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Abstract: A mechanism for creating an enantioenrichment in the amino acids, the building
blocks of the proteins, that involves global selection of one handedness by interactions
between the amino acids and neutrinos from core-collapse supernovae is defined. The
chiral selection involves the dependence of the interaction cross sections on the
orientations of the spins of the neutrinos and the 14N nuclei in the amino acids, or in
precursor molecules, which in turn couple to the molecular chirality. It also requires an
asymmetric distribution of neutrinos emitted from the supernova. The subsequent chemical
evolution and galactic mixing would ultimately populate the Galaxy with the selected
species. The resulting amino acids could either be the source thereof on Earth, or could
have triggered the chirality that was ultimately achieved for Earth’s proteinaceous
amino acids.
Keywords: amino acids; chirality; origin of life; molecular clouds; supernova neutrinos

1. Introduction
A longstanding puzzle in biology and astrobiology has been the existence of left-handed amino
acids and the virtual exclusion of their right-handed forms [1–4]. This is especially puzzling because
most mechanisms suggested for creating this “enantiomerism” would create one form in nature locally
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but would create equal numbers of the other somewhere else. The total dominance of the left-handed
forms on Earth is well known, but the left-handed forms appear also to be preferred beyond the locality
of Earth, based on meteoritic evidence [5–8]. This is especially interesting for two reasons: in the
absence of data to the contrary, it must be recognized that the preference of the left-handed forms may
persist throughout the cosmos, but both forms were apparently frozen into the meteorites before the
right-handed forms could be eliminated. However, another possibility is that the meteoroids (which
become meteorites when they strike Earth) were strongly enantiomeric, but became racemized in their
journey through space, or on their passage through Earth’s atmosphere [9–11]. Recent work [12] has
confirmed the preference of the left-handed forms.
It is generally accepted that if some mechanism can introduce an imbalance in the populations of
the left- and right-handed forms of any amino acid [13], successive synthesis or evolution of the
molecules involving autocatalytic reactions and out-of-equilibrium thermochemistry may amplify this
enantioenrichment to produce ultimately a single form. What is not well understood, though, is the
mechanism by which the initial imbalance can be produced, and the means by which it always
produces the left-handed chirality for the amino acids (if, indeed, that is the case). The energy states of
the left- and right-handed forms have been shown, by detailed computations, to differ at most by
infinitesimal amounts [14,17], so it would be difficult for thermal equilibrium to produce
the imbalance.
One suggested mechanism lies with processing of a population of amino acids, or of their chiral
precursors, by circularly polarized light [18–23]; this could select one chirality over the other.
However, this solution does not easily explain why it would select the same chirality in every situation,
as is apparently observed (albeit with limited statistics), or why the physical conditions that would
select one form in one place would not select the other in a different location. One possibility [20], that
a region as small as a planetary system could be processed by the output from a localized region of a
single star so that all of the light could be of a single circular polarization, could explain the observed
(local) meteoritic and Earth’s results, although it would have to be assumed that mixing subsequent to
enantioselection would not mitigate the resulting enantiomerism to too great an extent. In addition, the
circularly polarized light model must photolyze, that is, destroy, large amounts of amino acids in order
to produce a significant enantioenrichment. Another possibility [24] invoked selective processing by
some manifestation of the weak interaction, which does violate parity conservation, so might perform a
selective processing. This idea was based on earlier work [25,26]. Reference 24 focused on the
β-decay of 14C to produce the selective processing. However, it was not possible in that study to show
how simple β-decay could produce chiral-selective molecular destruction. A modern update on this
possibility [27] appears to produce some enantioenrichment. Another suggestion [28] assumed that
neutrinos emitted by acore-collapse supernova would selectively process the carbon or the hydrogen in
the amino acids to produce enantiomerism. This suggestion also did not explain how a predisposition
toward one or the other molecular chirality could evolve from the neutrino interactions. A similar
suggestion [29] involves the effects of neutrinos from supernovae on molecular electrons. Another
suggestion involved the differences between ortho and para hydrogen pairs [30] in the amino acids,
which could produce an effect on them.
In this paper we also invoke the weak interaction to perform selective destruction of one molecular
chirality. This expands on a previously published paper [31]. The key to this mechanism is the
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selective processing of the molecules that have been observed to exist [32] in molecular clouds in the
vicinity of a core-collapse supernova, but would be specific to 14N, a nucleus with spin of 1 (in units of
