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Abstract: Recent work has produced theoretical evidence for two sites, colliding neutron stars and
neutron-star—-Wolf-Rayet binary systems, which might produce amino acids with the left-handed
chirality preference found in meteorites. The Supernova Neutrino Amino Acid Processing (SNAAP)
model uses electron antineutrinos and the magnetic field from source objects such as neutron stars
to preferentially destroy one enantiomer over another. Large enantiomeric excesses are predicted
for isovaline and alanine; although based on an earlier study, similar results are expected for the
others. Isotopic abundances of '3C and °O in meteorites provide a new test of the SNAAP model.
This presents implications for the origins of life.
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1. Introduction

Recent studies [1-4] have identified two astrophysical sites in which the combination of intense
magnetic fields and high fluxes of electron antineutrinos could produce amino acids with a high
probability of favoring left-handed chirality.

Enantiomeric excess ee is defined as ee = (N, — Np)/ (N + Np), where NL(D) is the number of
left- (right-)handed molecules in a population. An ensemble of amino acids with ee = 1 are purely
left-handed, while those with ee = -1 are purely right-handed. The ensemble is racemic if ee = 0,
having equal left- and right-handed molecule parts.

Our studies have shown that ees of the order of a percent or higher could be produced from
two-neutron-star coalescence, and somewhat lower, but still appreciable ees could arise from a close
binary system consisting of a massive star and a neutron star. Note, though, that this latter site might
ultimately evolve into a two-neutron-star coalescence site.

Amino acids are essential for the continuing existence of life, and may have even enabled its
formation. The basic steps by which life might have developed from these basic molecules are not
fully known, though much progress has recently been made for understanding them [5-7]. All amino
acids (except for achiral glycine) used by Earth’s living creatures are homochiral (ee = 1), to the near
exclusion of right-handed forms. Molecular chirality was originally studied by Pasteur [8], and the
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homochirality of the amino acids was subsequently deduced. However, the origin of amino acid
chirality is still a mystery.

Mid-20th century experiments [9,10] suggested that organic molecules, including amino acids,
may have been assembled in an early earthly lighting storm. However, this result does not explain how
amino acids achieved homochirality. Possible mechanisms to explain the conversion of racemic amino
acids to purely left-handed ones in terrestrial processes have been reviewed by Bonner [11]. It was
concluded that these processes would likely not result in amino acids of a single chirality. Additional
evaluations have been made by Mason [12] and Barron [13].

Furthermore, it was concluded by Goldanskii and Kuzmin [14], and by Bonner [11], that amino
acid homochirality is essential for the perpetuation of life.

Amino acids have been found in meteorites, and are therefore produced in outer space [15-20].
Further, some of these have been found to have nonzero ees, of typically a few percent, and to mostly be
left-handed, suggesting a possible cosmic origin of amino acids. Earth may, therefore, have been seeded
with chirally selected amino acids. The observed ees, however, require amplification, presumably via
autocatalysis [14,21,22], to achieve earthly homochirality. Autocatalysis is thought to have converted
small ees to the homochirality observed today. Autocatalytic processes have been demonstrated in
laboratory experiments [23-26] to produce homochiral populations from very small ees. Although
attempts have been made to sample ees of amino acids on objects in outer space [27,28], those missions
have not yet provided definitive results.

The production of enantiomeric amino acids in space could possibly be explained by multiple
models. One possible model explains a production of chiral amino acids with ultraviolet circularly
polarized light (CPL). Mie scattering from an extremely hot star was suggested by Flores et al. [29] and
Norden [30]. This has been extensively studied [31-36]. This model has the advantage that its chiral
selectivity can be experimentally demonstrated with beams of polarized photons from an accelerator.
However, significant molecular selectivity also requires the destruction of most pre-existing amino
acids of both chiralities. The CPL model can produce either positive or negative ees, whereas the
Supernova Neutrino Amino Acid Processing (SNAAP) model is capable of producing only one
enantiomeric excess in a single site.

