VOLUME 76, NUMBER 6 PHYSICAL REVIEW LETTERS 5 EBRUARY 1996

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 form of
MeV neutrinos. The recoil atoms that they produce in elastic scattering off nuclei in organic tissue
create radiation damage which is highly effective in the production of irreparable DNA harm, leading
to cellular mutation, neoplasia, and oncogenesis. Using a conventional model of the galaxy and of the
collapse mechanism, the periodicity of nearby stellar collapses and the radiation dose are calculated.
The possible contribution of this process to the paleontological record of mass extinctions is examined.

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

Several theories intend to explain the record of biologi-6 X 10''[r/(10 kpo)]>v/cnm? [7]. The energy spectrum
cal extinctions that sprinkle the history of the Earth. Theyof collapse neutrinos is given by a Boltzmann distribu-
fall into two groups: terrestrial phenomena (e.g., tectonition [7] dF /dE, = [F(r)E?/2T}]exf—E,/T,), where
cally induced climatic changes and massive volcanic erupf, = 5 MeV for v, 7, and 10 MeV forv, ., 7, ., ex-
tions) and extraterrestrial processes such as variations taending with appreciable probability up to several tens of
the solar constant or large meteorite impacts. Detailed advleV. Knowledge of the spatial distribution of stars as
counts of these approaches can be found in Refs. [1—3].a function of their distance from the Sun is needed to

A proposal that ionizing radiation from nearby super-estimate how often one of these “neutrino bombs” goes
nova explosions may have had catastrophic effects on thaff nearby the Earth. Here the model of Bahcall and
Earth’s ozone layer [4] has been revisited recently [5].Soneira [7,8] is adopted, where fer< 3 kpc, the frac-
While this may have caused one of the “big five” ma-tion of stars in the galactic disk withim is given by
jor extinctions, the estimated nearby supernovae rate if(r) = 0.0028[r/(1 kpo)]>. The expected period of col-
insufficient for these to be responsible for the bulk of ex-lapses within- is then
tinctions in the last 600 Myr. The apparent periodicity Twoml  3.96 X 103
of extinction episodes is intensity dependent; the disap- 7 = f(r) = [/(1 pOP Myr (r <3kpo, (1)
pearance of-65% (~30%) of living species occurs every 5
~100 Myr (~30 Myr) [1-3,6]. occurring at a mean distan¢e) = 5r. To assume that

It is a common and erroneous assumption to idenf(r) has been constant over the last 600 Myr is only
tify stellar collapse with supernova production. Asa default approximation, since the trajectory of the Sun
discussed by Bahcall [7], the collapse rate exceeds bground the Galaxy can only be extrapolated back or forth
a yet unknown but possibly large factor the supernovadn time with any degree of precision over a time scale
rate in our galaxy, which is calculated to be between 0.1~100 Myr [9].
and 0.01 yr!'. Stellar collapses may lack the optical The most probable interaction process for MeV neu-
emission of supernovae, being much more inconspicuousinos with matter is elastic scattering off nuclei via the
while producing an intense neutrino radiation. Collapseeutral current. This is due to an enhancement by a co-
models generally have difficulty making stars explodeherence factor roughly proportional to the square of the
but predict neutrino fluxes that carry away most of thenumber of neutrons in the target atovngiving a flavor-
binding energy released. Using the known distributionblind total cross sectionr = N2[E, /(10 MeV)]*4 X
of stars in the Galaxy and their rate of evolution, Bah-10~* cn? and a differential cross sectiahr /dy « 1 +
call has estimated the period of stellar collapses in oux, Wherey is the cosine of the neutrino scattering angle
Galaxy to berqw, = 11.1 yr [7]. Could these “silent” [10]. The recoil energy of the target nucleus of mass
stellar collapses affect life on Earth, even when thes given by7 = E2(1 — x)/(2E, + M). The differen-
main form of emitted radiation is weakly interacting? tial rate of recoils induced by a collapse in 1 kg of target
The expected extreme relative biological effective-matter (containingk nuclei) is obtained fromiR/dT =
ness (RBE, a commonly used factor that indicates th& fgmx(dF/dEV)(da/dT)dE,,. The integral includes alll
specific biological effectiveness of any radiation) of neutrino flavorsEnmi, is the minimal neutrino energy that
neutrino-induced recoils in generating cell transformationcan contribute to recoils in the intervidl, T + 47T7], and
and radiocarcinogenesis may indeed guarantee this. Emax is a suitable upper cutoff tdF /dE,. Figure 1 dis-