Planck’s constant, ħ) that exists in all amino acids. Two features of supernovae are important: the
magnetic field that is established as the star collapses to a neutron star or a black hole and the intense
flux of neutrinos that is emitted as the star cools. The magnetic fields only have to couple to the
molecules strongly enough to produce some orientation of their non-spin-zero nuclei. However, the
14
N must also couple in some way to the molecular chirality. In the model we assume to describe this,
the neutrinos preferentially interact with the 14N atoms in one of the chiral forms, and convert the 14N
to 14C, thereby destroying that molecule and so preferentially selecting the other chiral form. This is
discussed in Section 2.
Another question involves the extent to which a single chirality might populate the entire
Galaxy [33]. Although supernovae could not do so by themselves, subsequent chemical amplification
of the chirality-selected, biologically-interesting molecules would amplify the enantiomerism of the
dominant form. Then Galactic mixing, operating on a slower timescale, would be able to establish the
dominant form throughout the Galaxy. These two mechanisms would make it likely that the Galaxy
would be populated everywhere with the same preferred chiral form. These features are described in
Section 3.
In Section 4 we address two potential issues for this model, one being the possibility that other
nuclei in the amino acids might produce similar effects to those from 14N, and the other being
constraints that the radiation from the supernovae which produce neutrinos that perform the chiral
selection, or from their progenitor stars (which in neither case is expected to be polarized), might
impose on the parameters of the model.
Finally, Section 5 presents our conclusions.
2. Selective Destruction Mechanism
The key to selective processing of this model is the 14N nucleus. Although the spatial arrangement
of the molecular electrons determines the chirality of the molecule, the 14N nuclear spin would couple
to the electronic spin, which would couple to an external magnetic field, thereby aligning the spin 1
nuclei to that magnetic field to some extent, and providing an orientation direction of the 14N spin in
the molecules. Also important is the chirality of the (spin ½) neutrinos: electron antineutrinos, νes, are
right-handed and electron neutrinos, νes, are left-handed [34]. When the spin of the 14N is aligned with
that of the electron antineutrino, from simple angular momentum coupling, the total neutrino-nuclear
spin would be 3/2, but if the two spins were antialigned, there would be a mixed ½ and 3/2 total spin,
and a different magnetic substate distribution. The reaction νe + 14N → e+ + 14C would not have the
same strength for these two spin configurations, as discussed below, so the resulting destruction of
the 14N, and hence of the molecule, would depend on the electronic structure, hence the chirality or
symmetry, of the molecule. The above (nuclear) transition, in the nomenclature of standard, and
experimentally well documented, beta-decay, is pure “Gamow-Teller” [34,35], since it is between
nuclei with spins that differ by one unit (this also applies to theνe + 14N → e− + 14O reaction, discussed
below). The geometry of this situation is illustrated in Figure 1.
The Q-values of the reactions are critical to this argument; that for νe + 14N → e+ + 14C is
−1.18 MeV, and for νe + 14N → e− + 14O is −5.14 MeV. The high threshold energy for the latter
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reaction would inhibit it compared to the former, as the energies of the neutrinos emitted in the stellar
collapse are comparable to those Q-values [36–40]. In addition, the cross sections for the neutrino
induced reactions increase as the square of the energy above threshold [34]. Thus while many electron
neutrinos would be able to convert 14N to 14O, many more electron antineutrinos could drive 14N to 14C
producing a chiral preference by preferentially destroying the molecules with the other chirality [31].
Any additional (second order) effects produced by the electrons or positrons [29] resulting from the
neutrino-nucleus interactions would be expected to be completely negligible.
The magnitude of the selection in the extreme situations for νe + 14N → e+ + 14C, i.e., those in which
the antineutrino and 14N spins are either aligned or antialigned, can be estimated as follows. If the
spins are aligned, the angular momentum of the combined 14N(spin 1) + νe(1/2) system must be 3/2,
whereas if they are antialigned it will be ½. The transition produces 14C(0) . Thus, since the weak
interaction can be assumed to be point-like for the present situation, conservation of angular
momentum in the aligned case requires some orbital angular momentum transfer. This can be  = 1 for
the weak interaction (again, in units of Planck’s constant, ħ), but this will inhibit the transition
compared to that for the antialigned case, in which no orbital angular momentum transfer is required,
by roughly an order of magnitude [34,35]. Since the angular momentum coupling coefficients favor
the case in which the spins of the 14N and νe are antialigned by 2:1 over that in which they are aligned,
the antialigned 14N nuclei will suffer selective destruction by roughly a factor of seven (two-thirds of
the order of magnitude) over the aligned nuclei.
Figure 1. Schematic diagram of the magnetic fields, B, surrounding a nascent neutron star
and the spins of the 14N nuclei, SN, and of the neutrinos, Sν, emitted from the supernova
that created the neutron star.

