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ABSTRACT

We explore heavy-element nucleosynthesis by rapid neutron capture (r-process) in the decompressing ejecta from the surface of a
neutron star. The decompression is triggered by a violent phase transition to strange quark matter (quark-nova scenario). The presence
of neutron-rich large Z nuclei (40, 95) < (Z,A) < (70, 177), the large neutron-to-seed ratio, and the low electron fraction Y. ~ 0.03
in the decompressing ejecta present favorable conditions for the r-process. We perform network calculations that are adapted to the
quark-nova conditions, and which mimic usual (n — y) equilibrium r-process calculations during the initially cold decompression
phase. They match to dynamical r-process calculations at densities below neutron drip (4 X 10'" g cm™>). We present results for the
final element abundance distribution with and without heating from nuclear reactions, and compare to the solar abundance pattern
of r-process elements. We highlight the distinguishing features of quark-novae by contrasting it with conventional nucleosynthetic
sites such as type II supernovae and neutron star mergers, especially in the context of heavy-element compositions of extremely

metal-deficient stars.
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1. Introduction

The r-process is of fundamental importance in explaining the ori-
gin of many heavy neutron-rich nuclei (A > 90—-100) (Burbidge
et al. 1957; Cameron 1957). While the astrophysical conditions
that lead to a successful r-process can be estimated, the as-
trophysical site that can provide these conditions evades posi-
tive identification. Recent comprehensive spectroscopic studies
of extremely metal-poor stars in the Galactic halo (Hill et al.
2002; Cowan et al. 2002; Sneden et al. 2003), as well as chem-
ical evolution studies (Ishimaru & Wanajo 1999; Ishimaru et al.
2004; Argast et al. 2004), confirm that a) the r-process is a ro-
bust primary nucleosynthetic mechanism and b) core-collapse
(type II) supernovae (SNe) are favored over neutron star merg-
ers (NSMs) as its astrophysical site. However, a robust r-process
model without parameterization in the neutrino-driven wind of
a core-collapse supernova is, thus far, lacking (Qian 2003).
Other astrophysical sites explored in the context of a success-
ful r-process include: prompt supernova explosions from small
iron cores (Sumiyoshi et al. 2001) or from O-Ne-Mg cores
(Wanajo et al. 2003), and neutron star mergers (Freiburghaus
et al. 1999a). Although these are promising candidates, they
face major theoretical and observational challenges, as outlined
below. In this paper, we explore decompressing neutron mat-
ter from the surface of a neutron star as an alternative or addi-
tional site for r-process nucleosynthesis. Previously, decompres-
sion was attributed to tidal disruptions in neutron star-neutron
star or neutron star-black hole collisions (Lattimer & Schramm
1974; Symbalisty & Schramm 1982; Freiburghaus et al. 1999a),
explosion of a neutron star below its minimum mass (Sumiyoshi
et al. 1998), or equatorial mass shedding during spin-down of
rapidly rotating supramassive neutron stars.

In this work, we consider a new decompression scenario: a
violent nuclear-quark phase transition in the core of a neutron
star that ejects neutron-rich matter at the surface: the quark-nova
(Kerinen et al. 2005). Our main aim is to evaluate the quark-
nova (QN) as a nucleosynthetic site and contrast it with more
conventional alternatives, namely type Il SNe and NSMs, in the
context of observations. We begin by highlighting important ob-
servations that can judge relative merits of the astrophysical sites
studied so far.

The extremely metal-poor ([Fe/H] = -3.1) halo giant
CS 22892-052 shows an overabundance of r-process nuclei com-
pared to Fe-peak nuclei; e.g., Eu/Fe exceeds the correspond-
ing solar values by factors of 30 or more (Sneden et al. 1996,
2003). However, the relative element abundances in the range
56 < Z < 82 (i.e., Ba through Pb) in CS 22892-052 follow the
solar r-process pattern. This suggests that the (strong) r-process
operates largely unchanged over the long history of Galactic
chemical evolution, and is associated with a unique astrophys-
ical process. Considerable effort has therefore been invested in
detailed modelling of core collapse SNe and NSMs, accompa-
nied by chemical evolution studies, in the hope of explaining the
abundance observations and scatter plots of r-process-only ele-
ments such as Europium (Eu) (Argast et al. 2000, 2004).

