of 1 kpc in the Galacti
plane centred on the Solar System, and with a Galactic haghthe
of about 3-4 kpc beyond which particles are presumed lost. Th
effect of GCR modulation by solar activity and the Earth’sgna
netosphere are not included since they are of second or@es)(1
compared to the SN induced variations for 10 GeV particlégs. F
ure[12 displays the geometry. The transport of GCR in the ISM i
simplified to a diffusion equation of the form, following Bthing
(2004); Biisching et al. (2005),

aN(P7 x? y7 Z7 t)
ot
whereN (P, z,y, z,t) is the density of GCR particles with rigidity

P, S(zo,yo, 20, 1) is a source term of GCR particles from a super-
nova remnant, anél(P) is the diffusion constant given by

= S(w0, Yo, 20,t)+k(P)V>N (P, z,y, z,t)(18)

z=0 S(Xa}IaZ’t)
[

/ y

X

Figure 12. The geometry used to simulate the GCR flux in the solar neigh-
bourhood. The Solar System is the yellow dot in the centrereamdy axis

are in the Galactic plane. Any GCR flux originating from suyae in the
ISM (blue) is assumed to escape from the ISM at the two planesH and

z = —H, where the GCR flux is therefore set to zero. The red dot itelica
the position of one source of GCR.
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Figure 13. The GCR flux (10 GeV) enhancement caused by individual SN
events, located in the Galactic plane, at increasing distafrom the Earth.
The solid curve is for 10 pc and subsequent curves are faardiss 110,
210 ... 910 pc, and a height of the ISM2f = 3 kpc.

k(P) = ko (5)0'6 (19)

Py
whereky = 0.26 kpcMyr—! and P, = 4GV/c (Ginzburg et 4l.
1980;/ Busching et al. 2005; Dimitrakoudis etlal. 2009).c8ithe
interest is in the GCR flux in the solar neighbourhood, thewystoy
will be that of a slab with heighH, and infinite extent in the
perpendicular directions, in a cartesiany, z coordinate system as
in Fig.[12. The slab is a simple model of the ISM. So the boundar
conditions are

N(P7 x? y?Z = i]—_1—7 t) = 07

—oco<r<oo, —oco<y< oo , —H<Lz<H

(20)

(© 0000 RAS, MNRASDOG, 000—000



Evidence of nearby supernovae affecting life on Eartiil

10fa) " UL
05} Lt . -
£ oof LS
- :'::.l"‘-' .'.g.: .:: ::
0.5 i
aob o
-1.0-0.5 0.0 0.5 1.0
x [kpc]
T oA D) L e S e
& -0.0F [0t Ba s ]
N -0.1_— % ]
-1.0 -05 0.0 0.5 1.0
x [kpc]
LOOFC) sigegarn woomewnrrs, oot 4 08 o 3
- F L . el
g i
= 0.10 3
[a E
0.01[
0 10 20 30 40 50
1.2:
1.0F g) 3
5 0.8F 3
£ F
= 0.6f 3
T o4f 3
0.2 3
0.0k E
0 10 20 30 40 50
Time [Myr]

Figure 14. Model of the frequency of supernovae resulting from a period
of At =8 Myr of initial star formationa) is a uniform distribution of SNs
in the Galactic plane (x,y) for distances< 1kpc. b) is the distribution
of SNs perpendicular to the Galactic plane with a scale hexgt®0 pc
(Miller & Scala|1979). The height of the ISM BH = 3 kpc.c) is the tem-
poral distribution of SNs on a scale of 50 Myr, derived fror 8N response
function, as a function of the distance from the Solar Sysfeimally d) is
the variation in GCR (10 GeV) caused by star formation in thgal At

= 8 Myr interval. The tallest spikes id) correspond with the nearest SNs
in c). The GCR curve is scaled to the present SN rate = 27 Rptyr 1
(Grenier 2000).

The source function of GCR from one SN occurring at
(i, yi, 21, t:) (Blsching et al. 2005), is written as

S(vavywzvtv mivyivzivti) =
t—t; PN\ “
(t — t;) exp (— . ) (Fo) ot — t)x
6(x —w:)6(y — y:)o(z — zi)
whereO(t) is the unit step function, antlis the delta function, and

« is the slope of the source spectrum. The Green’s functiothfor
diffusion equation for a slab geometry is found from

(21)

oG 'y et
(xvyvz7gt7y 250 ) _ k’V2G(:c7y,z,m',y'7z'7t7t') —

8z —x")o(y —y)o(z =)ot —t)  (22)
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and is
G(x7 y7 Z7 l‘l7 y/7 Zl7 t7 tl) =
1 (z—2)+@y-vy)
AnkH( 1) P [ (t — 1) *

<§: exp {- (%)zk(t—t’)} .

sin [Wn(z+H):| sin |:7rn(z’ —|—H)])

2H o0 (23)
The solution to the original equation becomes
N(x,y,z,t) =
oo %) H t
/ / / /G(w7y7z7w'7y',Z',t,t')x
—ooJ—coJ—HJt/
S(IE/, ylv Zl: tl)dl’ldy/dzldt/ (24)

Figure[I3 shows an example for the above solution where the
enhancement of the GCR flux (10 GeV) caused by an individual
SN, located in the Galactic plane, at increasing distanwes the
Earth. It is then possible to simulate the effect of a largmiper
of SNs occurring at different times by simple superpositéthe
solutions in Eq[2K. Assuming that the density of SNs vanes i
accordance with the observed changes in the SN rates atatattu
from the open clusters, as in F[d. 2c, one can simulate anguryi
GCR flux. The procedure is as follows:

e Use the calculated cluster production rate during the 188t 5
Myr (as shown in Fid.12b), as the basis of the stochastic tation.

e Estimate the number of massive stars that go supernova in a
time step ofA¢ = 8 Myr by scaling SN(0) to the present rate of SN
in the 1 kpc region, as SN(0) = 27 kpeMyr —! 7 1 kpc® 8 Myr =
679 SN (Grenier 2000).

e Distribute the SN in space by using a random generator to
make a uniform distribution (x,y) in the Galactic plane ie thkpc
region, and an exponential distribution with a scale heid!®0 pc
(Miller & Scala1979) around the alactic plane with coordaa.
Figs[TI4a and14b show one realization of such a spatialllision
based on an 8 Myr time step.

e Having the estimated number of massive stars (the SN progen-
itors) in a time step\¢, use the response function shown in Eig. 3 to
calculate a temporal probability distribution prescripitme times
t; when the massive stars go SN. Figliré 14c shows the temporal
distribution and the distances of the SNs from the SolareBysh
the following= 40 Myr.

e From the temporal and spatial distribution of SNs, caleulat
the solution in EqC24 for each SN at distance and timegt),
and add the solutions to obtain the temporal GCR flux at tharSol
System.