Neutron Star
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Although determination of the total effect on the selective destruction of the chiral molecules would
require integration over all space, the average effect may not be relevant. If amplification of the
enantiomerism produced by any effect progresses more rapidly where the enantiomeric excess is
larger, the relevant number will most likely be the maximum enantiomeric excess achieved. We return
to this point in Section 3.
To illustrate how the 14N spin might couple to the chirality of the molecules in which they are
contained, we have assumed a model that was developed by Buckingham [41,42] in the context of
nuclear magnetic resonance. Paraphrasing from Reference 41, the magnetic field induces a current
density which, in chiral samples, causes a nuclear magnetic moment (odd under time reversal and even
parity) to induce a molecular electric dipole moment (even under time reversal and odd parity). The
result is an effect that is opposite in sign for left-handed and right-handed enantiomers. The critical
feature for this model [41] is the necessity of having a non-zero spin nucleus, i.e., the 14N, for this
effect to occur at all.
The situation that exists is illustrated in Figure 2. The result of the Buckingham effect is to skew the
populations of the substates, as is indicated, with the skewing going in opposite directions for the LH
and RH molecules. Although the magnetic field interacts with the atomic angular momenta, the
nuclear spin will tend in the same direction as that of the atomic angular momentum. The resulting LH
and RH populations will be the same at either throat of the neutron star, but a combination of the
interactions with the electron antineutrinos and an asymmetry in the neutrino flux at the two throats
will perform a chiral selection. The magnetic substates that undergo greater processing are indicated
by an “x” in Figure 2. As can be seen, at the magnetic-field-outgoing throat, the +1 magnetic substate
of the NL molecules will be selected, with the other two substates undergoing relatively greater
destruction from the antineutrino interactions. The −1 magnetic substate of the NR molecules will be
preferentially selected by the Buckingham effect, and it will undergo selective destruction. This will
create a preference for the NL molecules over the NR molecules at that throat of the neutron star.
Technically we know only that the Buckingham effect will drive the NR and NL molecules in opposite
directions, but we cannot be sure which molecular chirality it will favor without studying
specific molecules.
At the magnetic-field-incoming throat, the exact opposite selection effect occurs, and if the neutrino
fluxes were the same at the two throats, no net chiral selection would occur. However, recent
work [43–46] has shown that the extraordinary magnetic field of the neutron star will modify the cross
sections for neutrino capture, decreasing them by 20–30 percent near zero degrees on the
magnetic-field-outgoing throat and increasing them by a few percent at the opposite throat. This will
produce a neutrino flux asymmetry, hence a greater selection of the left-handed molecules, if the
model is correct, at the magnetic-field-outgoing throat, and a net overall chiral selection [47] that will
be the same for every neutron star or black hole. Note, though, that selection of right-handed
molecules would occur at the magnetic-field-incoming throat, and the large spatial separation of the
two regions might allow for some isolated grains to contain right-handed molecules, even though the
overall selection would be toward left-handed molecules. If mixing is sufficiently thorough, however,
only the single chirality will ultimately prevail.
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3. Spreading Enantiomerism Throughout the Galaxy
To what extent would all the molecules in the Galaxy be processed by the effect being described?
The supernovae by themselves do not come close to being able to do so [31]. We believe that a more
plausible mechanism for driving the entire Galaxy to some level of enantiomerism is a combination of
chemical amplification and Galactic mixing. As soon as a supernova explodes the enantioenrichment
material it has produced begins to mix with the racemic material adjacent to its processed volume,
driving the racemic material with which it mixes toward partial enantiomerism, possibly on the
surfaces of the dust grains [48] that also exist in the molecular clouds. This ultimately would extend
the enantioenriched volume well beyond that which was processed by the supernova neutrinos.
A collection of molecules exhibiting a small enantiomeric excess can amplify that excess
dramatically as has been demonstrated for some environments. A general discussion of this
capability [50] assumed that such enantiomeric excess might be produced by weak neutral currents,
even from fluctuations [49], and then amplified toward much greater enantioenrichment by chemical
replication. The chemical replication of molecule X would proceed [49,51] by autocatalysis, and
would preserve chirality, for example, by S + T ↔ X, which then has its chirality established so to
become XL. Replication and amplification then could occur by S + T + XL ↔ 2XL. The ability of
autocatalysis to produce amplification of enatiomerism has been demonstrated in the
laboratory [52,53]. A subsequent study [54] confirmed the possibility of autocatalysis, and did so in an
environment that was relevant to amino acid autocatalysis. Reference 55 showed that the amino acid
enantiomerism could be amplified by successive evaporations to precipitate the racemate, with the
solution becoming highly enantioenriched. Although this would not be relevant to amplification in dust
grains, it could produce additional amplification once the somewhat enantiomeric grains or meteorites
landed in a suitable planetary environment.
Figure 2. Magnetic substate distributions for 14N nuclei resulting from the Buckingham
effect. The “x” indicates the states that will undergo greater processing from the electron
antineutrinos. NL refers to left-handed 14N nuclei, and NR to right-handed 14N nuclei.
“Outgoing (Incoming) throat” refers to the throat of the neutron star at which the magnetic
field is outgoing (incoming). The thickness of the line for each substate indicates its
relative population.
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More specific to cosmic amplification, a model was developed [56] in which chiral replication of
complex molecules would occur in the interstellar medium in the warmed (possibly by the proximity
to a supernova) ice outer shells of grains. In that model, chemical replication was catalyzed by
radicals, for example, H, OH, CO, CH3, NH, and NH2, created by the interactions of high energy
cosmic rays with preexisting molecules. Subsequent studies, both theoretical [57,58] and
experimental [59] suggest that the conditions of outer space will permit the chemistry necessary to
produce a variety of complex molecules. Thus it appears that either autocatalysis or chemical
replication via radicals, or other complex chemical processes, could produce the amino acids and the
chemical replication required for the present model to succeed, and would extend the chirality
established by the magnetic fields and neutrinos from supernovae.
As the enantiomeric excess of the processed material increased via chemical replication, it will also
mix with the rest of the galactic material, ultimately establishing a preference for left-handed amino
