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Biological Effects of Stellar Collapse Neutrinos
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Massive stars in their final stages of collapse radiate most of their binding energy in the for
MeV neutrinos. The recoil atoms that they produce in elastic scattering off nuclei in organic t
create radiation damage which is highly effective in the production of irreparable DNA harm, lea
to cellular mutation, neoplasia, and oncogenesis. Using a conventional model of the galaxy and
collapse mechanism, the periodicity of nearby stellar collapses and the radiation dose are calc
The possible contribution of this process to the paleontological record of mass extinctions is exam

PACS numbers: 87.50.Gi, 97.60.Bw, 98.70.Sa
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Several theories intend to explain the record of biolo
cal extinctions that sprinkle the history of the Earth. Th
fall into two groups: terrestrial phenomena (e.g., tecto
cally induced climatic changes and massive volcanic er
tions) and extraterrestrial processes such as variation
the solar constant or large meteorite impacts. Detailed
counts of these approaches can be found in Refs. [1–3

A proposal that ionizing radiation from nearby supe
nova explosions may have had catastrophic effects on
Earth’s ozone layer [4] has been revisited recently [
While this may have caused one of the “big five” m
jor extinctions, the estimated nearby supernovae rat
insufficient for these to be responsible for the bulk of e
tinctions in the last 600 Myr. The apparent periodici
of extinction episodes is intensity dependent; the dis
pearance of,65% s,30%d of living species occurs every
,100 Myr s,30 Myrd [1–3,6].

It is a common and erroneous assumption to ide
tify stellar collapse with supernova production. A
discussed by Bahcall [7], the collapse rate exceeds
a yet unknown but possibly large factor the superno
rate in our galaxy, which is calculated to be between
and 0.01 yr21. Stellar collapses may lack the optic
emission of supernovae, being much more inconspicu
while producing an intense neutrino radiation. Collap
models generally have difficulty making stars explod
but predict neutrino fluxes that carry away most of t
binding energy released. Using the known distributi
of stars in the Galaxy and their rate of evolution, Ba
call has estimated the period of stellar collapses in
Galaxy to bettotal ­ 11.1 yr [7]. Could these “silent”
stellar collapses affect life on Earth, even when t
main form of emitted radiation is weakly interacting
The expected extreme relative biological effectiv
ness (RBE, a commonly used factor that indicates
specific biological effectiveness of any radiation)
neutrino-induced recoils in generating cell transformati
and radiocarcinogenesis may indeed guarantee this.

Essential for the determination of the radiation do
imparted by this process is the neutrino fluence, i.e.,
number of neutrinos per unit area received at a dista
r during the collapse pulses, 10 sd, which is Fsrd >
0031-9007y96y76(6)y999(4)$06.00
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6 3 1011frys10 kpcdg2nycm2 [7]. The energy spectrum
of collapse neutrinos is given by a Boltzmann distrib
tion [7] dFydEn ­ fFsrdE2

ny2T3
ng exps2EnyTnd, where

Tn ­ 5 MeV for ne, ne and 10 MeV fornm,t , nm,t, ex-
tending with appreciable probability up to several tens
MeV. Knowledge of the spatial distribution of stars a
a function of their distancer from the Sun is needed to
estimate how often one of these “neutrino bombs” go
off nearby the Earth. Here the model of Bahcall an
Soneira [7,8] is adopted, where forr , 3 kpc, the frac-
tion of stars in the galactic disk withinr is given by
fsrd ­ 0.0028frys1 kpcdg2. The expected period of col-
lapses withinr is then

t ­
ttotal

fsrd
­

3.96 3 103

frys1 pcdg2
Myr sr , 3 kpcd , (1)

occurring at a mean distancekrl ­
2
3 r. To assume that

fsrd has been constant over the last 600 Myr is on
a default approximation, since the trajectory of the S
around the Galaxy can only be extrapolated back or fo
in time with any degree of precision over a time sca
,100 Myr [9].