Another model, Magneto-Chiral Anisotropy (MCA), has been developed by Wagniere and
Meier [37], explored experimentally by Rikken and Raupach [38], and extended by Barron [39]. In this
model, the interaction between photons from an intense light source, for example, a supernova, and
molecules in a magnetic field, possibly from the supernova’s nascent neutron star, would produce
a chirality-dependent destruction effect on the amino acids. The dielectric constant of a medium
depends on k - B, where k is the wavevector in the direction of travel of the incident light, and B is an
external magnetic field. The dielectric constant increases (decreases) when incident light travels in
the same (opposite) direction as the external magnetic field. This effect has opposite signs for L- and
D-enantiomers. The net result is that one enantiomer absorbs more of the incident light (and is thus
preferentially destroyed) than the other. Experimental studies on this effect have resulted in ees on the
order of 10~ for chiral molecules [40]. The MCA model can also produce ees of either sign.

Other models exist, but these are generally less developed than the MCA or CPL models [40,41].
The SNAAP model [3,4,42], described below, utilizes intense magnetic fields and electron antineutrinos
to create enantiomeric amino acids. Quantum molecular calculations indicate that the SNAAP
model can produce enantiomeric amino acids with significant positive ees [4]. A particularly
viable astrophysical scenario for this model was suggested [2] to be a neutron-star-Wolf-Rayet-star
binary system.

In this work, we discuss the SNAAP model as it applies to three systems. The first is a core-collapse
supernova that, albeit problematic, does illustrate some of the basic features of the model. The second
is a neutron star and massive star binary system. The third is one with two neutron stars that
merge. We estimated the ees produced in each site for the alanine and isovaline amino acids over
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a range of parameters within the sites, applying the quantum molecular calculations developed for
previous studies.

SNAAP model basics are described in Section 2. Application of the SNAAP model to various sites
is discussed in Section 3, followed by a discussion of the simulations relevant to their development in
Section 4. Section 5 presents the results for each site. Section 6 discusses how the SNAAP model might
explain the isotopic abundances observed in the meteorites, and Section 7 gives our conclusions.

2. SNAAP Model

In this model [1-4,42], amino acids contained within meteoroids in the vicinity of an intense
magnetic field and electron antineutrino (hereafter denoted ‘antineutrino’) flux are processed. As a
result of the parity-violating weak interaction induced by antineutrino interactions with the N nuclei
of the amino acids, one enantiomer is destroyed over another.

The relevant nuclear reaction is:

7, +1 N et 414 C 1)

where 7, is an electron antineutrino, and e™ is an antielectron—a positron. If the 14N spin (1, in units
of I, where 71 is Planck’s constant divided by 27) is antiparallel to the 7, spin (spin 1/2), the total
quantum mechanical angular momentum of the reaction can be 1/2. The must be equal to the sum
of the spins of *C (spin 0) and the positron (spin 1/2) in order to conserve angular momentum so
that this reaction can proceed. Alternatively, if the 4N spin is aligned parallel to the 7, spin, the total
angular momentum can only be 3/2, and, for angular momentum to be conserved, one unit of angular
momentum must be provided by the wavefunction of either the incoming 7, or the outgoing positron.
This process is known from basic nuclear physics [43] to occur at a much smaller rate (roughly one
order of magnitude) than the antialigned case.

Although this transition must be between nuclear states of opposite parity, for *N—14C, both
ground states have positive parity. Thus, two units of angular momentum must come from the
antineutrino or positron wave functions for that transition to occur. Thus, the inhibition may be
closer to two orders of magnitude. This is the origin of the preferential destruction postulated by the
SNAAP model.

The energies of the antineutrinos from some of the sources we considered are sufficiently large
that it might be possible for a transition to occur between the N ground state and the negative-parity
14C first excited state. However, transitions to the negative-parity states in *C all require not only the
weak interaction, but also excitation of one of the nucleons in #C from the p-shell to the higher lying
sd-shell. Such reactions would thus have their own additional level of inhibition, and would therefore
probably not be more likely than the ground state to ground-state transition.

Molecular interactions with the external magnetic field have been studied via quantum molecular
calculations [1,4]. Such a field can come from a neutron star. In the molecular rest frame, an electric
field is produced by the motion of the meteoroids in the magnetic field. This produces a truly chiral
environment [13]. In this situation, more right-handed amino acids are destroyed by the interaction of
the N nuclei with the 7,s than left-handed ones [4].

