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Abstract

The analysis of noble gases in primitive meteorites
has shown the existence of anomalous isotopic
abundances when compared with the average So-
lar System values. In particular it has been found
that some graphite grains contain an unexpected
high abundance of neon-22. This excess of neon-
22 is usually attributed to the radioactive decay of
sodium-22 produced in the O/Ne burning layer of a
core collapse supernova. In this talk we speculate
about a different origin, the disruption of a crys-
tallized white dwarf by a compact object (white
dwarf, neutron star, or black hole).

1 Introduction

For some time it was believed that white dwarf colli-
sions were rare encounters that only could occur in
dense environments like the core of globular clusters or
the regions surrounding the central black hole of galax-
ies, for which reason its importance as nucleosynthesis
agents was disregarded (Benz et al., 1989). This per-
ception changed when it was realized that the majority
of stars are not isolated but forming part of multiple
(binary, ternary, etc.) systems.

Multiple systems are in general unstable except those
that have an hierarchical structure, being a typical ex-
ample a binary system plus a third star. These systems,
however, can exchange angular momentum and pro-
duce periodical modifications of the eccentricity of the
binary and of the inclination of the inner and outer
orbital planes (Kodai-Lidov cycles) leading to collisions
or at least strong encounters that, in the case of two
white dwarfs and depending on the circumstances, can
induce thermonuclear explosions and ejections of pris-
tine matter. In any case, the evolution of stars in such
conditions is not well understood (Toonen et al., 2016).
The frequency of such collisions is an open question;

Katz & Dong (2012) suggested that the number of
frontal collisions could be as large that this mechanism
alone could be responsible of a large fraction of Type Ia
supernovae (SNIa). This idea has been challenged

by Toonen et al. (2018) who, through detailed triple
star evolution population synthesis, found that isolated
triples can only account for a small fraction of SNIa.
In any case it is important to realise that the number
of failed white dwarf-white dwarf collisions is larger
than previously expected and, specially, that they are
not confined to the core of globular cluster nor to the
outskirts of the central black hole.
This means that if the ejected material, either with

the primitive composition of the white dwarf or with
a composition modified by the nucleosynthesis associ-
ated with the collision, can preserve its composition
in the form of stardust and be incorporated to a pre-
stellar nebula, it could be responsible for the chemical
anomalies similar to those found in the primitive Solar
System meteorites (Isern & Bravo, 2018).

2 Chemical structure of the
white dwarf

White dwarfs are the remnants of low and intermediate-
mass stars and, as a consequence of the pressure of de-
generate electrons, they cannot synthesize new atomic
nuclei. Therefore, when they start the cooling pro-
cess, their composition is completely similar to that
of the AGB cores. Furthermore, during the cooling
the isotopic distribution changes as a consequence of
sedimentation and, depending on the strength, of the
nucleosynthesis induced by the shock. Thus, the mate-
rial injected to the interstellar medium (ISM) material
has a chemical composition completely peculiar.
For the sake of simplicity, we are only going to con-

sider the case of CO-white dwarfs. The inner part of
the core has a composition dominated by the maximum
extension of the central He-burning region where the
abundance of oxygen is maximum and almost constant.
The size of this core increases with the mass of the
white dwarf but, at the same time the abundance of
oxygen decreases. Beyond this region the oxygen pro-
file is built by the He-burning in a thick shell. Since
gravitational contraction induces an increase of temper-
ature and density, the abundance of oxygen decreases
as a consequence of the fact that the ratio between the
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Figure 1: Chemical profile of a typical C/O white dwarf
as a function of the mass coordinate, where m and M are,
respectively the mass coordinate and the total mass. Dashed
lines display the initial configuration assuming it is made
only of 12C (green), 16O (blue) and 22Ne (magenta). Solid
lines represent the chemical composition that is obtained
after complete crystallization using the phase diagram of
Segretain (1996).

C-α and the 3α reaction rates is lower for high tem-
peratures (see Figure 1) to the point that 12C becomes
dominant (D’Antona & Mazzitelli, 1989; Salaris et al.,
1997, 2000, 2010; Fields et al., 2016). This structure
has been confirmed by the asteroseismological analysis
of the ZZ Ceti star KIC08626021, although with notice-
able surprises concerning the abundance and the size
of the oxygen-core (Giammichele et al., 2018)1.
At the end of the H-burning, almost all the initial con-

tent in 12C , 14N and 16O is converted into 14N which,
in turn, is converted into 22Ne during He-burning.
The total abundance of this isotope is, thus, almost
equal to the sum of the abundances of the other three
(x22 = x12 + x14 + x16) and becomes the most abun-
dant of the minor species of the white dwarf (Figure1).
Besides this isotope and the initial content in metals,
the parent star synthesised new isotopes during the
different nuclear burning episodes as is the case of
the s-elements which are synthesized during the AGB
phase during double shell burning. These elements
have a total abundance of 10−7−10−6 in mass fraction
in the outer 10% of the white dwarf (C. Abia, private
communication and Piersanti et al., 2007). To these
impurities it is necessary to include the accretion of
the circumstellar debris left by the progenitor.