acids throughout the Galaxy. Details of the processes by which this would occur have been
discussed [60], and include many types of astronomical sources. The galactic mixing timescale is
much smaller than the age of the universe [61], so the enantioenrichment established locally would be
shared throughout the Galaxy. As one signature of galactic mixing time, our Galaxy rotates roughly
once every 3 × 108 years [62], much less than the ~12 × 109 years the Galaxy has lived. The
evolutionary timescales of organic molecules are undoubtedly much shorter than the galactic mixing
timescales. Although this might depend on many variables, the fact that such molecules are born in the
molecular clouds, and that these clouds are born, live, and die in of order 10 My [63,64], confirms the
shortness of the chemical evolutionary timescale.
This model for propagating the supernova-selected enantiomerism throughout the Galaxy allows for
the same chirality to exist on a large scale. However, as noted in Section 2, some right-handed chiral
molecules will also exist locally. The numbers of these right-handed molecules would be appreciably
less than those of the left-handed ones, but they might be observed in, for example, the meteorites in
which enantiomerism, but not homochirality, is found to exist. One new test may occur before long; it
is hoped that the Japanese satellite Hayabusa [65–67], which returned to Earth in 2010, may have some
dust samples from asteroid Itokawa. If our model is correct, most of the inclusions of amino acids in
those samples must also have chiralities consistent with those of their terrestrial counterparts. An
additional test will occur in 2014 when the ROSETTA mission sends a lander onto Comet 67
P/Churyumov-Gerasimenko [68].
4. Potential Issues for This Model
Several questions immediately arise. One involves 2H, another spin 1 nucleus, and a 1.5 × 10−4
component of hydrogen. 1H might have a similar effect. These issues are discussed in [31]; they are
found not to be capable of producing a significant effect.
A more serious concern with this model is with the extraordinary photon field from the supernova
to which the molecules, and the grains on which they are thought to form [69,70], would be subjected.
The solution to this problem lies with the supernovae that result in collapse to a black hole. Recent
studies [71,72] suggest that stars having masses from 8 to 25 times that of the Sun would be expected
to form a neutron star, stars from 25 to 40 solar masses would form a neutron star, but the fallback
would ultimately produce a black hole, and stars having masses more than 40 solar masses would
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collapse directly to a black hole. Reference 71 also showed that roughly the same number of neutrinos
would be emitted from stars in the latter mass range as for those that collapse to a neutron star, but that
a larger fraction of the neutrinos would be electron antineutrinos and that their energies would be
higher than in the supernovae from less massive progenitor stars. Both of these effects would enhance
the chiral processing. For stars with masses greater than 40 solar masses, the result would be a “failed
supernova”, i.e., the photon flux would be small or nonexistent. The stars in the 25 to 40 solar mass
range would produce some photons, but they would be suppressed compared to the neutron-star case.
They might produce even more neutrinos than the stars that produce neutron stars directly [73].
Thus the supernovae that go directly to black holes would both produce the neutrinos required to
produce molecular enantioenrichment and not then destroy the molecules with photons. Because the
time required for fallback black hole formation is short, many of these black hole forming
supernovae [74] might also be expected to produce too few photons to destroy the molecules that their
neutrinos had processed. Supernovae that produce a neutron star are more frequent than those that
produce a black hole [75], but the fraction that does produce a black hole is significant (~20% [71]).
Another potential concern is with the progenitor star. A red giant would encompass the entire
region that the supernova could process; these would be the progenitors of the 8–25 solar mass stars.
Wolf-Rayet stars, thought to be the progenitors of the supernovae resulting from stars of more than
25 solar masses, are small, but are very hot. However, meteoroids that passed through the Wolf-Rayet
clouds would be exposed to the highest temperature regions of the clouds through which they passed
for only short periods of time. These would have been formed elsewhere, and could contain molecules
formed as they passed through their giant molecular cloud. And there would be a large number of these
grains and meteoroids that could produce enantiomerism. They only have to approach within ~one AU
of the Wolf-Rayet star to be processed, and this is certainly a large enough volume to include a huge
number of grains and meteoroids.
Although molecules on the grain or meteoroid surfaces would certainly get evaporated or
dissociated once they reach the vicinity of the star, if they consisted of agglomerated grains, the
molecules that resided on the surfaces of the internal grains could be retained. Such agglomerations
would have to be large enough initially to withstand some radiative ablation as they passed through the
Wolf-Rayet cloud, with the extent of the surface ablation depending on their closeness of approach to
the central star. None the less, these grains and meteoroids appear to provide the best opportunity for
relatively highly enantioenriched samples to be produced. Using estimated neutrino-nucleus cross
sections [76], we estimate that an object passing within a distance of 1012 cm of the star would achieve
a processing probability of roughly 10−9, and therefore, an enantiomeric excess of 0.5 × 10−9. If it were
large enough to survive if it passed by at 1011 cm, it would achieve a maximum enantiomeric excess of
roughly 5 × 10−6 percent, or possibly even higher, given the possible enhancements of electron
antineutrinos from the massive supernovae.
5. Conclusions
If this model turns out to be correct, the longstanding question of the origin of the organic
molecules necessary to create and sustain life on Earth will have undergone a strong suggestion that
the processes of the cosmos played a major role in establishing the molecules of life on Earth, either
directly, or by providing the seeds that ultimately produced homochirality in the amino acids. These
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molecules would appear to have been created in the molecular clouds of the galaxy, with their
enantiomerism determined by supernovae, and subsequently either transported to Earth only in
meteorites, swept up as the Earth passed through molecular clouds, or included in the mixture that
formed Earth when the planets were created. Any scenario in which these molecules were created
exclusively on Earth in Darwin’s “warm little pond”, and supported by the experiment of
Reference 77, would find it much more difficult to explain the enantiomerism that is observed on Earth
and, apparently, generally in the cosmos.
Acknowledgements
This work has been supported by the US National Science Foundation grant PHY-9901241, and
under the auspices of the Lawrence Livermore National Security, LLC, (LLNS) under Contract
No. DE-AC52-07NA27344. This paper is LLNL-JRNL-474633. The authors express their gratitude
for helpful interactions with N. Sleep, I. Tanihata, R. Kuroda, L.D. Barron, L. Fried, and
E. Branscomb.
References
1.