Figurd14d shows the temporal evolution based on the abaeepr
dure from a single time stefit = 8 Myr. The massive SN progen-
itors stars go SN with the coordinatés;, y;, z:, t;) within a 1 kpc
distance in the solar neighbourhood and within an appratdina

40 Myr period following the initial formation of the massigtars.

For each SN with a distance and a time the solution based on Eqgn
[24 is calculated, and then all the solutions are added to thive
temporal variation at the position of the Solar System. Asnda
Fig.[14c and d only a relatively close SN results in a cledkespi

the GCR flux. Figuré15 illustrates one (random) realizatibra
calculation of the GCR flux caused by the varying SN rate d@urin
the past 200 Myr as determined from the estimate of open clus-
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Figure 15. Variability in the GCR flux (10 GeV) to the Solar System (red
curve) calculated over 200 Myr using a stochastic model ofiSiibution
(see text). The red curve shows the SN rate in bins of 8 Myniate. The
height of the ISM i H = 3 kpc.

ters production (Fid:J2b). Notice that the GCR variation ighty
fluctuating with many positive excursions caused by SNs tiear
Solar System. The variations in GCR shown here are calcllate
for 10 GeV particles ané, = 0.026 kpéMyr ~!. With respect to
changes in ionization of the terrestrial atmosphere, tlaeseex-
pected to be much larger than for similar variations in the&s8Y
flux caused by solar activity. The reason is that solar dgtivén
modulate GCR primary particles only at the low end of the gyer
range, and leaves thoseB0 GeV almost unaffected. A close SN
delivers the whole spectrum up to'10GeV. This effect of high-
energy primaries on atmospheric ionization will be desatilin
more detail in a forthcoming paper (Svensmark, in prepamati

Very close SNs, at < 10 pc, seem to be extremely rare, in
agreement with previous estimates (Fields & Ellis 1999)ddn-
nately no terrestrial archives can directly provide a tirages to
test this high-frequency variability of the GCR flux. But ifet im-
pact of GCR variations is significant for the Earth’s climatense-
guences of the brief spikes can be sought in the geologicalde
as in the following section.

6 RESULTS: LOCAL SUPERNOVA HISTORY AND
CHANGES OF CLIMATE

As noted in the Sect[]1, evidence has accumulated in re-
cent years that the influx of Galactic cosmic rays, as mod-
ulated by solar magnetic activity, influences the Earths cl
mate. Climate variations during the past 10,000 years,ctite

in deep-sea cores or in stalagmites from caves, closelkedac
changes in the GCR flux as recorded by the radiogenic iso-
topes'®Be and'*C (Bond et al! 2001 Neff et al. 2001). A pro-
posed mechanism by which GCR can affect the Earth’s cli-
mate is via an influence on cloudiness (Ney 1959; Dickinson
1975; | Svensmark & Friis-Christensen 1997; Svensmark |1998;
Marsh & Svensmark 2000; Harrison & Stephemnson 2006). The ba-
sic assumption is that negative ions created by GCR help t®@ma
fine aerosols which subsequently grow to cloud condensatien
clei on which water droplets form. As a result more GCR create
more low clouds and the larger albedo results in a coolindhef t
Earth. Although thin clouds at higher altitudes can exeraaming

on Earths surface the net effect of all clouds is a coolingtfdann

1993). In addition observations suggest that high cloudsuaaf-
fected by variations in GCR (Marsh & Svensmark 2000).

In experimental chambers that simulate atmospheric condi-
tions, negative ions produce new ultra-fine aerosols 2-3mdi-i
ameter|(Svensmark et/al. 2007; Kirkby el al. Z011). To bolostct
formation, these additional ion-generated aerosols havgrdw
to sizes larger than 50 nm to become cloud condensationinucle
(CCN). An increased competition for condensable vapoispee
cially sulphuric acid produced by UV-photochemical reaisi in-
volving ozone, sulphur dioxide and water, might slow dowa th
growth so much that any small increase in aerosols would $te lo
before reaching CCN size (Snow-Kropla et al. 2011). A reeant
periment seems to have resolved this conundrum, by finding a
second ion-induced pathway for the formation of sulphudida
(Enghoff et all 2012; Svensmark etlal. 2012). As sulphurid &
one of the most important molecules in the formation and gnow
of atmospheric aerosols, its production by GCR ionizatiopears
to give a very simple explanation of how GCR changes can ebntr
the number of CCN, which ultimately affects the climate omtEa

Moreover, the whole chain of effects from solar activity to
cosmic ray ionization to aerosols and liquid-water clousislis-
cernible in the real atmosphere during the days followingl@x
sive coronal mass ejections that reduce the GCR flux neah Eart
(Svensmark et al. 2009; Svensmark et al. 2012). For the mest i
fluential recent events, the liquid water in the oceanic aphere
decreased by as much as 7%. Over decades, centuries and mil-
lennia, the GCR flux reaching the Solar System from the Galac-
tic environment is more or less constant. Changes in the flux a
the Earth have been due to changing solar activity, withatiams
of the order 10%. But on longer time scales (Myr) the changes
in local star formation rate and subsequent SN and GCR accel-
eration can produce much larger changes in the GCR flux. Ef-
fects of variations of GCR due to the stars rather than the Sun
offer an independent test of the proposed link between GCR
and Earth’s climatel (Shaviv 2002, 2003; Shaviv & Veizer 2004
de la Fuente Marcos & de la Fuente Marcos 2004).

When the GCR flux increases as a result of astrophysical ac-
tivity, the expected increases in cloudiness and the Eaalbedo
should cause the climate to cool. Changes of climate dutieg t
history of the Earth, as detected by geologists, show biggsvi
between warm and cold conditions, and many occurrencesnef co
tinental ice sheets. In this perspective, the sudden lageases in
the flux due to the nearest supernovae, considered if$sbbdd
result in severe global cooling events on time scales of teraf
10,000-100,000 years, which are long compared with theyittes
of species but quick in geological terms. When one seardies t
geological record for symptoms of brief but severe coolingngs
with the magnitude, time scale and frequency appropriatsifp
nals of the nearest SNs, the most promising are short-liakslifh
global sea level, called marine regressions, for whichetleists
no other satisfactorily comprehensive explanation.