1see also the contributions of Charpinet and Giammichele in this
volume.

Figure 2: The same meaning as Fig. 1.

It is usually assumed that once the white dwarf is
born its chemical structure remains frozen. Assuming
that the amount of accreted material is negligible, this
is true for the total chemical content of the star since
the nucleosynthesis activity is blocked by the electron
degeneracy, but not for the distribution of the different
elements along the star. As a consequence of gravi-
tational settling of neutron rich nuclei like 18O, 22Ne,
56Fe, etc., (Bravo et al., 1992; Bildsten & Hall, 2001;
García-Berro et al., 2008), and sedimentation induced
by a change of solubility upon crystallization (Isern
et al., 1998, and references therein), the chemical pro-
file of white dwarfs experiences noticeable changes
during the cooling process.

For instance, consider a white dwarf made of 12C,
16O, and 22Ne only, as depicted in Figure 1. The phase
diagram of Segretain (1996) predicts that for small
concentrations of neon, as far as the crystallization tem-
perature satisfies the condition T/TC ≥ 1.12, where
TC is the temperature of solidification of pure carbon,
the liquid and the solid have the same abundance of
neon and the phase diagram of the C/O mixture is not
affected by the presence of neon. When this condi-
tion is not fulfilled, i.e, when the abundance of carbon
is much larger than that of oxygen, the presence of
neon modifies the phase diagram, which evolves into
an azeotropic form, and a process of distillation starts
leading to the formation of shell made of carbon and
neon only (xC = 0.78, xO = 0.0, and xNe = 0.22, by
number). See Figures 1 and 2, solid lines.
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3 The neon-E anomaly

The neon-E anomaly was discovered by Black & Pepin
(1969) when they analyzed a sample from the Orgueil
meteorite, a carbonaceous chondrite, using a step by
step technique, and found that the neon released at
high temperature (900 – 1100 oC) was enriched in
22Ne as compared with the solar value. Subsequent
studies lowered this value leading to the idea that Ne-E
was made of pure 22Ne (Eberhardt, 1974; Eberhardt
et al., 1979, 1981; Jungck, 1982). These analyses
also showed the existence of two types of Ne-E anoma-
lies: the Ne-E(H), that is released at high temperatures
(1200 – 1400 ◦C) and is associated with high density
minerals and the Ne-E(L) that is released at lower tem-
perature (500 – 700 ◦C) and is associated with low den-
sity minerals (Anders & Kerridge, 1988). It is specially
significant that the carrier of the Ne-E(H) anomaly is
silicon carbide (Bernatowicz et al., 1987; Tang & An-
ders, 1988), and that of Ne-E(L) is graphite (Amari
et al., 1990). It is important to mention that all carri-
ers containing noble gas are carbonaceous, and that
graphite can only form in the absence of free oxygen.
The isotope 22Ne may have a thermonuclear origin

during the hydrostatic He-burning stage of stars, a
radiogenic origin as the decay product of the 22Na pro-
duced in the O/Ne zone of a supernova (Rauscher et al.,
2002; Chieffi & Limongi, 2004) or in an ONe nova (José
& Hernanz, 1998; José et al., 2004), or a spallative ori-
gin by bombarding 25Mg with protons of moderate
energy. The spallative origin has been rejected since it
demands a very fine-tuned pulse of protons (Audouze
et al., 1976). In the case of Ne-E(H) in presolar SiC
grains, an extended idea is that it originated during the
thermal pulses of AGB stars (Lewis et al., 1990, 1994;
Gallino et al., 1990; Amari, 2009) while the Ne-E(L)
in graphite grains demands a more elaborate scenario.
Amari (2009) proposes that grains grow in the O-rich
region where 22Na is produced and, thanks to the ra-
dioactive dissociation of the CO molecule, graphite
can form according to Clayton et al. (1999). An ad-
ditional possibility could be the ejection of the C/Ne
layer formed as a consequence of the crystallization
process if this layer survives the collision.

