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Life Extinctions by Cosmic Ray Jets
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High energy cosmic ray jets from nearby mergers or accretion induced collapse of neutron stars that
hit the atmosphere can produce lethal fluxes of atmospheric muons at ground level, underground and
underwater, destroy the ozone layer, and radioactivate the environment. They could have caused som
of the massive life extinctions on planet Earth in the past 570 Myr. Biological mutations due to such
ionizing radiations could have caused the fast appearance of new species after these mass extinction
[S0031-9007(98)06474-6]
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The early history of life during the Precambrian unt
its end 570 Myr ago is poorly known. Since then the d
versity of both marine and continental life has increas
exponentially. Analysis of fossil records shows that th
diversification was interrupted by five massive extinction
and some smaller extinction peaks [1]. The largest e
tinction occurred about 251 Myr ago at the end of th
Permian period. The global species extinction rang
then between 80% to 95%, much more than, for instan
the end-Ordovician extinction 439 Myr ago which elimi
nated,57% of marine genera, or the Cretaceous-Tertia
extinction 64 Myr ago which killed the dinosaurs an
claimed,47% of existing genera [2]. In spite of inten-
sive studies it is still not known what caused the ma
extinctions, how quick were they, and whether they we
subject to regional variations. Many extinction mech
nisms have been proposed but no single mechanism se
to provide a satisfactory explanation of both the m
rine and continental extinction levels, the biological ex
tinction patterns, and the repetition rate of mass extin
tions [1,2]. These include astrophysical mechanisms, su
as meteoritic impact that explains the iridium anoma
which was found at the CretaceousyTertiary boundary [3]
but has not been found in all the other extinctions [4
supernova explosions [5], and gamma rays from bur
[6] which do not occur close enough and at a suffi
ciently high rate to explain the observed rate of ma
extinctions.

In this Letter we propose that high energy cosmic ra
jets (CRJs) from nearby mergers or accretion induced c
lapse (AIC) of neutron stars (NS) that hit the atmosphe
produced lethal fluxes of atmospheric muons at grou
level, underground and underwater, destroyed the ozo
layer, and radioactivated the environment. Nearby N
mergers and AIC could explain the massive extinction o
the ground, underground and underwater, and the hig
survival levels of radiation resistant species and terra
sheltered species in the five “great” life extinctions o
planet Earth in the past 570 Myr. More distant Galact
mergers and AIC could have caused smaller extinctio
Biological mutations due to ionizing radiations may ex
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plain the fast appearance of new species after mass
extinctions.

Intense cosmic ray bursts enrich rock layers wit
detectable traces of cosmogenically produced radioacti
nucleides such as129I, 146Sm, 205Pb, and244Pu. Tracks
of high energy particles in rock layers on Earth and o
the moon may also contain records of intense cosm
irradiations. An early warning of future extinctions due
to NS mergers and AIC can be obtained by identifying
mapping, and timing all the nearby binary NS system
A final warning of an approaching CRJ from a nearb
NS merger and AIC would be provided by an enormou
gamma ray burst (GRB) from the same direction a few
days before the arrival of the CRJ.

Recent observations of optical afterglows of GRBs con
firm [7] previous indications that GRBs are at cosmologi
cal distances [8]. Cosmological distances (D , 1028 cm)
imply an enormous release of energy in gamma rays
a very short time. Such an energy release takes place
a merger and AIC of NS where,MØc2 ø 2 3 1054 erg
gravitational binding energy is released in a few millisec
onds in the form of gravitational waves, neutrinos, an
kinetic energy of relativistic ejecta. Therefore, a merge
and AIC of NS have been suggested long ago [9] as th
origin of cosmological GRBs. Other features of GRBs
(rates, time variability, and durations) also suggest a N
merger and AIC origin although the exact mechanism
which converts a significant fraction of their energy re
lease into gamma rays is still not clear [8].

