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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 some
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 extinctions.
[S0031-9007(98)06474-6]

PACS numbers: 87.50.Gi, 97.60.Jd, 98.70.Sa

The early history of life during the Precambrian until plain the fast appearance of new species after massive
its end 570 Myr ago is poorly known. Since then the di-extinctions.
versity of both marine and continental life has increased Intense cosmic ray bursts enrich rock layers with
exponentially. Analysis of fossil records shows that thisdetectable traces of cosmogenically produced radioactive
diversification was interrupted by five massive extinctionsnucleides such a¥°l, '6Sm, 2%Pb, and***Pu. Tracks
and some smaller extinction peaks [1]. The largest exef high energy particles in rock layers on Earth and on
tinction occurred about 251 Myr ago at the end of thethe moon may also contain records of intense cosmic
Permian period. The global species extinction rangedrradiations. An early warning of future extinctions due
then between 80% to 95%, much more than, for instancaép NS mergers and AIC can be obtained by identifying,
the end-Ordovician extinction 439 Myr ago which elimi- mapping, and timing all the nearby binary NS systems.
nated~57% of marine genera, or the Cretaceous-TertiaryA final warning of an approaching CRJ from a nearby
extinction 64 Myr ago which killed the dinosaurs and NS merger and AIC would be provided by an enormous
claimed ~47% of existing genera [2]. In spite of inten- gamma ray burst (GRB) from the same direction a few
sive studies it is still not known what caused the masslays before the arrival of the CRJ.
extinctions, how quick were they, and whether they were Recent observations of optical afterglows of GRBs con-
subject to regional variations. Many extinction mecha-firm [7] previous indications that GRBs are at cosmologi-
nisms have been proposed but no single mechanism seewsl distances [8]. Cosmological distancés € 10°® cm)
to provide a satisfactory explanation of both the ma-imply an enormous release of energy in gamma rays in
rine and continental extinction levels, the biological ex-a very short time. Such an energy release takes place in
tinction patterns, and the repetition rate of mass extinca merger and AIC of NS where Moc? = 2 X 10°* erg
tions [1,2]. These include astrophysical mechanisms, sucfravitational binding energy is released in a few millisec-
as meteoritic impact that explains the iridium anomalyonds in the form of gravitational waves, neutrinos, and
which was found at the CretacegU®rtiary boundary [3] kinetic energy of relativistic ejecta. Therefore, a merger
but has not been found in all the other extinctions [4],and AIC of NS have been suggested long ago [9] as the
supernova explosions [5], and gamma rays from bursterigin of cosmological GRBs. Other features of GRBs
[6] which do not occur close enough and at a suffi-(rates, time variability, and durations) also suggest a NS
ciently high rate to explain the observed rate of massnerger and AIC origin although the exact mechanism
extinctions. which converts a significant fraction of their energy re-

In this Letter we propose that high energy cosmic raylease into gamma rays is still not clear [8].
jets (CRJs) from nearby mergers or accretion induced col- Merger and AIC of NS in close binaries, probably, pro-
lapse (AIC) of neutron stars (NS) that hit the atmospheregeed through the formation of an accretion disk due to
produced lethal fluxes of atmospheric muons at groundtrong gravitational tidal forces. Observations seem to in-
level, underground and underwater, destroyed the ozorgicate that highly collimated jets are ejected by all systems
layer, and radioactivated the environment. Nearby NSvhere matter is undergoing disk accretion onto a compact
mergers and AIC could explain the massive extinction orcentral object. They also indicate that the jet kinetic en-
the ground, underground and underwater, and the highargy is a considerable fraction of the accretion power and
survival levels of radiation resistant species and terrairthat the jets reach large distances: Highly collimated rela-
sheltered species in the five “great” life extinctions ontivistic jets from active Galactic nuclei (AGN), which are
planet Earth in the past 570 Myr. More distant Galacticbelieved to be powered by mass accretion onto a mas-
mergers and AIC could have caused smaller extinctionssive black hole at a typical rate efMo yr—!, reach dis-
Biological mutations due to ionizing radiations may ex-tances up to a million light years before disruption [10].
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Highly collimated relativistic matter that is ejected spo-high energy. The average number of high energy muons
radically by microquasars (superluminal Galactic sourceproduced by nucleons of primary energy, which do not
such as GRSI915+105 [11] and GRO J165-40 [12]) decay in the atmosphere and reach sea level with energy
and by x-ray sources (such as SS433 [13] and CygnusE, at zenith angl® < /2, is given approximately by
X-3 [14]), which are close binary systems where masg§17]

is accreted onto a neutron star or a stellar black hole 0.757
N,) ~ (0.0145E,|TeV])) (E,/E
from a companion star, seem to reach hundreds of light W ~ al 52]5)( p/Ew)
years before disruption. The exact mechanism by which X (1 — E,/E,)=/cosh . 1)

the gravitational and electromagnetic fields around accretrhys a jet with energy of about 1 TeV per nucleon

ing and rotating compact objects produce the highly colnt 5 distance of 1 kpc produces at sea level a flux of
limated relativistic jets is still unknown. However, the atmospheric muons of