NSMs occur at a much lower rate! than any type of SNe and
so face problems in explaining the early onset (at times corre-
sponding to [Fe/H] ~ —2.5) of correlations between the ratio
of r-process elements [r/Fe] and Fe enrichment (Qian 2000).

! The coalescence rate for binary neutron stars is assumed to range
from 3 x 107 yr™! to 107% yr~! (Belczynski et al. 2002) with coales-
cence times that range from 100—1000 Myr (Portegies et al. 1998; Fryer
et al. 1999).
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Furthermore, neutron star mergers are unable to satisfactorily
explain the associated scatter plots derived from observations
of extremely metal-poor halo stars ([Fe/H] < —3.0) and thick
disk stars (—1.0 < [Fe/H] < 0.2), which show that the scatter in
[Eu/Fe] falls from ~2.0 dex at early times to ~0.2 dex at later
times (Argast et al. 2004).

Comparative observations of r-element abundance patterns
in metal-poor stars such as CS 22892-052 and CS 31082-001
([Fe/H] = —2.9) suggest that elements from Ba and above (A >
130) follow the solar r-element pattern while those below A ~
130 fall below the extension of this pattern. A similar conclusion
is drawn from the behaviour of the strontium to barium ([Sr/Ba])
ratio in a comparison of r-process rich and r-process poor stars
(Truran et al. 2002). An explanation of this fact based on core-
collapse SNe may originate in differing progenitor masses (Qian
2004)2. Intriguingly, a successful match to the solar r-process
pattern (particularly around the 3rd r-process peak (A ~ 195)),
produced by SNe events associated with the low-mass progeni-
tors, seems to require an unusually massive (M ~ 2.0 My) neu-
tron star mass (Otsuki et al. 2000; Sumiyoshi et al. 2000). Such
heavy neutron stars with canonical radius (R ~ 15 km) would
have large central densities provided the high density equation
of state is not too stiff. They may be prone to a nuclear-quark
deconfinement transition at a later stage.

Data from metal-poor stars point toward the distinct pos-
sibility of multiple r-process sites with varying astrophysical
environments. A conclusive association of r-processing with
core-collapse SNe events awaits further spectral identification
of newly-synthesized r-process nuclei (Mazzali & Chugai 1995)
and detection of gamma-rays from decays of r-process nuclei
(Meyer & Howard 1991; Qian et al. 1998).

Aside from the challenges posed by abundance observations,
there are hurdles on the theoretical side as well. Progress in the
modelling of type II SNe and y-ray bursts has led to the viable
scenario of “neutrino-driven winds” from nascent neutron stars
(Woosley et al. 1994; Takahashi et al. 1994; Qian & Woosley
1996; Wanajo et al. 2001; Otsuki et al. 2000; Thompson et al.
2001; Cardall & Fuller 1997), where presumably the r-process
is successful if model parameters are chosen appropriately.
Unfortunately, values of model parameters extracted from core-
collapse supernova simulations, such as the entropy per baryon,
electron fraction and expansion timescale do not reproduce the
observed solar abundance of r-process elements. One possible
implication of this is that the r-process has an additional site
with different neutron exposure. The prompt-explosion model
of a collapsing O-Ne-Mg core does reproduce the solar-like r-
abundance pattern (Wanajo et al. 2002, 2003) but an artificial
enhancement of the shock-heating energy is needed to obtain
the requisite physical conditions for a successful r-process.

In neutron star mergers, the amount of mass ejected de-
pends strongly on the poorly-known high-density equation of
state, with stiffer equations of state predicting larger mass loss
(Rosswog et al. 2001). General relativistic considerations for
the system dynamics, the sensitivity of the network calculations
to the electron fraction (which actually has a spread in neu-
tron star crusts), and the effects of neutrino transport on the for-
mer during the coalescence phase present sources of uncertainty.
Furthermore, a universal description of all relevant nuclear data

2 Alternate sites for heavy-element r-processing include accretion-
induced collapse (AIC) of a white dwarf into a neutron star in a bi-
nary, outflows in gamma-ray bursts (Surman et al. 2006) and col-
lapse of hybrid stars of white dwarf dimensions (Marranghello &
de Freitas Pacheco 2005).
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that would ensure good systematics remains out of reach, un-
til reaction cross-sections and decay half-lives of many unstable
exotic nuclei involved in the r-process network can be measured
accurately in rare-isotope experiments.