By exposing beaches to erosion, the marine regressions have
left signatures of discontinuous strata that are used nelytifor
seismic stratigraphy. In the decades since they came estiaige in
geophysics| (Hag et dl. 1987), hypotheses on offer to explan
short-term falls in sea level have included trapping of waite
lakes, rifts or underground (hydro-eustasy) and changt®isup-
ply of sediments to beaches possibly linked to 400-kyr iatsoh
cycles ("supra-Milankovitch” cycles). Some of the smallegres-
sions may be explicable in such ways, but many fal5 m seem
to require the presence of ephemeral ice sheets, even dineng
warmest geological periods (Miller et/al. 2005). Excellsapport
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Figure 16. (a) Short-lived falls in sea level (marine regressionshseehe
stratigraphic record (data of Hag er al. (1987) obtainednfildiller et al.
(200%)) during the past 50 Myr are suggested to be signalbeohear-
est supernovae, enhancing GCR and provoking increasedictss and
glaciation. The blue curve in the top panel, where the rigirid scale is
inverted, shows an overall fall in global sea level due nyatol the loss
of ocean water into ice sheets of increasing volume grouiéue polar
regions. The trend corresponds broadly to the overall S&l(red curve),
here presented in bins of 3.5 Myr. Because of the scale iiovgrthe short-
lived marine regressions appear as brief spikes superidpmsthe general
trend in sea level. In variance and frequency they reserhklexcursions
in GCR modelled in Fig_15, due to the nearest supernovaedrotver
panel the simulated GCR flux (10 GeV) over the past 50 Myr ipemates
excursions due to the nearest individual supernovae. Natethis is just
one random realization of the statistics of SN events.

for the regressions history and a link to glaciations comemf
Billups & Schrag[(2002) who used Mg/Ca and oxygen isotopes in
benthic foraminifera to assess changes over the past 27 Myr.

SN(t)/SN(0)

-300 -200 -100 0

Time [Myr]

Figure 17. Variations in SN rates during the past 500 Myr (red curve) to-
gether with at1-0 uncertainty (dark grey band) anll-o uncertainty in-
cluding Poisson noise (light grey band). The vertical dedires are the
separation between geological periods. The coloured badidates cli-
matic periods as given in Table 3: warm periods (red), cotibps (blue),
glacial periods (white and blue hatched bars), and finalgkpgaciations
(black and white hatched bars). Notice the correspondeateelen high
SN activity and cold/glacial climate. Abbreviations forajggical periods
are: Cm, Cambrian; O, Ordovician; S, Silurian; D, Devoni@nCarbonif-
erous; P, Permian; Tr, Triassic; J, Jurassic; K, CretacddgsPalaeogene;
Ng, Neogene. Plot starts at -510 Myr.

level falls are just what are to be expected as signals oécliban-
usual SN detonations.

The more persistent changes in sea level seen i Flg. 16 tell
a grander story about the build-up of ice sheets on Antarcts
the Earth began to develop its present glacial climate. $taaesi-
tant process (Zachos etlal. 2001) with major cooling andafian
beginning 33 Myr ago, a warmer interval starting 26 Myr aga a
refreezing in the gradual build-up to recent ice volumesregg
10-14 Myr ago. It can be seen from the red curve in the uppeglpan
that this timetable is broadly consistent with ups and doinrtke
SN rate.

Reverting to the overall pattern of SN rates derived in Sect.
[3, these can be compared with more gradual but larger changes
in climate in the past 500 Myr, alternating between persibte
warm and persistently cold conditions. Cold and glaciabrivels
are listed in Table 3 and shown in the coloured band in[EigAll7.

In the absence of other evidence for when the nearest SN geological periods and dates are given with reference tdGire

events occurred, the hypothesis that they provoked majoinma
regressions can be considered by referring to the fluchmiio
GCR calculated in Sdd 5. Fig.]16 focuses on the sea level esang
over the past 50 Myr, shown in the top panel (scale inveri&dp

in the top panel is the varying SN rate (red curve), shown i th
case with a resolution of 3.5 Myr. The overall covariationsef
levels and SN rates is good, but it becomes better in detahvaim
arbitrary randomization of the SN events within each peabd.5
Myr generates the GCR flux shown in the lower panel. The count
of major marine regressions includes25 regressions of25 m,
which can be compared with an expectation?5 major GCR ex-
cursions due to the nearest supernova, as shown in the lamel p
of Fig.[18 & 0.5 Myr~*). The aim here is not to try to achieve a
perfect covariance by further statistical iterations, toutilustrate
that, in the absence of any other explanation for them, thiesfea

(© 0000 RAS, MNRASD0Q, 000—-000

ological Time Scale 2004 of Gradstein et al. (2005). Stgrtuith
data from_Rover (2006) and Saltzman (2005), a scan of the lite
ature adds important details. Also noted are what seem tbée t
"peak ice” times over long intervals, which are of interest the
GCR hypothesis, although one should be aware that the naigsit
of those glaciations differed greatly.

Despite the uncertainties about peering so far back in time,
both astrophysically and geologically, the associatiawben cold
conditions and high SN rates stands out clearly in[Eig. 17pne
vides strong support for a very long-term GCR-climate lin&ttis
independent of solar variations. Also noticeable in Eid.islthe
way most geological periods fit neatly around either an uptura
downturn the SN rates, suggesting that the transition froee-
riod to the next is connected to a major change in the ast=igdly
environment.



14 H. Svensmark

- -4
1.4 J K Pg | Ng 800 . . . x
[ i _ 700F } }
B P "
L - 2 I ]
$ 500F I } } } [ .
—Q I ]
S 10! Zo 400F mﬂ [ 1A | N ﬂ} .
> 10 e ot MG, WA ]
7y 5% 300 ] i ]
< 0 ~  200F .
g 08 L - - - -
1o -500 -400 -300 -200 -100 0
0.6 500( 130
I 400r 425
f 'E 300} i =
L = i 1208
04 L Ll LoLe Ll --4 2 200 N\ A~ ] %
200 -150  -100  -50 0 @ 100 i /S 7158
Time [Myr] & of J1.0<
L / ]
Figure 18. Measurements of' 0O over the last 200 Myr (coloured points)'loo_’ ’ 40.5
compared with SN history over the same period (red curvghtlblue data -200 . . . . 3
points are from Zachos etlel. (2001) and grey circles are|fookoph et &l. -500 -400 -300 -200 -100 0
(2008). The dark blue curve is an average of the grey poirtts.light blue t [Myr]

points have been offset by -2.5 per mil relative to the gretada take
account of the provenance of the data from deeper water.