final accretion rates>¢M, s ') and magnetic fields of _
NS undergoing merger and AIC in a close binary sys- 1,(>3 GeV) ~ 102 cm 2, ()
tem are probably many orders of magnitude larger thalsuch muons deposit energy in matter via ionization.
those in AGN. Therefore, it is natural to expect thatTheir energy deposition rate is [18}2 MeV g 'cm™!.
highly collimated relativistic jets are also ejected in merg-The whole-body lethal dose from penetrating ionizing
ers and AIC of NS, that they produce the cosmologi-radiation resulting in 50% mortality of human beings
cal gamma ray bursts [15] by internal interactions andin 30 days [18] is=300 rad= 3 X 10* erg g'!. Such
or through interaction with the external medium [16], anda lethal dose is deposited by a muon burst Igf~
they reach distances @ ~ 1 kpc before disruption. In  10'° cm 2. The lethal dosages for other vertebrates can
fact, if the optical and radio afterglows from GRBs which be a few times larger while for insects they can be
last for T ~ months are formed by jets which point to- as much as a factor 20—100 larger. Hence, a CRJ at
wards the observer then these jets must reach distances@f= 1 kpc produces a highly lethal burst of atmospheric
~cI?T = 103 light years forl’ = 100. After disruption muons. Because of muon penetration, the flux is lethal for
the jet particles are isotropized by the Galactic magnetienost species even deep underwater (hundreds of meters)
field and form the Galactic cosmic rays. Here we showand underground, if the cosmic rays arrive from well
that if these jets hit an Earth-like planet before disruptionabove the horizon.
they can devastate all forms of life on it. Although half of the planet is in the shade of the CRJ,
In view of the uncertainties in modeling jet ejection planet rotation exposes a larger fraction of its surface to
in NS merger and AIC, rather than relying on numeri-the CRJ and increases the CRJ lethality by the following:
cal simulations (no fully relativistic three dimensional nu- (a) Pollution of the environment by radioactive nuclei,
merical calculations of NS merger and AIC are availableproduced by spallation of atmospheric and surface nuclei
yet) we have assumed [15] that these jets produce GRBsy shower particles. Using the analytical methods of
and inferred their properties from the observed propertiefl9], we estimate that for an Earth-like atmosphere, the
of GRBs [8]: In order to explain GRBs the ejected jetsflux of energetic nucleons which reaches the surface is
must have typical Lorentz factors df ~ 103, beaming also considerable/,(>100 MeV) ~ [,(>100 MeV) ~
anglesAQ = 1/100 similar to those observed/estimated 10'° cm™2. Global winds spread radioactive gases in a

for AGN and microquasars, and ejected mas& ~  relatively short time over the whole planet.
(dM/dQ)AQ = 107*M, (i.e., released kinetic energy  (b) Depletion of stratospheric ozone by the reaction
bounded byEx = TAMc? < Moc? ~ 2 X 10°* erg). of ozone with nitric oxide, generated by the cosmic ray