To overcome these challenges and explain the solar system
composition in a satisfactory way requires new astrophysical in-
put as well as better nuclear systematics. In this work, we wish
to focus on the possibilities and implications of the decompres-
sion scenario with input parameters determined by the specifics
of a quark-nova. This is not the first work to investigate r-process
nucleosynthesis in decompressing neutron matter. Meyer (1989)
and Goriely et al. (2004) have studied the r-process in the pres-
ence of exotic nuclei formed in matter resulting from the de-
compression of initially cold neutron star matter (Lattimer et al.
1977), although no specific mechanism for decompression was
proposed?. They found that improvements in radiative neutron
capture rates by exotic nuclei close to the neutron drip line* and
fission probabilities of heavy neutron-rich nuclei lead to good
agreement between the predicted and the solar abundance pat-
tern for A > 140 nuclei (see Fig. 2 in Goriely et al. 2004). Those
studies are the first consistent calculation of the nucleosynthetic
composition of dynamically ejected material from the neutron
star surface.

Interestingly, the initial conditions for decompression con-
sidered by Goriely et al. (2004) for a reasonably successful re-
production of the heavy-element r-process pattern are almost
characteristic of the quark-nova explosion and its ejecta. After
explaining the quark-nova scenario in Sect. 2, we set up the de-
compression dynamics in the setting of a quark-nova in Sect. 3.
In Sect. 4, we present results from our network calculations of
the decompression scenario, and compare them with the solar
r-process pattern. We consider cases of slow and fast decompres-
sion with and without nuclear heating from S-decays. In Sect. 5,
we compare and contrast the QN with NSM and type II SNe as
astrophysical sites for the r-process, particularly in the context of
Galactic chemical evolution. We address observational signals
of the r-process event such as y-rays from the radioactive de-
cay of heavy r-process nuclei. Our conclusions and a discussion
of certain aspects that have not been covered in this work, and
which require further study, are presented in Sect. 6.

2. Quark-nova: nuclear-quark phase transition

It has long been thought that the center of neutron stars may
be dense enough that nuclear boundaries dissolve and a phase
transition to quark matter occurs (Itoh 1970; Bodmer 1971). Up
and down quarks would then preferentially convert to strange
quarks (other heavier flavors can be neglected) in order to re-
duce Pauli repulsion by increasing flavor degeneracy. This idea
was formally stated as a conjecture (Witten 1984) that strange
quark matter is the true ground state of strongly interacting mat-
ter at zero pressure. Even if true only at finite pressure (Farhi
& Jaffe 1984), its consequences for neutron stars are sufficiently
intriguing that several possibilities for such a phase conversion
have been examined (Alcock et al. 1986). One attractive possi-
bility is that nuclear matter undergoes a phase transition to two
flavor (up and down) quark matter, which then undergoes weak

3 Alternate mechanisms for ejection of initially cold, decompressed
neutron star matter were mentioned in the introduction.

4 In addition to the intermediate compound nucleus, direct elec-
tromagnetic transition to a bound final state, which is important for
neutron-rich exotic nuclei, was included.
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equilibrating reactions to form three flavor quark matter (Olesen
& Madsen 1991; Cheng & Dai 1996). The advantage is that this
does not require the improbable simultaneous and spontaneous
conversion (via weak interactions) of several neutrons within a
small volume. In addition, the Coulomb-barrier-free absorption
of neutrons can enlarge the quark phase. If Witten’s conjecture
holds, the whole neutron star is essentially converted to strange
quark matter, thus forming a quark star.

There are various ways in which this conversion can be trig-
gered. A rapidly rotating neutron star is slowed down principally
by magnetic braking (and additionally by energy loss through
gravitational waves), thereby reducing the centrifugal force and
increasing the central pressure. The probability of triggering a
first order transition by forming a tiny lump of two flavor quark
matter (quantum nucleation) is exponentially sensitive to the
central pressure (Bombaci et al. 2004). This makes the tran-
sition much more likely as the star spins down. Material ac-
cumulated from a fallback disk around a cooling neutron star
can also force the conversion. Even the Bondi accretion rate of
10?! g/s from the interstellar medium can lead to a mass increase
of up to 0.1 Mg within a million years which can be sufficient
to compress the star beyond the minimum density for the phase
transition. Microscopic pathways for the phase conversion in-
clude the clustering of A-baryons at high density and seeding by
energetic cosmic neutrinos or strangelets (Alcock et al. 1986).
Deconfinement of quarks can also occur as early as the protoneu-
tron star stage after a supernova explosion if the central density is
large enough. However, in this case, neutrino trapping in the hot
and dense interior can push the transition density higher, delay-
ing the collapse to the point where a black hole might be formed
instead (Prakash et al. 1997).