Merger and AIC of NS in close binaries, probably, pro
ceed through the formation of an accretion disk due t
strong gravitational tidal forces. Observations seem to i
dicate that highly collimated jets are ejected by all system
where matter is undergoing disk accretion onto a compa
central object. They also indicate that the jet kinetic en
ergy is a considerable fraction of the accretion power an
that the jets reach large distances: Highly collimated rel
tivistic jets from active Galactic nuclei (AGN), which are
believed to be powered by mass accretion onto a ma
sive black hole at a typical rate of,MØ yr21, reach dis-
tances up to a million light years before disruption [10]
© 1998 The American Physical Society 5813
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Highly collimated relativistic matter that is ejected spo
radically by microquasars (superluminal Galactic sourc
such as GRS19151105 [11] and GRO J165-40 [12])
and by x-ray sources (such as SS433 [13] and Cygn
X-3 [14]), which are close binary systems where ma
is accreted onto a neutron star or a stellar black ho
from a companion star, seem to reach hundreds of lig
years before disruption. The exact mechanism by whi
the gravitational and electromagnetic fields around accr
ing and rotating compact objects produce the highly co
limated relativistic jets is still unknown. However, the
final accretion rates (¿MØ s21) and magnetic fields of
NS undergoing merger and AIC in a close binary sy
tem are probably many orders of magnitude larger th
those in AGN. Therefore, it is natural to expect tha
highly collimated relativistic jets are also ejected in merg
ers and AIC of NS, that they produce the cosmolog
cal gamma ray bursts [15] by internal interactions an
or through interaction with the external medium [16], an
they reach distances ofD , 1 kpc before disruption. In
fact, if the optical and radio afterglows from GRBs which
last for T , months are formed by jets which point to-
wards the observer then these jets must reach distance
,cG2T $ 103 light years forG $ 100. After disruption
the jet particles are isotropized by the Galactic magne
field and form the Galactic cosmic rays. Here we sho
that if these jets hit an Earth-like planet before disruptio
they can devastate all forms of life on it.

In view of the uncertainties in modeling jet ejection
in NS merger and AIC, rather than relying on numer
cal simulations (no fully relativistic three dimensional nu
merical calculations of NS merger and AIC are availab
yet) we have assumed [15] that these jets produce GR
and inferred their properties from the observed properti
of GRBs [8]: In order to explain GRBs the ejected jet
must have typical Lorentz factors ofG , 103, beaming
anglesDV # 1y100 similar to those observed/estimated
for AGN and microquasars, and ejected massDM ,
sdMydVdDV # 1024MØ (i.e., released kinetic energy
bounded byEK ­ GDMc2 ø MØc2 , 2 3 1054 erg).

Undisrupted jets from NS-NS mergers can be devast
ing to life on nearby planets: At a distance of 1 kpc the
duration isdt , Dy2cG2 , 1 day 2 months for typical
values ofG between 1000 and 100, respectively. The tim
integrated energy flux of the jet atD , 1 kpc is, typi-
cally, ,1012 Tev cm22. Thus, the energy deposition in
the atmosphere by the jet is equivalent to the total e
ergy deposition of Galactic cosmic rays in the atmosphe
over ,107 yr. However, the typical energy of the cos
mic rays in the CRJ is,1 TeV per nucleon, compared
with ,1 GeV per nucleon for ordinary cosmic ray nuclei
Collisions of such particles in the atmosphere generate
mospheric cascades where a significant fraction of the C
energy is converted into “atmospheric muons” through le
tonic decay modes of the produced mesons. Most of the
muons do not decay in the atmosphere because of th
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high energy. The average number of high energy muo
produced by nucleons of primary energyEp , which do not
decay in the atmosphere and reach sea level with ene
.Em at zenith angleu , py2, is given approximately by
[17]

kNml , s0.0145EpfTeVgd sEpyEmd0.757

3 s1 2 EmyEpd5.25y cosu . (1)

Thus a jet with energy of about 1 TeV per nucleo
at a distance of 1 kpc produces at sea level a flux
atmospheric muons of

Ims.3 GeVd , 1012 cm22. (2)

Such muons deposit energy in matter via ionization
Their energy deposition rate is [18],2 MeV g21 cm21.
The whole-body lethal dose from penetrating ionizin
radiation resulting in 50% mortality of human beings
in 30 days [18] isø300 rad ­ 3 3 104 erg g21. Such
a lethal dose is deposited by a muon burst ofIm ,
1010 cm22. The lethal dosages for other vertebrates ca
be a few times larger while for insects they can b
as much as a factor 20–100 larger. Hence, a CRJ
D # 1 kpc produces a highly lethal burst of atmospheri
muons. Because of muon penetration, the flux is lethal f
most species even deep underwater (hundreds of mete
and underground, if the cosmic rays arrive from we
above the horizon.