Figure 19. Upper panel: genus-level diversity of extant and extinctinea
invertebrates as an index of variable biodiversity (Alrv\ak (2008), based
on a sampling-standardized analysis of the Paleobiologgtiaae). Lower
panel: First-order sea level variations attributable tcbamics (adapted from

Widely used as a quantitative measure of changes in temperaiyaq et al. [(19€7}: Haq & Schuttér (2008)).

ture is the ratio between the two stable isotopes of oxyt&dand
160, found in sediments and fossil sea shells. Oceanic engnhm
with 180 occurs in cold conditions for physical reasons, of which
the simplest is that light water molecules with plit® evaporate a
little more readily5'®0 is measured in parts per mill (i.e. parts per
thousand) compared with a reference material (Vienna PRR, -
per mill) and it is important to be aware of the provenancehef t
data, because regional differences can obscure the glattatep
That is why, in comparing*0 with SN rates over the past 200
million years, in Fig[ZIB, prominence is given to resultsiiroare-
fully chosen mid-latitude sea shells (Zachos et al. 2001hpagh
other sources are also included (Prokoph 2t al. [2008). Axane
see in Fig[IB there seems to be, with some exceptions, aalover
correspondence betweéfO and SN rates.

7 RESULTS: ECOLOGICAL CORRELATIONS WITH
SUPERNOVA HISTORY

One index of success or setback for life in general is biadite
The evolution of living creatures can be gauged by the rateigf
ination of new forms (classified, for example, as orders,ilfam
genera or species) and the rate of extinction of old forms. difs
ference at any stage results in an increase or decreasebaf glo-
diversity. By counting known fossils, palaeontologistsénéound
large variations in marine biodiversity over the past 500r.M»ne
top panel of Figl_ 19 shows the recently re-assessed geneisdie
versity of marine invertebrate animals. One of the manyiriaic
and environmental factors suspected of influencing biaslityeis
sea level, shown in the lower panel of Hig] 19. Excluding thefb
marine regressions discussed earlier, this curve is theofidger en-
velope of long-term sea level. Conventionally, in platedeis, the
accretion of mid-ocean ridges during sea-floor spreadisesiup

1.6_ 800

600

200

-200 0

Time [Myr]

-400 -300

Figure 20. SN history and marine invertebrate genera. The black c@rve i
based on the SN rates and given by [Ed. 27. The blue curve shavisem
genera normalized with the sea level (Eg. 29) and definedeasght-hand
side of Eq[2B. The grey area is therlvariance calculated from a Monte
Carlo simulation. The error bars on the genera (blue curkiejvsa min-
imum 1o uncertainty since an error estimate is not available forsese
level data. Evidently marine biodiversity is largely expkd by a combina-
tion of sea level and astrophysical activity.
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Table 3. Episodes of glaciation and cold intervals as displayed ¢[Ed. (1)_Saltzmar (2005); (2) Saltzman & Young (2005); (Rtfer et al. [(2008); (4)
Rover (2006); (5) Fielding et Al. (2008); (6) McArthur el (2007); (7) Bornemann etal. (2008); (8) Baumann & Huber €)99

Period MyrBP  Cold intervals  Conditions  Reference
Cm Cambrian 542 502 -492 Cold 1
(@) Ordovician 488.3 455.0 -443.7 Glacial 2

450 -445 Cold 1

445 -442 Peak ice 3
1
1

S Silurian 443.7 442 -415 Cold
D Devonian 416 375-361.4 Cold
361.4 -360.6 Glacial 4
360.6-359.2  Cold 1
C Carboniferous 359.2 375 -353 Cold 1
353 -349 Glacial 4
349 -345 Cold 1
326.5-325.5 Glacial 5
322.5-319.5 Glacial 5
317.0-315.0 Glacial 5
P Permian 299 299 -294 Glacial 5
294 -291 Peak ice 5
287 -280 Glacial 5
273 -268 Glacial 5
267 -260 Glacial 5
260 -251 Cold 4
Tr Triassic 251
J Jurassic 199.6 184 -183 Cold 4
167.7 -164.7 Cold 4
162 -159 Cold 4
150 -144 Cold 4
K Cretaceous 145.5 140.5-139.5 Cold 4
137.5-137 Cold 4
137 -136 Peak ice 6
125.0-112.0 Cold 4
97.5-96.5 Cold 4
91.3-91.1 Glacial 7
91.1-89 Cold 4
71.6 -69.6 Cold 4
67.5-66.5 Cold 4
Pg Palaeogene 65.5 65.6 -65 Cold 4
33-23.03 Glacial 4
Ng Neogene 23.03 23.03-2.8 Glacial 4
2.8-0 Peak ice 8
the sea level (Russell 1968). The long-term sea level mimirBQ0 marine invertebrate diversitf(¢) should be a function of SN rate

Myr ago coincided with the completion of the supercontineht I'(SN, t) and sea level (Sealevel, t) written as

Pangaea, whilst the peaks in sea level 100-70 Myr and 450 Myr

ago were associated with the spreading of new oceans follpwi  N(¢) = I'(SN, t)A(Sealevel, t) + €(t) (25)
the breakup of Pangaea and of its predecessor Pannotia.

wheree(t) is a hopefully small noise term. If the genera count is
normalized by the sea level, a possible effect of the asyisiph

A higher sea level will result in flooding of low inland ar- X
will be as

eas, and increase the total length of coastline and the &rb& o
continental shelves. This results in more heterogeneadbisaltsin
which species can evolve, leading to an increase in diyeisitd I'(SN¢t) =
Miller et all (2005) offer this as the reason for the develeptof
the three eukaryotic phytoplankton clades (lineages)dbatinate
the modern ocean. But the rough correspondence betweenemari
invertebrate diversity and sea level seen in Eid. 19 is plaiot
the whole story. Here the novel assumption is that variatiorSN
rates will also change conditions for the evolution of lifedhang-
ing the climate and thereby altering, for example, the ¢atbon

of nutrients and the variety of habitats between the Equatolr ,
the poles. If the sea level and the changes in climate cays&ib . / / '

are both important one would expect that the temporal elowiudf PEN2) =n / SN() exp [_)‘(t -t )} di' + vz @7)

N(t)
A(Sealevel,t) +elt) (26)
wheree(t) again is a noise term. Finally, since a mass extinction
can require 10 - 40 Myr recovery time (Alroy 2008), it is fugtito
be expected that a large change in SN can also lead to a patsist
effect on the genera count. The functiB(SN, t) should therefore
also depend on earlier times and the simplest relation is