In this work, we do not address in detail the mechanism by
which the conversion is triggered, but clearly it is important to
determine the likelihood of such a conversion, since it is linked
to the frequency of the event that generates the r-process ele-
ments in our model calculation. Yasutake et al. (2005) have de-
termined that the evolutionary transition from rapidly rotating
neutron stars to strange stars due to spin down can lead to an
event rate of 107*—107° per year per Galaxy. A more compre-
hensive analysis employing different equations of state (the sim-
plistic Bag model was employed in Yasutake et al. 2005) and a
variety of initial conditions at neutron star birth finds a similar
event rate (Staff et al. 2006). In light of the limited work on the
above topic, we will assume that spin-down is responsible for
the phase transition.

In the quark-nova picture, (Ouyed et al. 2002; Kerdnen &
Ouyed 2003; Kerinen et al. 2005) the core of the neutron star
that undergoes the phase transition to the quark phase shrinks
in a spherically symmetric fashion to a stable, more compact
strange matter configuration faster than the overlaying mate-
rial (the neutron-rich hadronic envelope) can respond, leading
to an effective core collapse. The core of the neutron star is a
few kilometers in radius to begin with, but shrinks to 1-2 km
in a collapse time of about 0.1 ms (Lugones et al. 1994). The
gravitational potential energy thus released is converted partly
into internal energy (latent heat of phase transition) and partly
into outward propagating shock waves which impart kinetic en-
ergy to the material that eventually forms the ejecta. The tem-
perature of the quark core thus formed rises quickly to about
10 MeV since the collapse is adiabatic rather than isother-
mal (Gentile et al. 1993). In Kerinen et al. (2005), the core
bounce was neglected, and neutrinos emitted from the conver-
sion to strange matter were assumed to transport the energy
into the outer regions of the star, leading to mass ejection. With
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neutrino-driven mass ejection, most of the neutrinos that can
escape the core lose their energy to the star’s outer layers of
neutron matter in the form of heat. Consequently, mass ejec-
tion is limited to about 10 M for compact quark cores of
size (1-2) km. More importantly, the neutrinos raise the elec-
tron fraction in the ejected layers by converting neutrons to pro-
tons, with a resultant Y. ~ 0.5. This is unfavorable for producing
the distinct peaks of the r-process. In fact, simulations of core
collapse induced by a nuclear-quark phase transition (Fryer &
Woosley 1998) have shown that for Y. ~ 0.5, the bulk of the
ejecta is helium, although some iron and r-process elements are
produced.

A more attractive possibility is that of core bounce, accom-
panied by outward propagating shocks that can impart sufficient
kinetic energy to the outer layers, including the crust of the star.
Since most of the neutrinos will remain trapped within the ad-
vancing front of strange matter as it engulfs the star (Keridnen
et al. 2005), the Y, of the ejected material is small, and allows for
an effective r-process. It is important to note that only a fraction
of neutrinos from weak processes in the (u,d,s) core can escape
before the entire star converts to strange matter. This assumes
that the (u,d,s) contamination front moves at supersonic speeds
(detonation) rather than by combustion (deflagaration). Studies
by Horvath & Benvenuto (1998) confirm that in a detonation
regime, the star would rapidly convert to quark matter within a
time 0.1 ms. More recent work, assuming realistic quark matter
equations of state, argues for strong deflagration (Drago et al.
2005), but this too may be preceded by a compression shock
(Lugones et al. 1994) in the nuclear region that can expel sur-
face material.

Although an accurate study of the shock propagation and the
advancing quark conversion front would require detailed mod-
elling of neutrino transport, as a first approximation, we neglect
neutrino transport at core bounce, since only about 1% (10°! erg
out of 10°3 erg released in the phase conversion) of the energy
leaves the core in the form of neutrinos over typical timescales of
mass ejection (due to long diffusion times of neutrinos in the hot
quark core). The ejected mass fraction is expected to be larger
(about 107 M) than the previous case which neglected core
bounce. This is analogous to the mechanism of mass ejection
from phase transitions in a supernova as considered by Fryer &
Woosley (1998), which can cause considerably more mass ejec-
tion due to an outgoing shock wave from the supersonic collapse
of the strange matter core. The main difference from their work
is that in a quark-nova, the neutrinos remain trapped in the hot
quark core as it grows and engulfs the star, and they cannot in-
crease the Y. of the ejected matter significantly (Kerénen et al.
2005).