Although half of the planet is in the shade of the CRJ
planet rotation exposes a larger fraction of its surface
the CRJ and increases the CRJ lethality by the following

(a) Pollution of the environment by radioactive nuclei
produced by spallation of atmospheric and surface nuc
by shower particles. Using the analytical methods o
[19], we estimate that for an Earth-like atmosphere, th
flux of energetic nucleons which reaches the surface
also considerable,Ips.100 MeVd , Ins.100 MeVd ,
1010 cm22. Global winds spread radioactive gases in
relatively short time over the whole planet.

(b) Depletion of stratospheric ozone by the reactio
of ozone with nitric oxide, generated by the cosmic ra
produced electrons in the atmosphere (massive destruct
of stratospheric ozone has been observed during lar
solar flares which produced energetic protons [20]).

(c) Extensive damage to the food chain by radioactiv
pollution and massive extinction of vegetation and livin
organisms by ionizing radiations (the lethal radiatio
dosages for trees and plants are slightly higher than tho
for animals but still less than the flux given by Eq. (2) fo
all except the most resilient species).

The biological extinction pattern due to a CRJ depend
on the exposure and the vulnerability of the differen
species to the primary and secondary effects of the CR
The exposure depends on the intensity and duration
the CRJ, on its direction relative to the rotation axis o
Earth (Earth shadowing), on the local sheltering provide
by terrain (canyons, mountains) and by underwater a
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underground habitats, and on the risk sensing/assessm
and mobility of the various species. The lethality of th
CRJ depends as well on the vulnerability of the variou
living species and vegetation to the primary ionizing ra
diation, to the drastic changes in the environment (e.
radioactive pollution and destruction of the ozone layer
and to the massive damage and radioactive poisoning
the food chain. Although the exact biological signatur
may be quite complicated, and somewhat obscured
fossil records (due to poor or limited sampling, deterio
ration of the rocks with time, and dating and interpreta
tion uncertainties because of bioturbational smearing)
may show the general pattern expected from a CRJ e
tinction. Indeed, a first examination of the fossil record
suggests that there may be such a correlation between
extinction pattern of different species, their vulnerability t
ionizing radiation, and the sheltering provided by the
habitats and the environment they live in. For instance, i
sect species, which are less vulnerable to radiation, beca
extinct only in the greatest extinction—the end-Permia
extinction 251 Myr ago. Even then, only 8 out of 27 or
ders were extinct compared with a global species extin
tion that ranged between 80% to 95% [4]. Also plan
which are less vulnerable to ionizing radiation suffere
a lower level extinction. Terrain, underground, and un
derwater sheltering may explain why certain families o
land and in deep waters were not extinct even in the gre
extinctions, while most of the species in shallow wate
and on the surface were extinct [4]. Mountain shadow
ing, canyons, caves, underground habitats, deep und
water habitats, and high mobility may also explain wh
various species like crocodiles, turtles, frogs (and mo
freshwater vertebrates), snakes, deep sea organisms,
birds did not become extinct. In particular, fresh unde
ground waters in rivers and lakes are less polluted wi
radioisotopes and poisons produced by the CRJ than
waters and may explain the survival of freshwater am
phibians. Although the proposed mechanism cannot e
plain the enrichment of the KyT boundary layer by about
3 3 105 tons of iridium [3], it may explain most of the
other mass extinctions where no iridium anomaly has be
found.