The most probable interaction process for MeV ne
trinos with matter is elastic scattering off nuclei via th
neutral current. This is due to an enhancement by a
herence factor roughly proportional to the square of t
number of neutrons in the target atomN giving a flavor-
blind total cross sections > N2fEnys10 MeVdg24 3

10243 cm2 and a differential cross sectiondsydx ~ 1 1

x, wherex is the cosine of the neutrino scattering ang
[10]. The recoil energy of the target nucleus of massM
is given byT ­ E2

ns1 2 xdys2En 1 Md. The differen-
tial rate of recoils induced by a collapse in 1 kg of targ
matter (containingK nuclei) is obtained fromdRydT ­
K

REmax
Emin

sdFydEnd sdsydT ddEn . The integral includes all
neutrino flavors,Emin is the minimal neutrino energy tha
can contribute to recoils in the intervalfT , T 1 dTg, and
Emax is a suitable upper cutoff todFydEn . Figure 1 dis-
plays dRydT for some common constituents of organ
tissue. Table I shows, for these same elements, the t
recoil rate and other relevant quantities (ranges and st
ping powers are extracted from the computer codeTRIM
© 1996 The American Physical Society 999
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FIG. 1. The energy distribution of neutrino induced r
coils in various constituents of organic tissue from a typ
cal stellar collapse at a distancer ­ 10 pc st ­ 39.6 Myrd.
These differential rates scale withr22, as does the neutrino
fluenceFsrd.

[12]). Using C4H40O17N1 as representative of the com
mon elemental proportions in animal tissue, most of
recoils correspond to oxygen (85.5%), followed by ca
bon (10.8%). With this chemical composition and ther22

scaling law for the fluence, one obtains the mean num
of recoils induced in 1 kg of tissue by a collapse within
distancer of the Earth,

kRl > 7.71 3 105yfrys1 pcdg2 recoilsykg , (2)
where the mean distancekrl has been used as the collap
location. Equations (1) and (2) determine how often
certain dose of radiation is imparted by the neutrino
e.g., every,100 Myr a collapse within,6.3 pc of the
Earth will produce,1.9 3 104 recoilsykg in all living
tissue. The objective is now to assess the relevance of s
an event.

In the last few years, the field of radiation protectio
has undergone important revisions. The study of h
different patterns of spatial and temporal distributio
of energy at the subcellular level affect the biologic
response of cells to very low doses of ionizing radiati
has become a very active area of research. This is du
the increasing awareness that high linear-energy-tran
(LET) radiations (alpha particles, fission neutrons, ion
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may be responsible for unique biological effects [13–15
Plainly stated, the (unrestricted) LET is the amount
energy dissipated by a radiation per unit path length.

The nucleus of a cell, specifically the genetic materia
is far more radiosensitive than the cytoplasm. Chrom
somal change can result from breaks and other types
damage to the DNA chain, leading to mutagenesis.
special importance are those radiation insults that cre
irreparable genetic damage without inactivating the ce
which then can become the “founder” cell of an aggr
gation of mutant or cancerous cells. Not all types
radiation are equally effective in producing important dam
age at the chromosomal level. Low-LET radiations su
as gamma and x rays disperse their energy over lon
distances than their high-LET counterparts, which ha
characteristic densely ionizing tracks. There is now
wide consensus that the critical property of radiations
low doses is determined by this spatial pattern of ener
deposition over dimensions similar to those of DNA stru
tures (few nm) [14]. For instance, the primary molecu
lar damage of importance in mammalian cells is produc
by a localized cluster of atomic interactions overlappin
the DNA and producing a multiply damaged chromos
mal site [15]. Track structure analysis of high-LET ra
diations shows energy concentrations at subcellular lev
that cannot be at all reproduced by low-LET radiation. E
ergy depositions of*800 eV within 5–10 nm are unique
to alpha particles and heavier ions, totally unattainable
other types of radiation and provoking unrepairable gene
damage [15]. Their frequency of occurrence is not mo
than 0–4/cell/Gy (1 Gy, “gray”­ unit absorbed dose­
6.24 3 1012 MeVykg). A critical question is then whether
this type of damage unique to high-LET particles can le
to unique genetic consequences, specifically mutage
changes, and certain types of radiogenic cancer.

The greater effectiveness of the high-LET tracks mo
than compensates for their smaller number per unit do
This is illustrated by the microdosimetric concept o
specific energy,z ­ ´ym, where´ is the energy imparted
by radiation to matter of massm [13]. It is a stochastic
quantity and depends on the number of energy deposit
events in the mass of interest, and therefore on t
ionization density of the tracks. Considering a 7mm
TABLE I. Total recoil rate and average recoil energykT l imparted by stellar collapse neutrinossr ­ 10 pcd in some common
constituents of organic matter. Also included are the projected range, of an ion of kinetic energykT l in liquid water [11], its total
stopping powerSt , and the fraction of it due to secondary atomic collisions,SnySt.