3. Decompression of the ejecta

In a quark-nova, the decompression is powered by shock waves,
and it is possible that shock heating of the ejecta up to tempera-
tures of 10'°~10'" K increases the Y, due to positron capture by
the neutron-rich material if it is not expanding faster than weak
interaction timescales. Thus, a rapid ejection of the material is
essential for efficient r-process nucleosynthesis. Apart from be-
ing neutron-rich, the QN ejecta is also rich in exotic nuclei with
56 < A < 118 which come from the outermost layers of densi-
ties at and below neutron drip (Baym et al. 1975b). Thus, elec-
trical neutrality demands that there should be a spread in Y. =
0.03-0.2 in the crust. Since our calculations are performed for
a particular initial Y, our results are to be interpreted as corre-
sponding to a mass-averaged (Y.), which depends on the ejected
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mass. We comment on this sensitivity of the yield to ejected mass
(through (Y.)) at the end of Sect. 4.

It is also possible that the initial temperature of the
ejecta (T(g) is variable, depending on whether the transition to
quark matter happens within seconds of the protoneutron star
formation (in which case Té ~ 10) or much later (T(g ~ 0.1 or
smaller). The escaping neutrinos will also increase the tempera-
ture of the neutron-rich material. As shown by Meyer (1989) and
Rosswog et al. (2000), the conditions for nucleosynthesis in the
decompression scenario are largely independent of the choice of
initial temperature within a range T9 ~ 0-1, since in all cases,
the expanding material heats up to r-process like temperatures
by B-decays, so we choose Té ~ 1 or smaller as our initial tem-
perature. Since mass ejection is largely unaffected by internal
heating from neutrino absorption (Rosswog et al. 1999), the tem-
perature evolution of the ejecta is subsequently determined by
adiabatic expansion and nuclear reactions (specifically S-decays
when they become allowed). The dynamical (n — y) equilibrium
calculations employed here allow us to study this temperature
evolution.

Initial conditions for decompression

For the matter that is eventually ejected from the neutron star,
the compositions above and below neutron drip, as well as the
nuclear models used, are taken from the work of Meyer &
Schramm (1988) and Meyer (1989). This improves upon the re-
sults of the compressional liquid drop model pioneered by Baym
etal. (1971a), and Lattimer et al. (1985) by including nuclear de-
formations and shell effects. For the equation of state for dense,
[- equilibrated matter described in Meyer (1989) and Goriely
et al. (2004), the composition at p ~ 10'* g/cc is character-
ized by an initial electron fraction Y. = 0.03, corresponding to a
Wigner-Seitz cell made by a Z = 36, N = 157 nucleus. However,
our network calculations are performed with Y. as a parameter
for reasons explained previously. The details of the computa-
tional methods are given in the following section.

The expansion of this dense ejecta (including B-decays) is
followed down to neutron drip density using the network cal-
culation of Meyer (1989), where the matter ends up distributed
over a wide range of elements from Z ~ 40-70. At this stage,
the full r-process reaction network is coupled to obtain the final
abundance distribution, as well as the evolution of temperature,
entropy and electron fraction. An important parameter other than
Y. is the expansion timescale for the ejecta, which is the time
taken to evolve from a density of p ~ 10'* g/cc to p ~ 10!! g/cc.
Assuming that the ejecta is on an escape trajectory and expands
as a multiple of the free-fall timescale in a spherically symmet-
ric, non-interacting manner, we obtain a timescale on the order
of 0.01-0.1 ms.

Since neutrinos are trapped within the quark core on account
of their long diffusive timescales of 0.1 s, the expansion is fast
enough that Y. is not much changed by neutrinos, as explained
previously. Nevertheless, the results are expected to be sensi-
tive to the expansion timescale, so we vary this parameter from
0.01-1 ms to test the sensitivity of our abundance distribution to
this parameter. In their calculations, Goriely et al. (2004) find
that the final abundance pattern can be significantly different
from solar for expansion timescales 7 < 3 ms, since not all neu-
trons are captured. In the quark-nova scenario, the rapid conver-
sion to strange quark matter constrains us to explore a bounded
range of timescales 0.01 < 7(ms) < 0.1. For the sake of compar-
ison with results in Goriely et al. (2004), we also perform one
set of calculations with 7 ~ 1 ms, which would correspond to a
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slow expansion, but is not likely to be the case in the quark-nova
scenario. The following section contains the results for heavy-
element nucleosynthesis in the decompression scenario. A com-
parison to the solar abundance pattern in each case is also pre-
sented.