The destruction mechanism is nuclear, but amino acid chirality is molecular, so it must be shown
how the nucleus and molecule are coupled. The external magnetic field aligns the *N nuclei via
their nuclear magnetic moments, whereas the effective electric field aligns the molecular electric
dipole moments, which depend on chirality. The external magnetic field, however, is modified at the
nucleus by the effects of the orbital electrons, known as shielding—a phenomenon central to nuclear
magnetic resonance. The rank-2 shielding tensor (i.e., a two-dimensional relationship, expressed
in the form of a matrix, which relates each vector component of the external field to each vector
component of the shift in the local field) depends on the electron orbital configuration. Because the
electron orbital configuration depends on the molecular geometry, the shielding tensor depends on the
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chirality of the molecule. As a result, off-diagonal elements in the shielding tensor are asymmetric
under parity transformation, meaning that they are asymmetric under a change in chiralty [1,3].
A chirality-dependent magnetization (a bulk property) is created.

The vectors associated with this scenario are illustrated in Figure 1. Here, a scenario for a
meteoroid at or near the equatorial plane of the magnetic dipole is studied. There, it can be seen that
the external electric field vector ETg (which is coming out of the page in this diagram) is induced by the
meteoroid’s velocity vector v, through external magnetic flux B. Here, an antineutrino velocity vector
vy makes an angle 6 with respect to the meteoroid velocity vector. The bulk magnetization vector is M
for a meteoroid at rest. For moving meteoroids, the induced electric field creates additional transverse
magnetization components AM,, where x represents the chiral state. This induced magnetization
is chirality-dependent, and results in net-positive and -negative spin components aligned along the
magnetization vectors. The population of nuclei with spins along these components is labeled as
N, in the figure. The angle 2¢ is the separation of net magnetization vectors My, where ¢ =
tan~!(AM/M). The difference in angle between net magnetization and neutrino velocity results in a
different reaction rate for each chiral state [3,4].

Figure 1. Vectors relevant to the processing of amino acids in this model. The vectors and labels are
explained in the text [1]. Used with the permission of Astrobiology.
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The external electric field enhances this asymmetry by aligning the molecule along its electric
dipole moment [44], thus coupling the nuclear spin and the molecular chirality to result in the selective
destruction of one enantiomer [4]. The destruction rate of individual enantiomers and spin states can
be used to determine the evolution of the ee in time.

Figure 1 shows that the net magnetization, which is an average of the 1*N spins, is not necessarily
parallel or antiparallel to the antineutrino velocity (and spin) vector. Thus, the antineutrino/nucleus
wavefunction consists of a mixture of antialigned and aligned states. The interactions are a result of
the projection of the nitrogen spin onto the antineutrino spin vector. However, because of the splitting
of the magnetization vector, the components of this mixture are chirality-dependent. In Figure 1, it can
be seen that the nuclei of the D enantiomers have a net magnetization that is more antialigned with the
antineutrino spin than those of the L enantiomers. This is because the magnetic field for D enantiomers
shifts in the direction toward the incoming neutrino and shifts in the opposite direction for the L
enantiomer. This results in a higher number of spins of the D enantiomer pointing toward the neutrino.
Thus, on average, the nuclei of the D enantiomers are subject to larger destruction cross-sections than
the nuclei of the L enantiomers. To take into account this splitting, we adopted the factor in which the
value of the reaction rate is proportional to 1 — cos ®, where @ is the angle between the antineutrino
spin vector and the magnetization vector [45], a good approximation for the considered geometries.

It is also possible that the electron neutrinos could interact with *N to produce *O. However,
the energy threshold of this reaction is much higher (greater than 5 MeV compared to the order
of 1 MeV). Because the cross-section for neutrino-capture processes increases as the square of
the energy above threshold, and the antineutrino energies expected [46] from one of the sites,
we consider, that coalescing neutron stars are predicted to be much larger for antineutrinos than
neutrinos (16 MeV versus 10 MeV), this reaction does not have a significant result in producing a
negative enantiometrism from the combined flux from antineutrinos and neutrinos—at least in the
two-neutron-star coalescence model.