% weight
R kT l , St in human

Element (recoils/kg) (keV) (mm) (keV/mm) SnySt body

H 3.2 3 1022 152 2.0 82 1.22 3 1023 9.1
C 2.9 3 103 89 0.43 226 0.14 14.7
N 3.5 3 103 83 0.34 249 0.20 5.6
O 4.0 3 103 78 0.31 258 0.26 65.1
P 8.8 3 103 52 0.11 416 0.66 1.5

Ca 1.1 3 104 42 0.075 568 0.76 2.8
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diameter sphere as representative of an eukaryotic
nucleus, single60Co events have a meanz of 1.25 mGy,
while for fission neutronsz , 200 mGy [13]. For
an 80 keV oxygen ion, representative of stellar collap
damage (see table),z ­ 71 mGy. If the region of interest
is a DNA segment (2 nm diameter3 2 nm length cylin-
der), z ­ 5.5 3 105, 22.1 3 105, and56.0 3 105 Gy,
respectively. The utility of z is illustrated as fol-
lows: For a neutron exposure (dose) ofD ­ 3 mGy,
only Dyz ­ 3 mGyy200 mGy ­ 1.5% of cell nu-
clei in the irradiated tissue will receive any damag
while each of them gets the same amount as c
exposed to 200 mGy in a dose-response study [
In our case, the exposure can be approximated [u
the prevalent oxygen recoils and Eq. (2)] asD >
s0.08 MeVyrecoild7.71 3 105frys1 pcdg22 recoilsykg ­
9.88 3 1029frys1 pcdg22 Gy, and the fraction of cell
nuclei affected is thenDyz ­ Dys71 mGyd. Assuming a
typical eukaryotic cell diameter of 20–40mm, the num-
ber of cells damaged in their nuclei per stellar collapse

C ­
D
z

µ
,7 3 1010 cells

kg

∂
­

9.8 3 103

frys1 pcdg2

cell nuclei
kg

.

(3)
Given a distribution of spheres of average radiusr

scattered in a medium with volume filling factorf,
the mean number of spheres encountered by a par
is 3

4 fyr per unit length, independent of trajector
Taking ,3 3 107 nucleosomes per nucleus (adequate
most large animals) and approximating their cylindric
volume to that of ar ­ 4.5 nm sphere,f , 0.065.
Considering the range of an 80 keV oxygen atom
water, 0.33mm, this translates into,3.6 nucleosomes
damaged per cell nucleus hit, i.e., a,97% certainty that
the cell nuclei affected in Eq. (3) carry important dama
at the nucleosome or chromosomal level.

The recent availability of heavy-ion sources in t
field of radiation biology has made it possible to te
their possible unique biological effects [16]. Yang a
co-workers [17] have irradiated C3H10T1/2 cells e
ploying BEVALAC ions from carbon to uranium an
ranging from 300 to 1000 MeV/u, spanning the LET ran
10–1000 keV/mm. A damage irreparability threshold fo
mammal cells at. 100 keVymm was established. The
found a maximal neoplastic cell transformation rate (m
lignant cell transformation, the first step in tumor form
tion) in surviving cells at about 100–200 keV/mm. The
LET for the stellar collapse-representative oxygen rec
is precisely 160–270 keV/mm for T , 100 keV. More
recently, Kadhimet al. [18] irradiated murine bone mar
row cells with very low doses of 3.3 MeV238Pu alpha
particles sLET ­ 121 keVymmd and x rays (the dose
were consistent with single or no tracks crossing
individual cell nuclei). Cells surviving alpha particl
irradiation showed a striking transmission of nonclon
radiation-induced aberrations to their clonal descenda
absent in those treated with x rays. This chromosoma
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stability in the progeny was still present after 10–13 c
divisions and appeared with a high frequency [(40–60)
in cell colonies descendant of those cells surviving the ir
diation, a 10% of the total. This suggests a,5% effective-
ness in the creation of initiating lesions able to produce
onset of leukemias [18]. A similar effectively infinite RBE
has been suggested for the formation of sister chrom
exchanges in human lymphocytes [19]. These results h
been independently confirmed using human dermal fib
blasts and ions ranging from 0.386 to 13.6 MeV/mm,
which produce chromosome imbalances and rearran
ments like those observed in human solid tumors [20].