4. r-nuclei abundance distribution

We use the Clemson University nucleosynthesis code (Jordan
& Meyer 2004) to explore the nuclear yields that result from
the decompression of matter ejected from a quark-nova. This
particular network includes species from neutrons and protons
up to uranium and all isotopes between the proton-drip line to
several nuclides beyond the neutron-drip line for each element.
We choose to extend the network beyond the neutron-drip line
because some of our expansions reach such low temperatures
that neutron captures are able to branch across neutron-unstable
species in some cases. The last species in the network Z = 92,
A =276 is assumed to fission into two fragments-one with Z =
40 and one with Z = 52. This provides strong fission cycling of
the r-process flow in certain cases.

We follow the matter beginning at ¥, = 0.03, 79 = 1 and an
entropy per nucleon s/kg = 1. We compute the temperature and
density history of the material by imagining a spherical chunk of
matter of radius R decompressing due to its own pressure P. In
the absence of gravity (free fall), the momentum equation, under
the assumption of spherical symmetry, reads

dv _18P

— = 1
dr p or M
where v is the velocity of a radial shell, p is the matter density,
and r is the radial coordinate of one of the shells. For simplicity,
we assume a uniform density in any chunk of expanding matter
(at a particular instant) so that

3
(8.

where py and R are the density and and radius of the chunk at
the beginning of the calculation. We approximate Eq. (1) as

d’R aP c?

— =-F=a, 3)
d? pR R

where « is a constant that accounts for deviations from our sim-
ple model while also determining the expansion timescale, and
¢s 1s the sound speed. The pressure gradient causes the chunk
of matter to accelerate outwards. This increases the radius, de-
creases the density and pressure and hence, the acceleration.
This means that after an initial acceleration, the material tends
to reach a coasting speed, which is typically a few percent the
speed of light in our calculations.

We compute the pressure from routines available in the nu-
cleosynthesis code, as described in Meyer & Brown (1997). For
each timestep in the calculation, we use Eq. (3) to find the radius
of the chunk based on information from the previous timestep.
We compute the density from Eq. (2). We then guess the tem-
perature, solve the nuclear network for the changes in the abun-
dances over the timestep, compute the change in the entropy due
to nuclear reactions, and then invert the entropy to find the tem-
perature. If the resulting temperature differs from our guess, we
modify our guess and repeat the procedure until we find agree-
ment between our guess and the resulting temperature. We then
proceed to the next step.
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Fig. 1. The final abundance distribution as a function of mass number
for the @ = 1 calculation in the case in which heating from nuclear
reactions was included. (See text below for details).
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Fig. 2. The final abundance distribution as a function of mass number
for the @ = 0.1 calculation in the case in which heating from nuclear
reactions was included.

Nuclear reactions out of equilibrium generate entropy and
consequently, lead to heating of the material during the expan-
sion. We assume any energy released by reactions is fully de-
posited locally. There is a difficulty with this assumption. The
primary heating in our calculations comes from beta decays. A
significant fraction (typically ~60% for the neutron-rich heavy
nuclei in the r-process) of the energy from a beta decay is re-
leased as a neutrino, which would escape the chunk without de-
positing its energy. We do not yet have the details of the relative
energy carried away by neutrinos for all the nuclei in the net-
work; thus, to explore this issue, which turns out to have sig-
nificant consequences for our results, we study two extemes,
namely, one in which we assume all energy generated by nuclear
reactions was deposited locally and one in which we neglect en-
ergy released by the reactions. The former case certainly over-
estimates the entropy generation by nuclear reactions because it
neglects neutrino losses. In the latter case, the entropy during the
expansion is constant.