The size of the meteoroid or planetoid in this model is not constrained, as the antineutrinos are
able to pass through the intervening material. They simply must be large enough to survive the passage
through space and atmospheric entry. Possible candidates that may provide the necessary conditions
for this model include massive-star-neutron-star binaries, magnetars, Wolf-Rayet stars, or “silent
supernovae”. These are stars massive enough to collapse into black holes. In this process, they create
magnetic fields large enough for this model to work. They also create a very large antineutrino flux,
but very few photons. Another possible candidate is the site of merging neutron stars, which also
produces these same conditions, but with greater magnetic field strength and antineutrino flux at the
location of the meteoroid than in the other sites, primarily due to the meteoroid’s closer proximity to
the event [47,48].

3. Amino Acid Processing in Various Possible Sites

3.1. Processing from a Core-Collapse Supernova

The most obvious candidate for enabling the SNAAP model is a core-collapse supernova from
a single massive star. The magnetic field produced by the nascent neutron-star remnant and the
antineutrino flux are both enormous. However, this site has a fatal flaw: when the massive star
goes into its red-giant phase of stellar evolution, its periphery expands out to about 1 AU. However,
our calculations have shown that, because the magnetic field decreases significantly with radius,
amino acids would not be significantly affected beyond about 0.01 AU [43,49]. The amino acids that
could be processed are therefore inside the star, and would surely be incinerated. Note that the same
problem exists for the MCA model; a single isolated supernova cannot work there either.
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3.2. Processing from a Close Neutron-Star—Massive-Star Binary

A system such as this would presumably have been born from two massive stars in close proximity.
When the more massive one completed its stages of stellar evolution and became a supernova, it would
create a neutron star, assuming it wasn’t so massive so as to collapse into a black hole. If those
two stars remained together, the neutron star would attract the outer one or two layers from the
remaining massive star, creating a Wolf-Rayet (WR) star. It would continue its stages of stellar evolution,
and would eventually become a core-collapse supernova, known as a Type Ib or Ic.

The material that had been attracted to the neutron star would form an accretion disk around
the neutron star. These have been studied in detail, and have been found to enable the formation of
dust grains, meteoroids, and even planets [50]. The cooler outer regions could presumably also permit
the creation of amino acids, possibly on the dust grains that have formed. These may be shielded
from radiation from the WR star, for the portions of their trajectory that are closest to the WR star,
by more outward facing regions of the disk. Amino acids have been shown to form on dust grains [51],
although under different conditions than would be expected in the outer regions of an accretion disk.

An important consideration is the region in which amino acids might be formed in the accretion
disk around one of the neutron stars. Most disk simulations do not extend to temperatures at which
molecules might form, but they agree that the temperature falls off roughly as r=3/4. D’Alessio et al. [50]
found that the midplane temperature depends on the assumed grain size, but was typically several
hundred K at 1 AU for the system they considered. Thus, molecules might begin to form around an
AU from the central object. However, this is outside the region in which the nuclei could be oriented
by the magnetic field from the neutron star.

Although there may be considerations that would allow amino acids to exist closer to their parent
neutron star, this might be a long-term prospect that would result in the destruction of the formed
amino acids in all but the largest meteoroids. As smaller objects with amino acids agglomerated into
larger ones, the material in the disk would impede their velocity, reducing it to less than that required
for them to maintain a stable orbit. Thus, they would gradually sink toward the neutron star. Although
it might be difficult to have very many amino acids existing within 0.01 AU, the maximum distance
within which they would experience a sufficiently large magnetic field to sustain a selection between
chiral states, some might survive their trek to that radius if they were in large meteoroids.

3.3. Processing from the Merger of Two Neutron Stars

The two neutron stars in close orbit might have begun their existence as two massive stars.
When the first exploded as a supernova, it became a neutron star that drew the outer one or two
shells off of the remaining massive star, creating an accretion disk around the neutron star, leaving
the other as a WR star. However, when the second star exploded, the result might well have been a
two-neutron-star system, with the two in close proximity. One of them would also probably retain
some semblance to the accretion disk it had before the WR star exploded.