— 00
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wherer; andv, are constants. Inserting Eq.]27 in Egl 26 one gets

N()
A(Sealevel,t)

t
Vi / SN(t'") exp [—)\(t — t')] dt’  + vo+e(t) (28)
Notice that the left hand side depends only on terrestriahtities
and the right hand side depends only on astrophysical dignti
Finally the sea level function is approximated by the twd fesms
of a Taylor expansion ok (Sealevel,t) as

A(Sealevel,t) = a+ B Sealevel(t) (29)

wherea and 3 are constants. Figufe 20 shows, as the blue curve,

the left-hand side of Eq._28 which is the ratio betwééft) and
A(Sealevel,t). The black curve in Fig.20 is the right-hand side
of Eq. [28). The curves are displayed for= 1, 3 = 1/250 m™*

and\ = 1/20 Myr~'. These values ensure the best agreement be-

tween the astrophysical part (right-hand side of Eq] (28}) the
terrestrial part (the left-hand side of EG.28)). The clatien co-
efficient is 0.89 for the last 400 Myr. Notice the overall agreent

between the blue and black curve, which gives confidencedn th

basic assumption made in Eql 25, namely that the chief govgrn
of marine invertebrate diversity are tectonics (sea leamf) astro-
physics (local SN rate).

Another global index of life’s successes and setbacks, te co
sider alongside biodiversity, is its primary productivihis is the
rate at which all the world’s carbon-fixing micro-organismusd
plants, powered typically by sunlight, assimilate carbon their
own growth and for the eventual nourishment of animals andifu

As the motor of the carbon cycle, the production of organiec ma

terial removes carbon dioxide from oceanic water and theoatm
sphere, and replaces it with oxygen. A simple working hypsi$y

suggested by carbon-isotope data for the past 4 Gyr (Sveksma

20064a), is that primary productivity increases in glac@iditions,
perhaps because of better nutrient supplies, caused byeaviger
orous mixing in the oceans during cold conditions. This likipsis
(to be discussed later) would predict:

(i) A drawdown of CQ from the environment in glacial condi-
tions. Since organic productivity consumes £xBere should be an
impact on the levels of atmospheric and oceanic, Ciigh pro-
ductivity draws down C@, until ultimately the productivity rise
is halted not only by exhaustion of nutrients but by the starc
of CO., which should prevent a total loss of environmental.CO
Conversely, low productivity should result in an accumiolatof
underemployed CQ

(ii) Due to the increased organic productivity an increasthe
heavy stable isotope of carboiiC, is expected in the oceans dur-
ing glacial conditions.

As glacial versus warm conditions seem to follow SN rateggFi
L7 andIB) one can look for matches betweer, CAC and SN

rates. In the case of GQdata are sparse in the earlier part of the

500-Myr record considered here, but more abundant latéfign
[27 the proxies for C@are paleosols (fossil soils) which offer the
longest time-span although less accurate at lovs (Rbyer et al.
2001) and fossil planktonic foraminifera organisms fromdceans

(Royer 2006). The C®scale is inverted because because high SN

rates (cold climate) and low GQOgo together, and the logarithm
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Figure 21. Used here as a proxy for Galactic cosmic rays (GCR) reaching
the Earth, the local supernova rate (red curve) from [Hig.s2compared
with the logarithm of concentrations of GOn the air (grey circles, scale
inverted). The filled circles show GQata fromé13 C in palaeosols and the
open circles are from foraminifera (Royer 2006). The plotgian overall
impression of C@ diminishing in cold conditions associated with high SN
rates, possibly because of drawdown of LBy photosynthesis in better
fertilized oceans (see text). Logarithms are used becaaseddwn should

be self-limiting when little CQ is available. Geological periods are shown
by their abbreviations as in Table 3.

hypothesis in respect @&f*C, as a possible indicator of primary
productivity.

When organisms take in carbon to grow, mainly as.G®
photosynthesis, they prefer molecules without the raré)(£C,
and so become enriched’ifiC . When they die and decay they usu-
ally return their enriched carbon to the environment, bteheays.

In the oceans, some of the dead phytoplankton, and othemisrga
that have fed on theit?C-enriched constituents, become incorpo-
rated into seabed deposits or trapped in deep water by adaifu
the oceanic circulation. On land, some plants become basgeat
or coal. Organic carbon sequestration and the loss of exdidC
leaves the global environment enrichedff€. This becomes ap-
parent in samples of surviving sea-floor deposits of indmaar-
bonate and in the fossils of organisms that lived in'tt@-enriched
environment. As the global mixing time for seawater is ofdhaer
1000 years, the regional influences ®C should tend to aver-
age out on the million-year scale considered here. The defirof
5'3C is given by

(13_0) -1
¢ ) sample
(130—

§'*C(per mill) =
W) Reference

x 1000 (30)

where measurements are referred t'C/"C)reference =
0.0112372 (Vienna PDB). The carbon cycle is an interactien b
tween different reservoirs, and its mass balance for tharofel-
lowinglKump & Arthur (1999)) can be written as

dMpy

T Fy — (Fp,orgt+ Fh,carb (31)

of the CG concentrations is used, on the assumption that the rela-
tion is not linear, in particular when the when €@ scarce. The where, My is the change in carbon mass in the ocean atmosphere
match between COand SN rates encourages further pursuit of the system Fy,, is the input of carbon from weathering and volcanoes,
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Figure 22. Changes in the global carbon cycle over the past 500 Myr are
reflected in the proportions of carbon-13 in sedimedts$ € in parts per
mill) shown by the scattered points, and compared here highvaria-
tions in the local supernova (SN) rate (red curve). Circles@3C in
marine carbonates: Cambrian (not labelled) to Carbonifei® (Saltzman
2005), Permian F_(Grossman etlal. 2008), Permo-Triasgisitian P-Tr
(Kakuwa & Matsumotd 2006), Triassic T_(Korte et al. 2005)rassic J

to Cretaceous K (Emeis & Weissert 2009) and Cretaceous KigJatral.
2006). Star symbols aré'3C in fossil organic matter (offset by 27 per
mill): Jurassic J to Neogene Ng (Falkowski et al. 2005). Tlaelbdashed
line is a smoothing of thé13C data. Notice that there are three brief gaps
in the §13C data (End-Silurian, Mid-Carboniferous and Mid-Jurassitie
plot starts at -510 Myr.