Essential for the determination of the radiation doseplays dR/dT for some common constituents of organic
imparted by this process is the neutrino fluence, i.e., théssue. Table | shows, for these same elements, the total
number of neutrinos per unit area received at a distanceecoil rate and other relevant quantities (ranges and stop-
r during the collapse pulsé< 10 s), which is F(r) =  ping powers are extracted from the computer coEa
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500 ——rrrr — e — may be responsible for unique biological effects [13-15].
i Plainly stated, the (unrestricted) LET is the amount of
_ 400 L Ca A energy dissipated by a radiation per unit path length.

2 § 1 The nucleus of a cell, specifically the genetic material,
T 300 [ P a is far more radiosensitive than the cytoplasm. Chromo-
© ; ] somal change can result from breaks and other types of
@ 200 L R damggle. to the DNA chari]n, Iead(;r.lg.to muta}genr(]esis. Of
S ¥ o 1 special importance are those radiation insults that create
8 100 ﬁ@&)\ ] irreparable genetic damage without inactivating the cell,
" T which then can become the “founder” cell of an aggre-

0 L ¢ T 1 gation of mutant or cancerous cells. Not all types of

radiation are equally effective in producing important dam-
age at the chromosomal level. Low-LET radiations such
as gamma and x rays disperse their energy over longer
FIG. 1. The energy distribution of neutrino induced re- distances than their high-LET counterparts, which have
coils in various constituents of organic tissue from a typi-characteristic densely ionizing tracks. There is now a
cal stellar collapse at a distanegleo pc (1 =39.6 Myr).  wide consensus that the critical property of radiations at
;I;Sgﬁse?(fje)r.rentlal rates scale with *, as does the neutrino low do_s_es is detgrmine_d by t.hi.S spatial pattern of energy
deposition over dimensions similar to those of DNA struc-
. . tures (few nm) [14]. For instance, the primary molecu-
[12]). Using GH4O17N, as representative of the cOM- | jamage of importance in mammalian cells is produced

mon_elemental proportions in anim%' tissue, most of theby a localized cluster of atomic interactions overlapping
recoils correspond to oxygen (85.5%), followed by car- o pnA and producing a multiply damaged chromoso-

bon (10.8%). With this chemical composition and thé 5 je [15]. Track structure analysis of high-LET ra-

scaling law for the fluence, one obtains the mean numb&§jations shows energy concentrations at subcellular levels
of recoils induced in 1 kg of tissue by a collapse within aihat cannot be at all reproduced by low-LET radiation. En-
distancer of the Earth, ergy depositions 0£800 eV within 5-10 nm are unique
(R) = 7.71 X 10°/[r/(1 p9} recoily’kg, (2)  to alpha particles and heavier ions, totally unattainable for
where the mean distan¢e) has been used as the collapseother types of radiation and provoking unrepairable genetic
location. Equations (1) and (2) determine how often adamage [15]. Their frequency of occurrence is not more
certain dose of radiation is imparted by the neutrinosthan 0—4/cell/Gy (1 Gy, “gray= unit absorbed dose
e.g., every~100 Myr a collapse within~6.3 pc of the 6.24 X 10'> MeV/kg). A critical question is then whether
Earth will produce~1.9 X 10* recoils’kg in all living  this type of damage unique to high-LET particles can lead
tissue. The objective is now to assess the relevance of suth unique genetic consequences, specifically mutagenic
an event. changes, and certain types of radiogenic cancer.