Undisrupted jets from NS-NS mergers can be devastaproduced electrons in the atmosphere (massive destruction
ing to life on nearby planets: At a distance of 1 kpc theirof stratospheric ozone has been observed during large
duration isét ~ D/2¢I'> ~ 1 day-2 months for typical  solar flares which produced energetic protons [20]).
values ofl" between 1000 and 100, respectively. The time (c) Extensive damage to the food chain by radioactive
integrated energy flux of the jet @ ~ 1 kpc is, typi- pollution and massive extinction of vegetation and living
cally, ~10'2 Tevemi 2. Thus, the energy deposition in organisms by ionizing radiations (the lethal radiation
the atmosphere by the jet is equivalent to the total endosages for trees and plants are slightly higher than those
ergy deposition of Galactic cosmic rays in the atmospheréor animals but still less than the flux given by Eq. (2) for
over ~107 yr. However, the typical energy of the cos- all except the most resilient species).
mic rays in the CRJ is~1 TeV per nucleon, compared  The biological extinction pattern due to a CRJ depends
with ~1 GeV per nucleon for ordinary cosmic ray nuclei. on the exposure and the vulnerability of the different
Collisions of such particles in the atmosphere generate aspecies to the primary and secondary effects of the CRJ.
mospheric cascades where a significant fraction of the CRDhe exposure depends on the intensity and duration of
energy is converted into “atmospheric muons” through lepthe CRJ, on its direction relative to the rotation axis of
tonic decay modes of the produced mesons. Most of thedearth (Earth shadowing), on the local sheltering provided
muons do not decay in the atmosphere because of thdiy terrain (canyons, mountains) and by underwater and
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underground habitats, and on the risk sensing/assessmeéntorder to maintain a constant energy density of cos-
and mobility of the various species. The lethality of themic rays in the MW [25]. It can be supplied by jets
CRJ depends as well on the vulnerability of the variousrom mergers and AIC if the kinetic energy of the jets
living species and vegetation to the primary ionizing ra-is Ex ~ 102 erg and the NS-NS merger rate in the MW
diation, to the drastic changes in the environment (e.gis Ryw ~ 3 X 1074 yr=1,
radioactive pollution and destruction of the ozone layer), Assuming that the spatial distribution of NS binaries
and to the massive damage and radioactive poisoning @nd NS mergers in the MW follow the distribution of
the food chain. Although the exact biological signaturesingle pulsars [23],
may be quite complicated, and somewhat obscured in AN o ¢ R/ ,~l/hpap - 3)
fossil records (due to poor or limited sampling, deterio- "
ration of the rocks with time, and dating and interpreta-with a disk scale lengtlk, ~ 4.8 kpc, and a scale height,
tion uncertainties because of bioturbational smearing) itk > 0.5 kpc perpendicular to the disk and independent of
may show the general pattern expected from a CRJ exdisk position, we find that the average rate of CRJs from
tinction. Indeed, a first examination of the fossil recordsNS-NS mergers that reach planet Earth from distances
suggests that there may be such a correlation between thel kpc is ~1078 yr=!. It is consistent with the five
extinction pattern of different species, their vulnerability tobig extinctions which have occurred during the last
ionizing radiation, and the sheltering provided by their570 Myr. The relative strengths of these extinctions may
habitats and the environment they live in. For instance, inreflect mainly different distances from the CRJ source.
sect species, which are less vulnerable to radiation, becanBzyond ~1 kpc from the explosion the angular spread
extinct only in the greatest extinction—the end-Permiarand deceleration of the CRJ suppress its lethality. Such
extinction 251 Myr ago. Even then, only 8 out of 27 or- CRJs, if not too far, can still cause partial extinctions at
ders were extinct compared with a global species extinca higher rate and induce biological mutations which may
tion that ranged between 80% to 95% [4]. Also plantslead to the appearance of new species.
which are less vulnerable to ionizing radiation suffered A CRJ could have enhanced the abundance of sta-
a lower level extinction. Terrain, underground, and un-ble cosmogenic isotopes in the geological layer corre-
derwater sheltering may explain why certain families onsponding to the CRJ event, but, the enrichment may be
land and in deep waters were not extinct even in the greategligible compared to their accumulation through long
extinctions, while most of the species in shallow waterderrestrial exposure of the geological layers to Galactic
and on the surface were extinct [4]. Mountain shadow-cosmic rays prior to the CRJ. However, CRJ enrich-
ing, canyons, caves, underground habitats, deep undament of sediments with unstable radioisotopes of mean
water habitats, and high mobility may also explain whylifetimes much shorter than the age of the solar system,
various species like crocodiles, turtles, frogs (and most <« 4570 Myr, but comparable to the extinction times,
freshwater vertebrates), snakes, deep sea organisms, andy be detectable through low traces mass spectrometry.
birds did not become extinct. In particular, fresh under-In particular, fission of long lived terrestrial nuclei, such as
ground waters in rivers and lakes are less polluted with*U and?*2Th, by shower particles, and capture of shower
radioisotopes and poisons produced by the CRJ than seaurticles by such nuclei, may lead to terrestrial production
waters and may explain the survival of freshwater am-of, e.g.,'?°l with 7 = 15 Myr, 146Sm with7 = 146 Myr,
phibians. Although the proposed mechanism cannot ex*Pb witht = 43 Myr, and®**Pu witht = 118 Myr, re-
plain the enrichment of the K boundary layer by about spectively. These radioisotopes may have been buried in
3 X 10° tons of iridium [3], it may explain most of the underwater sediments and underground rocks which were
other mass extinctions where no iridium anomaly has beeprotected from further exposure to cosmic rays. The main
found. background to such a CRJ signature is the continuous de-
Four NS-NS binaries have been observed in the Galagosition by cosmic rays and by meteoritic impacts on land
tic disk [21] and one [22] in the globular cluster M1. and sea. Cosmic rays may include these trace radioiso-
They have been used to estimate that the NS-NS mergéospes due to nearby sources (e.g., SN explosions [5]) and
rate in the Milky Way (MW) is [23]Ruw ~ 10~% yr~!.  because of spallation of stable cosmic ray nuclei in colli-
It yields updated values in the range o°-10° yr~!'  sions with interstellar gas. Meteorites may include these
mergers per Universe instead of [24]10°-10* yr~!.  trace elements due to a long exposure in space to cosmic
Therefore, if GRBs are produced by merger and AIC, theyays. Finally, enhancement of the density of cosmic ray
must be beamed into a solid angé) /47 ~ 1072-10"3  tracks in mica coincident with extinctions may also pro-
in order to yield a GRB observed rate [8] 6f10° yr™!.  vide evidence for CRJ extinctions.
The updated estimate of the NS-NS merger rate in the In conclusion, cosmic ray bursts from NS mergers and
MW is also consistent with the estimated injection rateAIC may have caused massive life extinctions which in-
of cosmic rays in the MW: The escape rate of cos-terrupted the diversification of life on our planet. Their
mic rays from the MW requires an average injectionrate is consistent with the observed rate of mass extinc-
rate of Qck ~ 10*! ergs’! in high energy cosmic rays tions in the past 570 Myr. They may be able to explain
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