Assuming for the sake of argument that the abo
,5% effectiveness in producing a possibly maligna
cell colony also applies to stellar collapse recoils, Eq.
gives the discomforting yield of490frys1 pcdg22 malig-
nant cell colonies/kg of tissue. This is,4 (12) malignant
foci/kg tissue occurring every,30 (100) Myr, an insult
that would be severe enough to kill a vast percenta
of large animals with a frequency comparable to that
most major extinctions. While smaller living forms ma
be spared by not enough of their members being dire
killed for a nonviable minimal population to be reache
the disappearance of the larger-mass species might
fluence the ecosystem in such a way that they are a
gravely affected.

Several observations are in order. First, the sto
ping powerSt of an ion displays a broad maximum (a
,4 MeV for O in water), and it is therefore possible t
have identical values of LET for two very different ene
gies. The nature of the damage induced may, however
quite dissimilar. For instance, the high-energy LET cou
terpart of an 80 keV oxygen ion in water is at,200 MeV.
This is in the energy range generally explored in acce
ator experiments, where energy losses are almost ent
due to ionization. The contribution toSt by direct atomic
collisions at lower energies is considerable (see Table
and these collisions are of special interest because the
ergy imparted to an atom is likely to cause disruption
the DNA molecule with a much higher effectiveness th
an equivalent delta electron produced through ionizati
This may make neutrino-induced recoils even more eff
tive than other forms of high-LET radiation in producin
the dense damage responsible for the special biolog
effects detected. Figure 2 displays the results of a co
puter simulation, where the frequency of the number
atomic collisions with energy above the mean binding e
ergy of the H-O link in water has been calculated (i.
recoils able to rupture the molecule). This is comput
over the volume of a nucleosome and for several typ
of high-LET radiation. TRIM has been used in obtain
ing the recoils/Å over the particle trajectories. The mu
higher efficiency in producing this type of rupture for th
neutrino recoil (O, 80 keV) is evident. It would be o
interest to perform experiments like those of Refs. [1
20] with moderated ion beams that mimic the ener
distributions of Fig. 1. To achieve this with prese
1001
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FIG. 2. Frequency of direct atomic displacements w
recoil energy. 4.7 eV induced by the nuclear stopping powe
of different high-LET radiations in a water volume the siz
of a nucleosome. A 500 keV H ion is representative of t
stopping of fission neutrons in tissue. Heavy ions can prod
a significantly larger number of molecular dislocations throu
this mode of energy loss. The mean number of recoils is 0.
(H), 0.26 (a), 0.11 (O, 200 MeV), and 19.3 (O, 80 keV).

terrestrial neutrino sources seems more complicated,
to the limited fluxes and the sensitive dependence ofT on
the neutrino spectrum throughE2

n. This leads to a second
remark: Solar neutrinos are unable to produce the k
of damage discussed here. While the energy distribu
of solar 8B neutrinos goes up to,15 MeV, the recoils
have lower mean energies and LET, and with a flux
5.8 3 106nycm2ys, it would take.200 yr to induce the
same recoils/kg as a stellar collapse at a distance as fa
100 pc. Neutrinos from the7Be chain have a more com
petitive flux, butT , few tens of eV, which produce no
important damage.

Neutrino recoils have the aggravating feature of indu
ing a uniformly spread internal dose, able to reach hig
radiosensitive tissue such as lymphatic cells or bone m
row. This is in contrast to high-LET components of th
natural background like typical external alpha particl
or protons, which are stopped in the outer layers of
skin. Only the fast neutron component of the second
cosmic-ray spectrum is, in principle, able to induce si
ilar recoils, albeit not uniformly distributed (10 cm o
tissue reduce their relative does by a factor*10). The
measured sea-level total dose induced by cosmic neut
is ,5 3 1027 Gyyyr [21]. The nature of their recoils
is, however, very different: More than 85% of first ne
tron interactions involve H atoms (this fraction becomin
larger for ensuing recoils), with LET values below max
mum RBE and the irreparability threshold, and an ene
loss almost entirely due to ionization (Fig. 2). Heavi
recoils (C, O) present a uniform distribution in their r
coil energies up to the kinematically allowed maximum
diminishing their fraction in theT , 100 keV region,
where RBE is maximal. Marine organisms have be
markedly affected in several extinction episodes; the
derwater environment is comparatively free of high-LE
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radiation, and collapse neutrinos would induce a tota
unprecedented dose of it to sea creatures.

Progress in the incipient understanding of biologi
effects of low-dose, high-LET radiation will determin
the importance of neutrino recoils. If the consideratio
presented are accurate, cataloging of impending “neut
bombs” in the galactic vicinity of the Sun may not be
superfluous task.
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