Bonner, W.A. The origin and amplification of biomolecular chirality. Origins Life Evol.
Biosphere 1991, 21, 59–111.
2. Meierhenrich, U.J. Amino Acids in Chemistry, Life Sciences, and Biotechnology; Springer:
Heildelberg, Germany, 2008.
3. Rode, B.M.; Fitz, D.; Jakschitz, T. The first steps of chemical evolution towards the origin of life.
Chem. Biodivers. 2007, 4, 2674–2702.
4. Guijarro, A.; Yus, M. The Origin of Chirality in the Molecules of Life. RSC Publishing:
Cambridge, UK, 2009.
5. Kvenvolden, K.; Lawless, J.; Pering, K.; Peterson, E.; Flores, J.; Ponnamperuma, C.; Kaplan, I.R.;
Moore, C. Evidence for Extraterrestrial Amino-acids and Hydrocarbons in the Murchison
Meteorite. Nature 1970, 228, 923–926.
6. Bada, J.L.; Cronin, J.R.; Ho, M.-S.; Kvenvolden, K.A.; Lawless, J.G.; Miller, S.L.; Oro, J.;
Steinberg, S. On the reported optical activity of amino acids in the Murchison meteorite. Nature
1983, 301, 494–496.
7. Cronin, J.R.; Pizzarello, S.; Cruikshank, D.P. In Meteorites and the Early Solar System;
Kerridge, J.F., Matthews, M.S., Eds.; University of Arizona Press: Tucson, AZ, USA, 1998;
pp. 819–857.
8. Cronin, J.R.; Pizzarello, S. Enantiomeric excesses of meteoritic amino acids. Science 1997, 275,
951–955.
9. Chyba, C.F. Extraterrestrial amino acids and terrestrial life. Nature 1990, 348, 113–114.
10. Cohen, B.A.; Chyba, C.F. Racemization of meteoritic amino acids. Icarus 2000, 145, 272–281.
11. Bada, J.L. Amino acid cosmogeochemistry. Phil. Trans. R. Soc. Lond. 1991, 333, 349–358.
12. Bada, J.L.; McDonald, G.D. Amino acid racemization on Mars: Implications for the preservation
of biomolecules from an extinct martian biota. Icarus 1995, 114, 139–143.