Fiy,orgs the input from organic matter and finally, c4pis the
carbon input from carbonate minerals. From this the changlee
oceanic (marine carbonate) carbon isotope reservoir besom

dModcarh
—a Fa dw — Fp,carcarb— Fb,org(dcarbt 28)(32)

whereAg = dorg — dqarpis the isotopic difference between or-
ganic matter and carbonate deposited in the ocean (typiotihe
order -25 per mill). On the time scales of Myr the above equati
reduce to steady staté{//dt = 0), and simple algebra gives

b,org _ %w — carb
Ey + Fp,org A

which indicates, under the assumption that the tefgpsand Ag

are constant, that the terfig 5, is related to the fraction of car-
bon buried as organic matter. Fig. 22 shows the variatiod$an
recorded as4,, (Cambrian to Cretaceous) andrg (Jurassic to
Neogene) from sources cited in the caption. The red curveeis t
variation in SN rate during the last 510 Myr. Despite the ¢avgri-
ability in 6'3C in each time interval, a dominant influence of the

forg= (33)
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SN rate plainly over-rides all the complex practical ancbtieéical
reasons why such coherence witiiC might not be expected (see
Sect[B). Considered together with the climatic evidencEigs.
[T7 andI8, the palaeobiological Figs] 21, 22 giveoagtr
impression of impacts of SN rates on both the evolution and pr
ductivity of life over the past 500 Myr. The interpretatiohtbese
empirical results is discussed below.

8 DISCUSSION

8.1 Galactic structure and supernova rates in the Earth’s
vicinity (Sections 2-5)

Given the uncertainties about the Milky Way, it seemed ehtir
possible at the outset of the quest for local supernova @tes

500 million years that complexities of Galactic structudesper-

sal of open clusters by orbital diffusion, or insufficientalavould

frustrate the effort. In the outcome, the results are seffity co-

herent to give a convincing match to known spiral arms (BigAb

the same time they are sufficiently variegated to shed nédw dig

Galactic structure, and in particular on big differencestiicture
outside and inside the solar circle seen in Hi@is. 6land 7.

For the primary reckoning of SN rates in the solar neighbour-
hood, seenin Fil2c, the size of the region around the Sgkies
was chosen to be large enough for a sufficient number of ckiste
in the statistical ensemble, and small enough for the enlgstmbe
as complete as possible. As seen in Fig. 1 these requirefiaitts
the preferred radius to about 0.85 kpc. Although using aerbffit
radius does change the shape of the resulting SN curvesgin th
vicinity of 0.85 kpc the change is not large. The decay lawofoen
clusters, given in EqJ2, is a simple law that fits the data. Gngd
argue that the decay of very young clusters is different fobder
clusters, warranting a decay law with two exponents thaldcm:
sult in a larger estimate of the number of old clusters, beitsim-
pler approach with only one exponent in Eh. 2 is preferrecir@gh
ing the exponent within the &-range leads to a small shift in the
overall slope of the SN curve. Finally the parameters usdtién
Starburst99 program to estimate the SN response curverséen i
can also be changed, which in some cases results in mayginal
different response functions, and therefore changes irethdting
SN curves. Again, these changes are not large.

Diffusion of clusters in and out of the small region occurs in
the course of time, and large initial velocity dispersiormnd cer-
tainly erase information about the oldest clusters forniiripe so-
lar neighbourhood. Results of a searching examinationeoéffect
of velocity dispersions, using the model in SE¢t. 4, are isutadir-
aging, and in any case they may be overstating the dispstsitie
simulations assume that the clusters were formed indepégde
and an uncorrelated Gaussian distribution of velocitiesél. This
view may be too simple. As shown py Piskunov, A. E. et al. (3006
there seem to be cluster complexes consisting of 10-10@ectus
that have a common dynamical origin, presumably because the
were born in the same giant molecular cloud. Clusters that ar
members of the resulting "families” have similar ages arallaf
cated at similar distances. In the simulations in $éc. 4 slyeh
namical correlations are not included. If they were inctlidine
likely result would be a smaller overall dispersion of thestérs,
with better retention of the cluster formation history ire tholar
neighbourhood. The simulations shown in SEkt. 4 may thezdfe
worst-case scenarios.

They also make it unlikely that the ages of nearby clustess ar
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accidental and unrelated to the Solar System’s journeytira
structured Galaxy. Simulations of homogeneous star foomai
the annulus including the solar circle, as displayed in[Efly, give
age distributions different from the observations in the BTZRA
list. In summation the results as displayed in [Eigl 11 givefieo
dence in the existence of a real astrophysical signal auntain-
formation about both a variable star formation history dreddtruc-
ture of the Galaxy near the solar circle. Reassurance als®o
from the meteorite data cited in Sdct. 3 that show almostdhees

average GCR rate over 500 Myr as that inferred from the aluste

data.

sions, but the very big impact in Mexico 65.5 Myr ago, which te
minated the Mesozoic Era, is associated with only a minoiimear
regression< 25 m.

Overall, the consistency of results concerning climate- pro
vides mutual validation of the star clusters as a guide to\&ts,
of GCR as a climatic factor, and of geological data as a window
astrophysical events long ago.

8.3 Local supernova rates, macro-evolution and biodiversy
(Section(T, first part)

Success with the astrophysics builds confidence in the use of Mass extinctions that ended the Paleozoic and Mesozoig iths

the SN rates as arealistic proxy for the GCR reaching the Sgis
tem over a long geological time-span. Results from thatqutace,
as in Secf16, are sufficiently positive to suggest that, inrfy ge-
ological data on GCR impacts may help to refine the astrophysi
Mutual support between astrophysics and palaeoclimatohas
already occurred with the application of the Milankovitglties in
astrochronology, as a means of achieving high resolutigeahog-
ical dating over the past 65 Myr. On longer time scales, hewev
isotopic chronology may make geological dates more setune t
stellar ages. If so, mismatches with climate might encoriage-
examination of some astrophysical data. And a foretastehafro
clues for astrophysicists comes from evidence present8edh[ 6
that short-lived falls in sea level recorded by seismictigraphy
promise high-resolution dating of supernova events ctasethe
Earth.