In the last few years, the field of radiation protection The greater effectiveness of the high-LET tracks more
has undergone important revisions. The study of howthan compensates for their smaller number per unit dose.
different patterns of spatial and temporal distributionsThis is illustrated by the microdosimetric concept of
of energy at the subcellular level affect the biologicalspecific energy; = &/m, wheree is the energy imparted
response of cells to very low doses of ionizing radiationby radiation to matter of mass [13]. It is a stochastic
has become a very active area of research. This is due tpuantity and depends on the number of energy deposition
the increasing awareness that high linear-energy-transfewvents in the mass of interest, and therefore on the
(LET) radiations (alpha particles, fission neutrons, ionsjonization density of the tracks. Considering auv

1 10 100
recoil energy, T (keV)

TABLE I. Total recoil rate and average recoil enexfy) imparted by stellar collapse neutrings = 10 pc) in some common
constituents of organic matter. Also included are the projected rémden ion of kinetic energyT) in liquid water [11], its total
stopping powes;, and the fraction of it due to secondary atomic collisia$)g,S;.

% weight
R (T) ¢ S; in human
Element (recoils/kg) (keV) £m) (keV/ium) S,/S;: body
H 3.2 X 1072 152 2.0 82 1.22 X 1073 9.1
C 2.9 X 103 89 0.43 226 0.14 14.7
N 3.5 X 103 83 0.34 249 0.20 5.6
O 4.0 X 103 78 0.31 258 0.26 65.1
P 8.8 X 10° 52 0.11 416 0.66 15
Ca 1.1 X 10* 42 0.075 568 0.76 2.8