Int. J. Mol. Sci. 2011, 12

3441

13. Glavin, D.P.; Dworkin, J.P. Enrichment of the amino acid l-is avaline by aqueous alteration on CI
and CM meteorite parent bodies. Proc. Natl. Acad. Sci. USA 2009, 106, 5487–5492.
14. Tranter, G.E.; MacDermott, A.J. Parity-violating energy differences between chiral conformations
of tetrahydrofuran, a model system for sugars. Chem. Phys. Lett. 1986, 130, 120–122.
15. Klussmann, M.; Iwamura, H.; Mathew, S.P.; Wells, D.H., Jr.; Pandya, U.; Armstrong, A.;
Blackmond, D.G. Thermodynamic control of asymmetric amplification in amino acid catalysis.
Nature 2006, 441, 621–623.
16. Figgen, D.; Koers, A.; Schwerdfeger, P. NWHCII—A small and compact chiral molecule with
large parity violation effects in the vibrational spectrum. Angew. Chem. Int. Ed. 2010, 49,
2941–2943.
17. Quack, M. How important is parity violation for molecular and biomolecular chirality? Angew.
Chem. Int. Ed. 2002, 41, 4618–4630.
18. Bailey, J.; Chrysostomou, A.; Hough, J.H.; Gledhill, T.M.; McCall, A.; Clark, S.; Ménard, F.;
Tamura, M. Circular polarization in star-formation regions: Implications for biomolecular
homochirality. Science 1988, 281, 672–674.
19. Takano, Y.; Takahashi, J.; Kaneko, T.; Marumo, K.; Kobayashi, K. Asymmetric synthesis of
amino acid precursors in interstellar complex organics by circularly polarized light. Earth Planet.
Sci. Lett. 2007, 254, 106–114.
20. de Marcellus, P.; Meinert, C.; Nuevo, M.; Filippi, J.-J.; Danger, G.; Deboffle, D.; Nahon, L.;
d’Hendecourt, L.L.S.; Meierhenrich, U.J. Non-racemic amino acide production by ultraviolet
irradiation of achiral interstellar ice analogs with circularly polarized light. Astrophys. J. 2011,
727, L1–L6.
21. Takahashi, J.-I.; Shinojima, H.; Seyama, M.; Ueno, Y.; Kaneko, T.; Kobayashi, K.; Mita, H.;
Adachi, M.; Hosaka, M.; Katoh, M. Chirality emergence in thin solid films of amino acids by
polarized light from synchrotron radiation and free electron laser. Int. J. Mol. Sci. 2009, 10,
3044–3064.
22. Meinert, C.; Filippi, J.-J.; Nahon, L.; Hoffman, S.V.; d’Hendecourt, L.; de Marcellus, P.;
Bredehoft, J.H.; Thiemann, W.H.-P.; Meierhenrich, U.J. Photochirogenesis: Photochemical
models on the origin of biomolecular homochirality. Symmetry 2010, 2, 1055–1080.
23. Meierhenrich, U.J.; Filippi, J.-J.; Meinert, C.; Bredehoft, J.H.; Takahashi, J.-I.; Nahon, L.;
Jones, N.C.; Hoffman, S.V. Circular dichroism of amino acids in the vacuum-ultraviolet region.
Angew. Chem. Int. Ed. 2002, 49, 7799–7802.
24. Mann, A.K.; Primakoff, H. Chirality of electrons from beta-decay and the left-handedasymmetry
of proteins. Origins of Life 1981, 11, 255–265.
25. Vester, F.; Ulbright, T.L.V.; Krauch, H. Optical activity and parity violation in beta-decay.
Naturwissenschaften 1959, 46, 68–69.
26. Ulbricht, T.L.V.; Vester, F. Attempts to induce optical activity with polarized-radiation.
Tetrahedron 1962, 18, 629–637.
27. Gusev, G.A.; Kobayashi, K.; Moiseenko, E.V.; Poluhina, N.G.; Saito, T.; Ye, T.; Tsarev, V.A.;
Xu, J.; Huang, Y.; Zhang, G. Results of the second stage of the investigation of the radiation
mechanism of chiral influence (RAMBAS-2 experiment). Origins Life. Evol. Biosphere 2008, 38,
509–515.