We focus on four particular decompression calculations.
The calculations have @ = 1 (corresponding to an expansion
timescale 7 ~ 0.01 ms) or @ = 0.1 (r ~ 0.05 ms) and either
include full or zero energy deposition from the nuclear reac-
tions. Ry = 10 m and po = 10" g/cc in all cases. The final abun-
dances resulting from these calculations are shown as a function
of mass number A in Figs. 1—4. In each case, for comparison,the
observed solar r-process abundances (Kappeler et al. 1989) are
shown arbitrarily scaled as plus signs.
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Fig. 3. The final abundance distribution as a function of mass number
for the @ = 1 calculation in the case in which heating from nuclear
reactions was not included.
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Fig. 4. The final abundance distribution as a function of mass number
for the @ = 0.1 calculation in the case in which heating from nuclear
reactions was not included.
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Fig. 5. The temperature as a function of time for the & = 1 expansion in
the cases in which heating from nuclear reactions is included (Heating)
or not (No Heating).

sensitivity to heating: As is apparent, calculations that neglect
heating from nuclear reactions reach higher mass nuclei. The
reason is evident from Figs. 5 and 6, which show the time-
dependence of the temperature for the various calculations.
When heating is included, the temperature initially falls but then
begins to rise beginning around 10™* s as some of the nuclei
begin to beta decay. The matter heats up, and the temperature
peaks at about 1072 s. At this time, the nuclei have reached the
N = 82 closed shell, and the extra binding forces the r-process
path closer to beta stability to the so-called “waiting-point” nu-
clei where beta rates are slower. The heating thus becomes less
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Fig. 6. The temperature as a function of time for the @ = 0.1 expan-
sion in the cases in which heating from nuclear reactions is included
(Heating) or not (No Heating).

effective. In fact the slow beta decays at the waiting-point nu-
clei hold up the flow so much that the rapid expansion allows
the neutron-capture reactions to freeze out before consuming the
neutrons, and the final abundance distribution is centered on the
N = 82 closed shell. This results in an r-process abundance dis-
tribution peaked near A = 130.

If heating is not included, however, the temperature quickly
falls to such low temperatures that neutron disintegration reac-
tions become ineffective. The r-process flow pushes beyond the
r-process waiting-point nuclei to isotopes with larger beta decay
rates. The r-process flow can then reach higher nuclear mass.
The rapid expansion still causes the matter to freezeout before
all neutrons are absorbed into nuclei, nevertheless, there is con-
siderable fission cycling. Remarkably, the final r-process abun-
dance pattern does not look like the solar pattern. Because the
r-process flow pushes neutron rich of the waiting-point nuclei,
the extra binding of the closed neutron shells does not impose it-
self on the final abundance distribution. Interestingly, the slower
expansion with @ = 0.1 does not look significantly different from
the @ = 1 case. The flow does reach slightly higher mass in the
case with full heating because some nuclei are able to leak past
the N = 82 closed shell before neutron-capture reactions freeze
out. Nevertheless, the abundance distribution is still dominated
by the A = 130 peak. It is clear that for a not too different from
unity, the degree of energy deposition has a larger effect than the
expansion rate.

We investigate a more realistic treatment of heating by run-
ning a calculation assuming only 50% of the energy released by
nuclear reactions is deposited locally (to account for energy lost
by neutrinos). The final abundance pattern shown in Fig. 7 is
little different from that in the full heating calculation shown in
Fig. 1. Although the expansion with half energy deposition re-
heats to a lower temperature than the calculation with the full
heating, the resulting temperature is enough to allow disintegra-
tion reactions to prevent the flow from bypassing the waiting
point nuclei.

sensitivity to 7: The r-process yield is quite sensitive to 7. To
test this sensitivity, we study cases with @ = 0.01 (7 ~ 0.1 ms)
and @ = 0.0001 (7 ~ 1 ms) in which we allow 50% of the energy
released by nuclear reactions to escape from the matter. The ini-
tial conditions in the latter case are similar to the choice made in
Goriely et al. (2004). The final abundance distribution is shown
in Figs. 8 and 9. The relatively slow expansion in these cases
allows the nuclear flow to pass the N = 82 waiting point nuclei
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Fig.7. The final abundance distribution as a function of mass number
for the @ = 1 calculation in the case in which 50% of the energy released
by nuclear reactions was assumed to be lost from the matter.
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Fig. 8. The final abundance distribution as a function of mass number
for the @ = 0.01 calculation and 50% local energy deposition from
nuclear reactions.