1000



VOLUME 76, NUMBER 6 PHYSICAL REVIEW LETTERS 5 EBRUARY 1996

diameter sphere as representative of an eukaryotic cedtability in the progeny was still present after 10—13 cell
nucleus, singl€Co events have a meanof 1.25 mGy, divisions and appeared with a high frequency [(40—60)%]
while for fission neutronsz ~ 200 mGy [13]. For in cell colonies descendant of those cells surviving the irra-
an 80 keV oxygen ion, representative of stellar collapsaliation, a 10% of the total. This suggests 8% effective-
damage (see table),= 71 mGy. If the region of interest ness in the creation of initiating lesions able to produce the
is a DNA segmentX nm diameter< 2 nm length cylin-  onset of leukemias [18]. A similar effectively infinite RBE
der), z =5.5 X 10, 22.1 X 10°, and56.0 X 10° Gy, has been suggested for the formation of sister chromatid
respectively. The utility ofz is illustrated as fol- exchangesin human lymphocytes [19]. These results have
lows: For a neutron exposure (dose) bf= 3 mGy, been independently confirmed using human dermal fibro-
only D/z =3 mGy/200 mGy = 1.5% of cell nu- blasts and ions ranging from 0.386 to 13.6 Ma¥i,
clei in the irradiated tissue will receive any damage,which produce chromosome imbalances and rearrange-
while each of them gets the same amount as cellments like those observed in human solid tumors [20].
exposed to 200 mGy in a dose-response study [13]. Assuming for the sake of argument that the above
In our case, the exposure can be approximated [using5% effectiveness in producing a possibly malignant
the prevalent oxygen recoils and Eg. (2)] @& =  cell colony also applies to stellar collapse recoils, Eq. (3)
(0.08 MeV/recoil)7.71 X 10°[r/(1 po)] 2 recoilgkg =  gives the discomforting yield o490[r /(1 pc)]~? malig-
9.88 X 107 °[r/(1 po)] 2 Gy, and the fraction of cell nant cell colonies/kg of tissue. This+is4 (12) malignant
nuclei affected is the® /z = D /(71 mGy). Assuming a foci/kg tissue occurring every-30 (100) Myr, an insult
typical eukaryotic cell diameter of 20—40m, the num- that would be severe enough to kill a vast percentage
ber of cells damaged in their nuclei per stellar collapse isof large animals with a frequency comparable to that of
ocells 9.8 X 103 cell nuclei most major extinctions. While smaller living forms may
¢ = _<~7 X 10 kg ) = [r/(1 pOP kg : be spared by not enough of their members being directly
killed for a nonviable minimal population to be reached,
3 the disappearance of the larger-mass species might in-
Given a distribution of spheres of average radips fluence the ecosystem in such a way that they are also
scattered in a medium with volume filling factap, gravely affected.
the mean number of spheres encountered by a particle Several observations are in order. First, the stop-
is ?T(i)/p per unit length, independent of trajectory. ping powersS, of an ion displays a broad maximum (at
Taking ~3 X 107 nucleosomes per nucleus (adequate for~4 MeV for O in water), and it is therefore possible to
most large animals) and approximating their cylindricalhave identical values of LET for two very different ener-
volume to that of ap = 4.5 nm sphere,¢ ~ 0.065. gies. The nature of the damage induced may, however, be
Considering the range of an 80 keV oxygen atom inquite dissimilar. For instance, the high-energy LET coun-
water, 0.33um, this translates into~3.6 nucleosomes terpart of an 80 keV oxygen ion in water is-a200 MeV.
damaged per cell nucleus hit, i.e.~8®7% certainty that This is in the energy range generally explored in acceler-
the cell nuclei affected in Eq. (3) carry important damageator experiments, where energy losses are almost entirely
at the nucleosome or chromosomal level. due to ionization. The contribution t§ by direct atomic
The recent availability of heavy-ion sources in thecollisions at lower energies is considerable (see Table 1),
field of radiation biology has made it possible to testand these collisions are of special interest because the en-
their possible unique biological effects [16]. Yang andergy imparted to an atom is likely to cause disruption of
co-workers [17] have irradiated C3H10T1/2 cells em-the DNA molecule with a much higher effectiveness than
ploying BEVALAC ions from carbon to uranium and an equivalent delta electron produced through ionization.
ranging from 300 to 1000 MeV/u, spanning the LET rangeThis may make neutrino-induced recoils even more effec-
10-1000 keVLim. A damage irreparability threshold for tive than other forms of high-LET radiation in producing
mammal cells at> 100 keV/um was established. They the dense damage responsible for the special biological
found a maximal neoplastic cell transformation rate (ma-effects detected. Figure 2 displays the results of a com-
lignant cell transformation, the first step in tumor forma-puter simulation, where the frequency of the number of
tion) in surviving cells at about 100—200 kexMh. The atomic collisions with energy above the mean binding en-
LET for the stellar collapse-representative oxygen recoilergy of the H-O link in water has been calculated (i.e.,
is precisely 160-270 key/m for T < 100 keV. More recoils able to rupture the molecule). This is computed
recently, Kadhimet al. [18] irradiated murine bone mar- over the volume of a nucleosome and for several types
row cells with very low doses of 3.3 MeV#*®Pu alpha of high-LET radiation. TRIM has been used in obtain-
particles (LET = 121 keV/um) and x rays (the doses ing the recoils/A over the particle trajectories. The much
were consistent with single or no tracks crossing thehigher efficiency in producing this type of rupture for the
individual cell nuclei). Cells surviving alpha particle neutrino recoil (O, 80 keV) is evident. It would be of
irradiation showed a striking transmission of nonclonalinterest to perform experiments like those of Refs. [17—
radiation-induced aberrations to their clonal descendant20] with moderated ion beams that mimic the energy
absent in those treated with x rays. This chromosomal indistributions of Fig. 1. To achieve this with present
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10" —— i — radiation, and collapse neutrinos would induce a totally
N = unprecedented dose of it to sea creatures.
10 nml @
a-particle (2MeV)

10‘2;—/ ///_ N Progress in the incipient understanding of biological
v Vi \ partide GMeV) effe(_:ts of low-dose, hlgh-LET r_adlatlon will determl_ne
10°L  Hion (500 keV)x\\/ the importance of neutrino recoils. If the considerations

LET=43 ke /um 0 fon (80 keV) presented are accurate, cataloging of impending “neutrino
LET=258 keV / um

Z

bombs” in the galactic vicinity of the Sun may not be a
superfluous task.
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recoil energy> 4.7 eV induced by the nuclear stopping power
of different high-LET radiations in a water volume the size
of a nucleosome. A 500 keV H ion is representative of the
stopping of fission neutrons in tissue. Heavy ions can produce
a significantly larger number of molecular dislocations through
this mode of energy loss. The mean number of recoils is 0.034
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