Four NS-NS binaries have been observed in the Gala
tic disk [21] and one [22] in the globular cluster M1
They have been used to estimate that the NS-NS mer
rate in the Milky Way (MW) is [23]RMW , 1024 yr21.
It yields updated values in the range of105 106 yr21

mergers per Universe instead of [24],103 104 yr21.
Therefore, if GRBs are produced by merger and AIC, the
must be beamed into a solid angleDVy4p , 1022 1023

in order to yield a GRB observed rate [8] of,103 yr21.
The updated estimate of the NS-NS merger rate in t
MW is also consistent with the estimated injection rat
of cosmic rays in the MW: The escape rate of cos
mic rays from the MW requires an average injectio
rate of QCR , 1041 erg s21 in high energy cosmic rays
ent
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in order to maintain a constant energy density of cos
mic rays in the MW [25]. It can be supplied by jets
from mergers and AIC if the kinetic energy of the jets
is EK , 1052 erg and the NS-NS merger rate in the MW
is RMW , 3 3 1024 yr21.

Assuming that the spatial distribution of NS binaries
and NS mergers in the MW follow the distribution of
single pulsars [23],

dN ~ e2R2y2R2
0 e2jzjyhRdRdz , (3)

with a disk scale length,R0 , 4.8 kpc, and a scale height,
h . 0.5 kpc perpendicular to the disk and independent o
disk position, we find that the average rate of CRJs from
NS-NS mergers that reach planet Earth from distanc
#1 kpc is ,1028 yr21. It is consistent with the five
big extinctions which have occurred during the las
570 Myr. The relative strengths of these extinctions ma
reflect mainly different distances from the CRJ source
Beyond ,1 kpc from the explosion the angular spread
and deceleration of the CRJ suppress its lethality. Su
CRJs, if not too far, can still cause partial extinctions a
a higher rate and induce biological mutations which ma
lead to the appearance of new species.

A CRJ could have enhanced the abundance of st
ble cosmogenic isotopes in the geological layer corre
sponding to the CRJ event, but, the enrichment may b
negligible compared to their accumulation through lon
terrestrial exposure of the geological layers to Galact
cosmic rays prior to the CRJ. However, CRJ enrich
ment of sediments with unstable radioisotopes of mea
lifetimes much shorter than the age of the solar system
t ø 4570 Myr, but comparable to the extinction times,
may be detectable through low traces mass spectrome
In particular, fission of long lived terrestrial nuclei, such a
238U and232Th, by shower particles, and capture of showe
particles by such nuclei, may lead to terrestrial productio
of, e.g.,129I with t ­ 15 Myr, 146Sm witht ­ 146 Myr,
205Pb witht ­ 43 Myr, and244Pu witht ­ 118 Myr, re-
spectively. These radioisotopes may have been buried
underwater sediments and underground rocks which we
protected from further exposure to cosmic rays. The ma
background to such a CRJ signature is the continuous d
position by cosmic rays and by meteoritic impacts on lan
and sea. Cosmic rays may include these trace radiois
topes due to nearby sources (e.g., SN explosions [5]) a
because of spallation of stable cosmic ray nuclei in coll
sions with interstellar gas. Meteorites may include thes
trace elements due to a long exposure in space to cosm
rays. Finally, enhancement of the density of cosmic ra
tracks in mica coincident with extinctions may also pro
vide evidence for CRJ extinctions.

In conclusion, cosmic ray bursts from NS mergers an
AIC may have caused massive life extinctions which in
terrupted the diversification of life on our planet. Thei
rate is consistent with the observed rate of mass extin
tions in the past 570 Myr. They may be able to explai
5815
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the complicated biological and geographical extinctio
patterns. Biological mutations induced by the ionizing ra
diations which are produced by the CRJs may explain th
appearance of completely new species after extinction
The iridium enrichment around the CretaceousyTertiary
extinction that claimed the life of the dinosaurs canno
be due to a CRJ and may have been caused instead
a meteoritic impact. Isotopic anomaly signatures of CR
extinctions may be present in the geological layers whic
recorded the extinctions. Elaborate investigations of th
effects of CRJs from relatively nearby NS mergers an
AIC and their biological, radiological, and geological fin-
gerprints are needed before reaching a firm conclusio
whether or not massive extinctions on planet Earth we
caused by CRJs from NS mergers and AIC. An earl
warning of future extinctions due to mergers and AIC o
compact stars can be obtained by identifying, mappin
and timing a compact star in binary systems. A fina
warning for an approaching CRJ from a nearby NS merg
and AIC may be provided a few days before its arrival b
its intense gamma ray emission.
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