What is known from GW170817 [52], simultaneously observed by the FERMI [53] and INTEGRAL [54]
gamma-ray detectors, and by the CHANDRA [55] X-ray detector, as well as by many optical telescopes,
is that a lot of heavy nuclides were synthesized via the rapid-neutron-capture process resulting from
the merger of the two neutron stars. While the details of this depend on the masses of the two stars
prior to the merger, the final-state neutron star or black hole may not be of great consequence to our
considerations. The actual amount of created heavy nuclides has been estimated [56] to be several
tenths of a solar mass. Since this was made largely from neutron matter, a huge flux of electron
antineutrinos must have been produced by the process that converted the essentially pure neutron
matter to the neutron-rich progenitors of the r-process nuclei. (Here, “r-process nuclei” are isotopes
thought to be produced via neutron-capture reactions in explosive environments. The r-process is
responsible for production of nearly all of the elements heavier than iron [57].)

Fortunately, enough theoretical work [46,58] has been done on two-neutron star mergers that
good estimates of the needed parameters to perform SNAAP model calculations exist. In particular,
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the maximum magnetic field generated at the composite neutron star is around 107 G [46].
That permits the magnetic-field orientation region to extend nearly an order of magnitude beyond
what it would be for the supernova from a neutron-star—WR-star binary system.

Perego et al. [58], and Rosswog and Liebendorf [46] calculated both the expected fluxes for
electron neutrinos and antineutrinos, and their energies. The electron antineutrinos are the dominant
species, and their total flux is expected to exceed 10> ergs in the fraction of a second during which
they would be emitted. Their mean energy is predicted to be 16 MeV.

However, for creating enantiomeric amino acids, it is important to consider the disk. When the
second neutron star began to converge on its companion to a distance where it would begin to intercept
the outer regions of the disk, the disk would be disrupted by the gravitational field of the second
neutron star. Amino acid-laden meteoroids might be pulled into a close orbit with the second star,
or might be deflected into elongated orbits. As the second star continued to plow through increasingly
dense regions of the disk, it would thoroughly mix the disk material, dragging some of the meteoroids
from the outer disk regions into regions closer to one or the other neutron star and sending others into
orbits that would allow them to pass by the central objects after longer, and highly variable, times.
As the two stars grew even closer, this disk material would begin to orbit both stars, and would be
compressed under the increased gravitational pull of the two stars.

Presumably, many of the amino acids, especially those enclosed in larger meteoroids with highly
elongated orbits, could survive the higher temperatures in which they would find themselves for some
time, in some cases long enough for the two stars to complete their spiral into an object. The huge
magnetic field of the resulting neutron star, along with the enormous flux of electron antineutrinos,
would also surely produce ees in many of these amino acids. The expanding “butterfly” inner disk of
matter that is predicted to occur [46,59] would presumably eventually push the outer disk into outer
space, there to seed the surrounding volume with enantiomeric amino acids.

4. Simulations

Approximations have been performed of the level of conversion of amino acids that might have
existed in the accretion disk from racemic to enantiomeric. Important factors include the gravitational
field, the magnetic field, the meteoroid orbital characteristics, and the electron antineutrino flux.
Many of these factors are dependent on the meteoroid distance from the neutron star. This includes the
meteoroid velocity, which is closely linked to the distance from the star. The details of the calculation
are described in prior work [1], so we only summarize them here.

We have computed the shielding tensors and electric dipole moments in each enantiomer of
isovaline and alanine using the Gaussian16 [60] quantum chemistry code [4]. The environmental
conditions that approximate the expected environment in the space surrounding a neutron-star merger
were simulated. For a typical merger event, the two stars of 1 solar mass each, with a net surface
field of 10'! T, are assumed. Because the dynamics of the fields (gravitational and magnetic) and the
neutrino flux can be complicated in a typical event, we assumed a spherical mass of 2 M with a dipole
field. A constant antineutrino flux of 10 cm~2s~! was assumed at the surface of the merger event
for one second with an average cross-section for the N(7, e*)!*C of 1074° cm?. The net antineutrino
interaction rate, f, relative to half the 14N relaxation time, Ty, is defined by a unitless fraction [1]:

f= 2ﬁ =2MT 2)
AR

Using the computed shielding tensor, the nuclear magnetic polarizabilities for cationic isovaline
and alanine were computed with a density functional theory (DFT) calculation using a pcS-2 basis
set [61]. Prior to this, the initial electronic wavefunctions were optimized using an HF + MP2 [62]
computation with the aug-cc-pVDZ basis.