4 White dwarf collisions

The outcome of a collision between two stars essen-
tially depends on three factors, the velocity of the col-
lision, the structure of the stars, including the mass,
and the impact parameter. As a general rule, frontal
collisions are the most efficient converting kinetic into
thermal energy, and compact stars are less affected
than extended stars (Shara, 2002).
There are few simulations of the collision of two

white dwarfs (Benz et al., 1989; Raskin et al., 2009,

Figure 3: Density distribution of the two white dwarfs of
0.64 M� each one before the collision in the plane defined
by the velocities of the centers of mass of each one.

2010; Rosswog et al., 2009; Lorén-Aguilar et al., 2009;
Aznar-Siguán et al., 2013) and only recently, when it
has been realized that the frequency of these events
could be larger than expected thanks to the contri-
bution of hierarchical triple systems, has started to
increase.The outcome of these collisions can be a di-
rect collision, with a unique mass transfer episode that
disrupts the secondary in dynamical timescale, a lateral
collision in which the secondary is totally disrupted
after several orbits, and finally the formation of an ec-
centric binary system. Collisions with a small impact
parameter can produce important amounts of 56Ni and
can be assimilated to some Type Ia subtypes. Also,
during such collisions, important amounts of interme-
diate mass elements (IMS) like 28Si are synthesized.
In almost all cases, important amounts of matter, in
the range of 0.01 to 1 M� are ejected. Therefore the
question is to know if at least part of this layer can be
ejected preserving its composition.

5 Results and conclusions

As a first step we have computed the collision of two
C/O white dwarfs of 0.64 M�, with a relative velocity
of 6,000 km s−1, and an impact parameter equal to the
radius of the stars. The initial chemical composition
is the same as in Figure 1, which is similar to that
obtained by Camisassa et al. (2016) for a 3 M� main
sequence star with solar metallicity. To simulate the
event we have used the SPH models described in Bravo
& García-Senz (2009); Bravo et al. (2009) using 2.5×
105 particle for each star (see Figure 3)
Figure 4 displays the distribution of temperatures
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Figure 4: Temperature distribution, in units of 109K, in the
same plane as in Fig. 3, at the instant 3.14273 s, when the
temperature at the point of impact is near its maximum value.

at t=3.14273 s, when the temperature at the impact
point is, approximately, maximum. As it can be seen
important parts of the white dwarfs are preserved,
but other are heated to temperatures high enough to
synthesize intermediatemass elements like 28Si or even
56Ni. The total amount of mass ejected during this first
step of the collision is 0.064 M� containing 2.2× 10−4

M� of C/Ne mixture as well as important amounts of
other elements like, 1.1× 10−2 M� of 28Si and 3.2×
10−4 M� of 56Ni as well as 1.98×10−2 and 1.92×10−2

M� of 12C and 16O, respectively.
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Figure 5: Temperature reached by the different SPH par-
ticles in which the C/Ne layer was distributed versus the
angular coordinate. Red dots represent the particles that
escape and blue squares those that remain bounded. Below
a temperature of 2 × 109 K no substantial carbon burning
occurs and the composition of the C/Ne layer is expected to
experience only small modifications.

Figure 6: Time to reach a luminosity − logL/L� ≈ 4.4
(cooling time plus lifetime of the progenitor) for different
parent stars of DA and non-DA white dwarfs (upper and
lower solid lines, respectively). Dashed line, lifetime of the
progenitor assuming solar metallicity. Upper dotted line, age
of the Milky Way, lower dotted line, age of the Galaxy when
the Solar System formed.

The average composition of the C/Ne mixture is,
in mass fraction, x12 = 0.403, x22 = 0.206, x20 =
6.557× 10−3. However the isotopic distribution can be
different for the different particles since the maximum
temperature reached by them is also different as can be
seen in Figure 5. Therefore, the next step is to explore
the large variety of parameters defining these systems
to identify the possible anomalies they can introduce
and, in particular, to see if this scenario can totally or
partially account for those found in the Solar System.
Concerning the Neon-E(L) anomaly, an important

question is to know if there is time enough to guar-
antee the formation of the azeotropic layer. Figure 6
shows that non-DA white dwarfs can reach this stage
of crystallization before the formation of the Solar Sys-
tem if their Main Sequence progenitors are massive
enough. It is interesting to remember that the de-
tection in 2017 of Oumuamua, a possible interstellar
object, can remove this constraint and future missions
to obtain samples of these objects could provide direct
information about the behavior of matter in the deep
interior of stars (Seligman & Laughlin, 2018).
Naturally, before arriving at any conclusion, it is also

necessary to examine what happens with the abun-
dances of other isotopes found in the carriers, which is
the mechanism of formation of dust in these collisions,
if they can produce other anomalies. . . and, finally they
can provide important constraints on the rate at which
these collisions can occur.
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