8.2 Local supernova rates and climate (Sectidn 6)

Although comparisons in this paper between astrophysiwhbe-
ological data broadly endorse the link between GCR and ¢ima
found by Shaviv|(Shaviv 2002), there are interesting déffees.
Approaching the subject via the open clusters and supemaoea
provides a more inductive and more detailed view of astrejziay
events over the past 500 Myr, for comparison with new gechigi
information, which is itself becoming more detailed. Thetchas

drastic changes in the conspicuous animals, have arousgdimu
terest in recent decades, notably concerning the suddeppdiar-
ance of the dinosaurs and many coeval marine genera at the clo
of the Mesozoic 65.5 Myr ago. Debate and controversy havernev
theless surrounded the facts about biodiversity - how tesiffoare
to be counted - with major revisions from_Sepkoski etlal. ()98
toAlroy et al. (2008). The reasons for the variations in bied
sity are also matters of dispute. Mechanisms on offer irehid-
logical processes such as spontaneous diversificatiorimitis to
species richness, and physical influences such as corairgift,
extraordinary volcanic eruptions, and impacts of cometaster-
oids causing mass extinctions. The role of sea level wasrooedi
above. Although the amplitude of the sea level changes dtexto
tonics has been disputed (Miller etlal. 2005) the shape ofoting-
term global cycle influencing biodiversity in marine invbtates
appears to be fairly secure, so that any revisions to theiardel
would affect only the normalizing factor applied to the dimt#&ig.
[20. The connection with SN rates revealed in Eid. 20 addseo th
mix of hypotheses, by providing strong evidence that Galads-
mic rays (GCR) have influenced the course of evolution.

Since H.J. Muller in the 1920s showed that ionizing radratio
causes genetic mutations (Muller 1927), an obvious cautidh
of GCR to evolution has been well known - namely in provoking
some of the mutations on which natural selection works. Tine i
portance of GCR in this respect remains uncertain becaume ot

between peak ice events and maxima in SN rates [Elg. 17) are ancauses of mutagenesis include solar protons, radioagviviron-

example of progress in both respects. It should be mentitraad

mental chemicals, thermal shock and transcription eridasural

the solar luminosity was about 6 % lower when the Sun was 500 repair mechanisms that organisms possess may be bett¢éedtap
Myr younger, so the effect of GCR peaks on cloudiness 500-350 continuous hazards like GCR than to rare events like theshtadk.

Myr was perhaps more influential than it would be now.
The traditional use of'®0 data to gauge palaeoclimates
is questionable over long time scales. In a recent comgilati

(Prokoph et dl. 2008) the authors found that a period of 120 My

could explain up to 70% of the multi-million year variabjlipf

On the other hand, GCR seem to exert a strong though indi-
rect evolutionary influence by varying the climate. A peesisly
warm climate tends to reduce global biodiversity, becaheeetis
little motivation to evolve, dominant species keep otharshieck,
and there is less variety in habitats and living conditioatuMeen

5'80 over the last 115 Myr. As seen here in [figl 18, there are hints the tropics and the polar regions. In a cold and variable atém

of cyclical variation over 200 Myr and the general trends iare

on the other hand, the dominant species are stressed amyivibgs

broad agreement with the change in SN rate. But on the 500 Myr opportunities to other species, in accordance with thermgdiate

time scale (not shown) large spreads/tiO data in each interval

disturbance hypothesis that traces back to Grime (1973}l &@&m-

of time suggest that better assurance is needed about tkie-pro ditions also provide a greater variety of habitats and ¢jwiondi-

nance of the data, for comparing like with like (zonal verglabal
temperatures). Otherwisé'®0 is at best an approximate aid to
verifying the long-term astrophysical connection to climma

More promising is the innovation here concerning a likehkli
between major short-lived falls in sea level and the neagser-
novae. The proposition that intense GCR fluxes from closersup
novae caused glaciations and associated eustatic regressisea
level finds a persuasive match in the computed high tempesal r
olution of GCR variation based on statistics of nearby supeae
(Fig.[18). Asteroidal and cometary impacts might offer alrivy-
pothesis, with the right sort of frequency for major mariegres-

tions. There is therefore no reason to disbelieve the SHi@osity
link. What is perhaps surprising is how much of the variation
the counts of marine invertebrate genera is accounted fasby
trophysics (SN) plus tectonics (sea level). The messageigpf F
may be that here is evidence concerning evolution anatgo
to plate tectonics in geology, imposing an overarching $iitp
while leaving mismatches to explain and an infinity of det@miéx-
plore.

Conspicuous among the topics worth re-examining is the
largest mass extinction in the past 500 Myr, the Permo-3idas
event of 251 Myr ago, when the level of loss of marine species

(© 0000 RAS, MNRASDOG, 000-000
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reached 80-96% and two-thirds of tetrapod families weninekt
on land along with eight orders of insects (Sahney & Bentdié20
The main hypotheses competing to explain it invoke volaariis
Siberia or impacts by asteroids or comets, and part of thénmar
loss can be attributed to an exceptionally low long-termlseel
(Fig.[19). But the Permo-Triassic event also coincided wfit&
largest decrease in SN rates from one 8 Myr bin to the next in
the whole 500 Myr period, as seen at -252 Myr in Figl 17. That
was when Solar System had left the very active Norma spimal ar
Fatal consequences would ensue for marine life if a rapidnvar
ing led to nutrient exhaustion (see below) occurring tocckjyi
for species to adapt. Before the culminating Permo-Triasgent,
the earlier Guadalupian-Lopingian mass extinction oemiabout
265 Myr ago. By contrast, this was linked with global coolthgt
interrupted a mid-Permian warming, and with a large inedas
5'3C in the interval 265-260 Myt. Isozaki etlal. (2007) point out
that prominent victims of this extinction were warm-wataurha
including gigantic bivalves and rugose corals. The fullusste of
warming, cooling and precipitate re-warming in the lattartpf
the Permian period conforms very well with the variationsSiN
rates.

8.4 Local supernova rates$3C and bio-productivity
(SectionT, second part)

The working hypothesis mentioned above, that in SN-induced
glacial conditions primary productivity increases andieto draw-
down of CGQ, and!2C sequestration, is compatible with the empir-
ical result in Fig[2R. A reality check comes from remarkgigeks

in reef carbonate production 430, 380, 290, 150 and 20 Myr ago
(Kiessling (2005), Supp. Fig. 3). All of these peaks coiecwdth
high SN rates, except for the maximum in the SN rate 150 Myr ago
which was relatively weak. A link between SN rates and preduc
tivity is therefore clear, but in view of the complexity oftlcarbon
cycle and the many factors governing organic carbon buriehe
trapment, and henc#3C, it might be unwise to conclude that the
mechanism is as simple as stated.