Int. J. Mol. Sci. 2011, 12

3442

28. Cline, D. Supernova antineutrino interactions cause chiral symmetry breaking and
possiblyhomochiral biomaterials for life. Chirality 2005, 17, S234–S239.
29. Bargueno, P.; Perez de Tudela, R. The role of supernova neutrinos on molecular homochirality.
Origins Life Evol. Biosphere 2007, 37, 253–257.
30. Shinitzky, M.; Elitzur, A.C. Ortho-Para spin isomers of the protons in the methylene
group—possible implications for protein structure. Chirality 2006, 18, 754–756.
31. Boyd, R.N.; Kajino, T.; Onaka, T. Supernovae and the Chirality of the Amino Acids,
Astrobiology 2010, 10, 561–568.
32. Shinnaka, Y.; Kawakita, H.; Kobayashi, H.; Jehin, E.; Manfroid, J.; Hutsemekers, D.; Arpigny, C.
Ortho-to-para abundance ration (OPR) of ammonia in 15 comets: OPRs of ammonia versus
14
N/15N ratios in CN. Astrophys. J. 1982, 260, 141–146.
33. Ferriere, K.M. The interstellar environment of our galaxy. Rev. Mod. Phys. 2001, 73,
1031–1066.
34. Boyd, R.N. Introduction to Nuclear Astrophysics; University of Chicago: Chicago, IL, USA;
2008, pp. 136–142.
35. Takahashi, K.; Yamada, M.; Kondoh, T. Beta decay half-lives calculated on the gross theory.
At. Data Nucl. Data Tables 1973, 12, 101–142.
36. Keil, M.T.; Raffelt, G.G.; Janka, H.T. Monte Carlo Study of Supernova Neutrino Spectra
Formation. Astrophys. J. 2003, 590, 971–991.
37. Esteban-Pretel, A.; Mirizzi, A.; Pastor, S.; Tomas, R.; Raffelt, G.G.; Serpico, P.D.; Sigl, G.
Multi-angle effects in collective supernova neutrino oscillations. J. Phys. Conf. Series 2008, 120,
052021:1–052021:3.
38. Duan, H.; Fuller, G.M.; Carlson, J.; Qian, Y.-Z. Simulation of coherent nonlinear neutrino flavor
transformation in the supernova environment: Correlated neutrino trajectories. Phys. Rev. D 2006,
74, 105014:1–105014:22.
39. Duan, H.; Fuller, G.M.; Carlson, J.; Qian, Y.-Z. Analysis of collective neutrino flavor
transformation in supernovae. Phys. Rev. D 2007, 75, 125005:1–125005:17.
40. Duan, H.; Fuller, G.M.; Qian, Y.-Z. Simple picture for neutrino flavor transformation in
supernovae. Phys. Rev. D 2007, 76, 085013:1–085013:11.
41. Buckingham, A.D. Chirality in NMR spectroscopy. Chem. Phys. Lett. 2004, 398, 1–5.
42. Buckingham, A.D.; Fischer, P. Direct chiral discrimination in NMR spectroscopy. Chem. Phys.
2006, 324, 111–116.
43. Horowitz, C.J.; Li, G. Cumulative parity violation in supernovae. Phys. Rev. Lett. 1998, 80, 3694.
44. Arras, P.; Lai, D. Neutrino-nucleon interactions in magnetized neutron-star matter: The effects of
parity violation. Phys. Rev. D 1999, 60, 043001:1–043001:28.
45. Lai, D.; Qian, Y.-Z. Neutrino transport in strongly magnetized proto-neutron stars and the origin
of pulsar kicks: The effect of asymmetric magnetic field topology. Astrophys. J. 1998, 505,
844–853.
46. Maruyama, T.; Kajino, T.; Yasutake, N.; Cheoun, M.-K.; Ryu, C.-Y. Asymmetric neutrino
emission from magnetized proton-neutron star matter including hyperons in relativistic mean field
theory. Phys. Rev. D 2011, 83, 081303:1–081303:5.

Int. J. Mol. Sci. 2011, 12

3443

47. Boyd, R.N.; Kajino, T.; Onaka, T. Amino Acid Chirality Resulting from a Core-Collapse
Supernova, 2011, unpublished work.
48. Hasegawa, T.I.; Herbst, E.; Leung, C.M. Models of gas-grain chemistry in dense interstellar
clouds with complex organic molecules. Astrophys. J. Suppl. Series 1992, 82, 167–195.
49. Kondepudi, D.K.; Nelson, G.W. Weak neutral currents and the origin of biomolecular chirality.
Nature 1985, 314, 438–441.
50. Mason, S.F.; Tranter, G.E. The parity-violating energy difference between enantiomeric
molecules. Mol. Phys. 1984, 53, 1091–1111.
51. Mason, S.F. Origins of biomolecular handedness. Nature 1984, 311, 19–23.
52. Soai, K.; Shibata, T.; Morioka, H.; Choji, K. Asymmetric autocatalysis and amplification of
enantiomeric excess of a chiral molecule. Nature 1995, 378, 767–768.
53. Soai, K.; Sato, I. Asymmetric autocatalysis and its application to chiral discrimination. Chirality
2002, 14, 548–554.
54. Mathew, S.P.; Iwamura, H.; Blackmond, D.G. Amplification of enantiomeric excess in a
proline-mediated reaction. Angew. Chem. Int. Ed. 2004, 43, 3317–3321.
55. Breslow, R.; Levine, M.S. Amplification of enantiomeric concentrations under credible prebiotic
conditions. Proc. Nat. Acad. Sci. USA 2006, 103, 12979–12980.
56. Garrod. R.T.; Weaver, S.L.W.; Herbst, E. Complex chemistry in star-forming regions: An
expanded gas-grain warm-up chemical model. Astrophys. J. 2008, 682, 283–302.
57. Laas, J.C.; Garrod, R.T.; Herbst, E.; Weaver, S.L.W. Contributions from grain surface and gas
phase chemistry to the formation of methyl formate and its structural isomers. Astrophys. J. 2011,
728, 71:1–71:9.
58. Woon, D.E. Ion-ice astrochemistry: Barrierless low-energy deposition pathways to HCOOH,
CH3OH, and CO2 on icy grain mantles from precursor cations. Astrophys. J. 2011, 728,
44:1–44:6.
59. Bennett, C.J.; Hama, T.; Kim, Y.S.; Kawasaki, M.; Kaiser, R.I. Laboratory studies on the
formation of formic acid (HCOOH) in interstellar and cometary ices. Astrophys. J. 2011, 727,
27:1–27:15.
60. Pittard, J.M. Mass loaded flows. Diffuse Matter from Star Forming Regions to Active Galaxies—A
Volume Honouring John Dyson; Hartquist, T.W., Pittard, J.M., Falle, S.A.E.G., Eds.;
Springer: Dordrecht, The Netherlands; 2007, pp. 245–268.
61. Spergel, D.N.; Verde, L.; Peiris, H.V.; Komatsu, E.; Nolta, M.R.; Bennett, C.L.; Halpern, M.;
Hinshaw, G.; Jarosik, N.; Kogut, A.; Limon, M.; Meyer, S.S.; Page, L.; Tucker, G.S.;
Weiland, J.L.; Wollack, E.; Wright, E.L. First-Year Wilkinson Microwave Anisotropy Prove
(WMAP) observations: determination of cosmological parameters. Astrophys. J. Suppl. 2003,
148, 175–194.
62. Kulkarni, S.R.; Blitz, L.; Heiles, C. Atomic hydrogen in the outer Milky Way. Astrophys. J. Lett.
1982, 259, L63–L66.
63. Elmegreen, B.G. Star Formation in a Crossing Time. Astrophys. J. 2000, 530, 277–281.
64. Hartmann, L.; Ballesteros-Paredes, J.; Bergin, E.A. Rapid Formation of Molecular Clouds and
Stars in the Solar Neighborhood. Astrophys. J. 2001, 562, 852–868.