With the resultant shielding-tensor asymmetries, the difference in magnetic field vector for
each enantiomer was determined, B, = B, + AB,, where x represents the chirality of a particular
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enantiomer. The antineutrino-interaction rates vary as o - By — v - By[63], where ¢ and v are the
antineutrino spin and velocity vectors, respectively. Assuming a massless antineutrino, its spin vector
points in the same direction as its momentum vector.

5. Results

Several simulations were run, in which the ees of multiple amino acids were computed as
a function of time in the vicinity if a neutron-star merger.

The net ee as a function of time and orbital radius is shown in Figure 2 for isovaline. Because
the merger event is so fast, it can be assumed that the orbital radius changes little over the course of
an event. Disk viscosity, however, is an unknown parameter in this model, so a constant meteoroid
velocity of 1% of the vacuum orbital velocity was assumed for all orbital radii. Larger velocities
commensurate with close radii would result in a higher computed ee.

In Figure 2, a plot of the ee up to 1 s, the assumed duration of the antineutrino pulse, is also shown
for various assumptions of the meteoroid velocity at a constant orbital radius of 1500 km from the
merger event. It can be seen that the achieved ees can become large, comparable to those observed in
meteorite analyses, at least at that assumed radius. For lower velocities or greater distances from the
resultant neutron star, ees of the order of a percent can still be achieved.
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$ 8- —o0.000c
6
: 4
1500 1 2
??00 ] 0.8 Oi
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Figure 2. Left: ec as a function of time and radius from a neutron binary merger for isovaline. Velocity
for a circular orbit is assumed to be damped to 1% of the orbital velocity of a circular orbit. Right: ee
as a function of time for various meteoroid velocities at a fixed distance of 1500 km from the merger,
where c is the velocity of light.

The conditions in Figure 2 are a result of large magnetic fields. This model also produces large
electric fields; these may possibly exceed the dielectric strengths of the amino acids. However, this effect
could be mitigated in several ways. A strong magnetic field and a weak electric field can result in
the same chiral selection. Additionally, this effect could work if the amino acids were contained in
crystalline structures for which a much smaller electric field may suffice.

In prior work, it was shown that, if the antineutrino flux continues for too long, a total destruction
of both L- and D-enantiomers could result, and a sudden drop in ee occurs as all amino acids
are destroyed. This is partially due to their thermalization. In the case of the NN merger event,
the antineutrino pulse is so short that the ee rapidly increases and the antineutrino flux stops well
before all of the amino acids are destroyed.

The results for alanine are shown in Figure 3. Here, it is seen that the ee as a function of time and
distance is similar to that of isovaline. It is noted that, after 1 s, the ee of isovaline is slightly larger
than that of alanine. As explained in previous work [4], the product of the asymmetric components
of the shielding tensor and the electric dipole moment is larger for isovaline than for alanine. It is
seen, however, that a sizable ee can still result for alanine. Although the present results were only
achieved for isovaline and alanine, our previous work [4] strongly suggests that similar results would
be obtained for most other amino acids.
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Figure 3. Left: ee as a function of time and radius from a neutron binary merger for alanine. Velocity
for a circular orbit is assumed to be damped to 1% of the orbital velocity of a circular orbit. Right: ee
as a function of time for various meteoroid velocities at a fixed distance of 1500 km from the merger,
where c is the velocity of light.

The results for the neutron-star-WR-star binary system are not as impressive as those from the
two-neutron-star merger model, but appear to produce viable ees nonetheless. We estimate those to be
roughly four orders of magnitude less than those for the two-neutron-star merger case. In this case,
the amino acids would obviously require amplification via autocatalysis to reach the levels found in
meteorites, but their ees are still competitive with those from other models of chiral selection. Note,
though, that these two sites are sufficiently different that other issues may affect the ratio of achievable
ees. For example, the magnetic field for the two-neutron-star merger may be so high that processing of
the amino acids cannot occur as close to the merged object (because the resulting electric field might
destroy the molecules) as it could to the neutron star in the neutron-star—-WR-star site. As noted above,
though, that site might well evolve to the two-neutron-star case when the WR star explodes, in which
case considerably higher ees would be achieved.

The single supernova is problematic, though, because its red-giant phase would envelop any
amino acids that could be processed by its electron antineutrinos. We estimate that the maximum ee
it could achieve would be 1071 or even less. This is probably not a viable site for providing Earth'’s
enantiomeric amino acids.