On the other hand, investigators have often noted the coinci
dence ob'3C excursions with climatic episodes. For example, high
values of§'3C in the Silurian Period are linked _(Stricanne €t al.
2006) to episodes of aridity in the tropics, which are oftesci-
ated with polar glaciation, although that is questionechia par-
ticular case. Over a longer timespan, Cambrian to Perméagel
increases iny*>C were rare during hothouse climates but com-
mon during cool periods (Saltzman 2005). The productivitthe
oceans is limited by the supply of nitrogen in the near-awfaa-
ters, which is turn is limited by the availability of iron reeed by
oceanic nitrogen-fixing cyanobacteria. During recent iglggeri-
ods, iron delivered by windblown dust was at least an order of
magnitude higher than during interglacial periads (Falkkivet al.
1998) and at the Last Glacial Maximu=20 kyr ago organic car-
bon concentrations in the sediment of the eastern equafsia
cific were twice those of the past 11 kyr (Holocene) (Pichetial.
2009).

Occurrences of anoxia (regional exhaustion of oxygen) have
been offered as an explanation for the variabilityiiC in cold
periods, with episodic organic carbon burial sustained bgi-p
tive feedbacks between productivity and anoxia, whilst ensta-
ble §'3C regimes in warm periods, which can last0 Myr, may
tell of a nitrogen-limited ocean in which anoxia leads torégased
denitrification|(Saltzman 2005). In addition, exhaustibnutrients
can curb productivity in cold periods, causing variationgi>C.

(© 0000 RAS, MNRASD0Q, 000—-000

A related matter for consideration is the likely contriloutito 5*2C
variations of the short-lived glacial episodes apparelitiged to
the nearest supernovae (Sédt. 6). For nearly all of the giealo
record of the past 500 million years, long-term variatiohg'3C
from organic and carbonate sources have gone up and down more
or less in step. There is, however, a marked divergence imts
recent part of the record that may be connected with the eaneey
of C4 terrestrial plants, which have an extra carbon atonhéir t
first photosynthetic molecules and markedly high'éiC compared
with the commoner C3 plants (Osborne & Beetrling 2006). In Fig
there is a good match between orgafitC data to rising SN
rates in the past 20 Myr, but carbonat&C (not shown) dimin-
ished.

These are only hints about how the empirical evidence about
5'3C may be explained, and future theoretical inputs will nottou
go far beyond the working hypothesis of drawdown and bufiaé
challenge is similar to the case of biodiversity, for whicamy pro-
cesses of evolution and extinction exist and yet a dominalet r
for astrophysics is discernible. In the same spirit, spistaare
invited to make of what they can of thg>3C link to the SN rate
seen in Figl2R. Finally, biological activity from phytoplkton is
a source of sulphur compounds in the atmosphere and therefor
also of cloud condensation nuclgi (Charlson et al. 1987 ) Sig-
nificant increase in biological productivity associatedhsa cool-
ing climate would give positive feedback on cloud formatamd
thereby encourage further cooling. Conversely, nutrignitétion
due to either excessive productivity or weak circulationldexert
a warming effect by reducing cloud formation.

Other processes might in principle counter a cooling of the
climate by negative feedback. For example, if a cooling cegu
the loss of CO2 to geochemical weathering, that could leaa to
buildup of CO2 if other sinks and sources of CO2 remain carista
and so dampen or reverse the cooling (Donnadieu et all 2T68).
net impact of such processes will eventually have to be veddby
estimating the forcing of the individual processes andriparating
them in a multidisciplinary numerical model beyond the sop
this paper.

8.5 Caveats

The present results are no better than the data on which teey a
built, and the uncertainty of the data gets larger as onéhesaftr-
ther into the past. Estimated variations in SN rates arebd#ter-
mined for 250 - 0 Myr ago than for 500 - 250 Myr ago, because
there are fewer clusters of old ages and because phase rtexitg)

to erase part of the memory of the birthplaces of the openerisis
On the other hand, consistencies in the comparisons witlogieo
cal data lend support to the estimated SN rates, even in therea
period. Without direct terrestrial records of the GCR \éoia on
long time scales, the highly fluctuating flux due to nearby &Ns
mains a matter of numerical modelling, but again the gechigi
record of sudden drops in sea level appears to support thgsena

It remains to be seen whether future improvements in asyoghl
and geological data will show them continuing to mesh in thgsv
suggested here.

9 CONCLUSION

The impact of stellar and interstellar processes on thehBzas
been addressed many times but, with the exceptioh_of Shaviv
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(2002), the speculations about episodic effects of e.g.oaec
than-usual SN_(Fields & Ellis 1999) or variations in the stellar
medium [(Frisch 2000) have demonstrated no persistent indfiue
on life and climate. The present paper has aimed at revetiling
integrated effect of varying GCR flux on the Earth during thstp
500 Myr by reconstructing the SN rate during this period, emh-
paring it with geophysical and palaeobiological data.

Using the WEBDA database on open cluster formation, the
SN rate in the solar neighbourhooe:(0.85 Kpc) was constructed,
and the variation was shown to be a superposition of twortitti
features originating either inside or outside the solaieifOutside
the solar circle are four clear maxima in the SN reconstounctit
372.6, 269.1, 140.6, and 17.3 Myr before present, whichraes-i
preted as the Solar System’s encounters with four spiras dead-
ing to a relative angular frequency of the Solar Sysfegmn— Qp
=13.04+ 0.9 km s 'kpc™ (or Qp/Qo = 0.57 & 0.5). Inside the
solar circle the pattern is not simple. In checking that tele-
ity dispersions of clusters do not erase the star formatistoly,
a model simulating cluster motions in and out of the solagimei
bourhood gave satisfactory results, even without takirggait of
the beneficial effect of the birth of many clusters in fansligith
relatively low dispersions.

In addition it was shown that multiple SN sources generate a
highly fluctuating GCR signal and that the nearest SNs (cliiss
~ 300 pc) produce clear spikes in the GCR flux. Those provided
the first link to the terrestrial climate noted here, withvpoesly
unexplained short-lived falls in sea level accounted fosbgiden
but brief glaciations caused by the nearest SNs, as il Eigri®
match of longer-term climate to SN rates, seen in Fighk. 171&hd
leaves room only for relatively small or brief climatic infloces
of all the tectonic, volcanic, and other processes discLisséhis
connection. If the dominant role of the Galaxy in the temiaken-
vironment is further validated by ongoing studies, cosnmid ger-
restrial, it promises to simplify Phanerozoic climatology

As for the palaeobiology, remarkable connections to thgdon
term histories of life and the carbon cycle have shown updddsn
(Figs [20[Z12R). Biodiversity, COandd'3C all appear so highly
sensitive to supernovae in our Galactic neighbourhoocthieatbio-
sphere seems to contain a reflection of the sky.
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