Int. J. Mol. Sci. 2011, 12

3444

65. Fujiwara, A.; Kawaguchi, J.; Yeomans, D.K.; Abe, M.; Mukai, T.; Okada, T.; Saito, J.; Yano, H.;
Yoshikawa, M.; Scheeres, D.J.; Barnouin-Jha, O.; Cheng, A.F.; Demura, H.; Gaskell, R.W.;
Hirata, N.; Ikeda, H.; Kominato, T.; Miyamoto, H.; Nakamura, A.M.; Nakamura, R.; Sasaki, S.;
Uesugi, K. The rubble-pile asteroid Itokawa as observed by Hayabusa. Science 2006, 312,
1330–1334.
66. Yano, H.; Kubota, T.; Miyamoto, H.; Okada, T.; Scheeres, D.; Takagi, Y.; Yoshida, K.; Abe, M.;
Abe, S.; Barnouin-Jha, O.; Fujiwara, A.; Hasegawa, S.; Hashimoto, T.; Ishiguro, M.; Kato, M.;
Kawaguchi, J.; Mukai, T.; Saito, J.; Sasaki, S.; Yoshikawa, M. Touchdown of the Hayabusa
spacecraft at the Muses sea on Itokawa. Science 2006, 312, 1350–1353.
67. Saito, J.; Miyamoto, H.; Nakamura, R.; Ishiguro, M.; Michikami, T.; Nakamura, A.M.;
Demura, H.; Sasaki, S.; Hirata, N.; Honda, C.; et al. Detailed Images of Asteroid 25143 Itokawa
from Hayabusa. Science 2006, 312, 1341–1344.
68. Thiemann, W.H.-P.; Meierhenrich, U. ESA Mission ROSETTA will probe for chirality of
cometary amino acids. Origins Life Evol. Biosphere 2001, 31, 199–210.
69. Jenkins, E.B.; Savage, B.D. Ultraviolet photometry from the Orbiting Astronomical Observatory.
XIV. An extension of the survey of Lyman-alpha absorption from interstellar hydrogen.
Astrophys. J. 1974, 187, 243–255.
70. Bohlin, R.C. Copernicus observations of interstellar absorption at Lyman alpha. Astrophys. J.
1975, 200, 402–414.
71. Lunardini, C. Diffuse Neutrino flux from failed supernovae. Phys. Rev. Lett. 2009, 102,
231101:1–231101:4.
72. Heger, A.; Fryer, C.L.; Woosley, S.E.; Langer, N.; Hartmann, D.H. How massive stars end their
life. Astrophys. J. 2003, 591, 288–300.
73. Fryer, C.L. Neutrinos from fallback onto newly formed neutron stars. Astrophys. J. 2009, 699,
409–420.
74. Sumiyoshi, K.; Yamada, S.; Suzuki, H. Dynamics and neutrino signal of black hole formation in
nonrotating failed supernovae I: Equation of State dependence. Astrophys. J. 2007, 667, 382–394.
75. Beacom, J.; Boyd, R.N.; Mezzacappa, A. Black hole formation in core-collapse supernovae and
time-of-flight measurements of the neutrino masses. Phys. Rev. D 2001, 63, 073011:1–073011:16.
76. Fuller, G.M.; Haxton, W.C.; McLaughlin, G.C. Prospects for detecting neutrino flavor
oscillations. Phys. Rev. D 1999, 59, 085005:1–085005:15.
77. Miller, S.L. The production of amino acids under possible primitive earth conditions. Science
1953, 117, 528–531.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