6. Test of the SNAAP Model

Recent analyses of amino acids in meteorites [64,65] have presented an interesting test of the
SNAAP model. The relative abundances of 1°N and 13C, both stable nuclides with low normal relative
abundances (°N is 0.366 percent of natural N and '3C is 1.11 percent of natural C) were observed to
be enhanced in meteoritic amino acids. The abundance of °N is considerably larger, about a factor of
10, than that of 13C, although the actual enhancement factor considerably varies from one amino acid
to another.

We developed a simple model to see if the SNAAP model is consistent with these isotopic
enrichments. Both charged-current and neutral-current reactions can change the mass numbers of
nuclei if they go to sufficiently highly excited states in the residual nucleus that they can decay by
proton or neutron emission. We assume in the following discussion that neutral-current reactions
perform the transitions, although the results would not be different if charged-current reactions were
included. Then, the relative abundance of >N to N is enhanced both by N production from
antineutrino reactions on O and by ¥N destruction by antineutrino reactions. Similarly, the 13C to
12C abundance ratio is enhanced by production from antineutrino reactions on N and destruction of
12C by antineutrinos.

In order to simulate the neutral-current reactions, we approximated the antineutrino energy
distribution, which has a mean energy of 16 MeV [46,58], with a flat distribution from 8 to 24 MeV,
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and assumed the reactions varied with the square of the energy. (The results from our model are
rather insensitive to the details of the distribution.) This model produced relative destruction rates for
160:14N:12C of 8.3:22.7:2.3, with the destruction rate of '*N being the largest because it has the lowest
energy threshold of all the possible reactions. In each case, the yields from the two possible reactions
were added to produce the result, since the two reactions produce the same final nucleus following
the beta decay of the unstable member. For example, the interaction of an antineutrino with 1O can
produce either 1°0 plus a neutron or °N plus a proton, but °O decays to 1°N.

To determine the enhancement of 1°N to 1N from the destruction rates on 10 and *N, one must
take into account the relative abundances of 1°0 and N, and similarly for determining the production
of 13C to 12C. The natural relative abundances are, roughly, for O:N:C = 10:1:4 [66] (these depend on
whether they are galactic or solar abundances, so the numbers given are a rough average of those from
the two sets of values). However, these may not be the abundances in the meteoroids when they get
processed. The abundances of the three elements are more likely to be comparable in amino acids,
but those are not the only molecules formed in the meteoroids. Indeed, there would most likely be
some water, and that would enhance oxygen abundance. In the absence of better information, we have
just assumed the natural abundances. When these are included, they give a relative enhancement
factor of 1N to 13C of about 8.5.

This calculated ratio of the rare isotope enhancements is similar to the observed enhancements
in meteorites of rarer isotopes (~ 2-10) to well within the observed fluctuations for different amino
acids [64,65]. Since both the charged-current and neutral-current interactions would affect most of the
nuclides other than hydrogen in the amino acids, they produce atomic detritus that have insufficient
recoil energy to move very far from where it is produced. Thus, after the neutrino burst ends, it would
be expected that these atoms would recombine into new molecules, some of which would be amino
acids. It should also be noted that the dust grains on which much of the interstellar chemistry is
thought to occur have both carbon and water, that is, oxygen. The neutrinos certainly produce more
nitrogen from the oxygen that was not part of the original amino acid inventory, but might well be
when recombination occurs. If antineutrino exposure results in a production of nitrogen, then it might
be possible to produce more amino acids afterward, as more nitrogen is available for their production,
assuming that available nitrogen is the limiting factor in amino acid production. Given the possibility
of autocatalysis, that might well increase the ees.

7. Conclusions

The present results suggest that NN-star mergers are a potentially ideal site for producing
appreciable enantiomeric excesses in meteoroids that were nearby when the merger occurred.
Furthermore, the ability of the SNAAP model to reproduce the ratio of the isotopic enhancements of
13C and 1N does lend confidence in the basic features of the SNAAP model. Finally, the SNAAP model
may well explain the enantiomeric excesses observed in meteorites and even, possibly, the origin of
life on Earth.
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Abbreviations
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