before neutron-capture reactions freeze out. These expansions
are the most promising in terms of reproducing the heavy so-
lar r-process distribution, as concluded by Goriely et al. (2004).
Figures 7-9 clearly portray the strong sensitivity of the yield
to the expansion timescale 7, which scales as 1/ v (Eq. (3) of
Sect. 4) in our simplified dynamical model of pressure-driven
expansion. Smaller a’s imply a slower expansion. In the absence
of a hydrodynamical model for the explosion, we have explored
a plausible range of timescales 0.01 < 7(ms) < 0.1 by demand-
ing that the mass ejection be completed before the entire star
converts to quark matter. The principal effect of a large expan-
sion timescale is that it counteracts the effect of heating from
B-decays which halts the flow at the 2nd r-process peak and in-
hibits further neutron capture. A slower expansion can allow the
flow to break past the 2nd peak before all neutrons freeze out. It
is clear that the final abundance distribution is quite sensitive to
the exact nature of the dynamical trajectory of the expansion and
that detailed models that include a full treatment of the reheat-
ing from nuclear reactions will be needed to further elucidate the
r-process in decompressing matter.

sensitivity to Y.: Since we lack a dynamical picture of the
quark-nova at present, the amount and composition of ejected
material is subject to uncertainty. Prior estimates of mass ejec-
tion by a quark-hadron phase transition suggest values ranging
from 0.001 solar mass to 0.1 solar mass (Fryer & Woosley 1998).
The Y. will be different in each case depending on the ejected
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Fig. 9. The final abundance distribution as a function of mass number
for the @ = 0.0001 calculation and 50% local energy deposition from
nuclear reactions.

mass. Therefore, we study the dependence of the yield pattern
on a mass-averaged electron fraction (Y, ), given by

J. Yeo)pav
(Yo) = e
pdV

¢

“)

where R, is chosen to give a particular total ejected mass (for the
density profile as described below), and Ry = 10 km.

To determine (Y.), we choose the density profile of the neu-
tron star as given in Lorenz et al. (1993). This profile coresponds
to the BPS equation of state (Baym et al. 1975b) at low density,
matched to the BBP equation of state (Baym et al. 1971a) at
densities upto nuclear saturation density. We focus only on 0.01,
0.001 solar mass ejecta since there is considerable uncertainty
for larger ejected mass coming from the high density equation of
state. We also study 107> solar mass ejecta as an aside although
such a low value is not feasible for the energetics of a quark-
nova. Using a parameterized formula for the density dependence
of Y, extracted from Table 1 in Meyer (1989), we find the mass-
averaged Y.’s to be: (Y.) = 0.03 (0.01 solar mass), (¥.) = 0.09
(0.001 solar mass), (Y.) = 0.12 (107 solar mass) and perform
r-process calculations for each of these cases. The following
trends for the (Y.)-dependence of the yield (with other param-
eters T and amount of heating fixed) are apparent from Fig. 10
which shows results for the smallest and largest (Y. ):

1) The yield of the actinide elements relative to lighter elements
increases as (Y. ) increases.

2) The position and shape of the second r-process peak is robust
in all cases, while the third peak becomes less prominent and
less stable with respect to the 2nd peak as (Y. ) increases.

3) Smaller peaks appear around mass numbers A ~ 44 (mainly
from heavy Ca, Ar and Ti isotopes) and A ~ 80 (mainly from
Se and Kr and their isotopes) as (Y. ) increases.

These features show that in the quark-nova scenario, as in more
conventional sites of the r-process, the 2nd and the 3rd r-process
peak form under very different conditions of neutron exposure.
The 2nd peak does not set very strict limits on the neutron ex-
posure or the energetics of the quark-nova, but the 3rd peak re-
quires significantly more mass ejection and smaller (Y. ), which
implies a more energetic explosion. For the case of slow ex-
pansion that we studied in these runs, the large neutron-to-seed
ratio for small (Y.) depletes material beyond the 3rd peak due
to strong fission cycling and depletes material below the 2nd
peak due to rapid neutron capture. This depletion effect is weak-
ened as we go to higher (Y.)’s, hence the appearance of the
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Fig.10. The final abundance distribution as a function of mass num-
ber for the @ = 0.0001 calculation, 50% local energy deposition from
nuclear reactions, and (Y. )’s as indicated.

smaller peaks, including the expected 1st r-process peak around
Selenium 80. The dependence on (Y.) is therefore quite severe
and deserves further study to constrain the energetics of, and el-
ement production in, the quark-nova. A coupled hydrodynamic
and nucleosynthetic description of the quark nova needs to be
done to better constrain the range of Y, and 7.

5. Quark-nova as an r-process site

As observed in the results of the previous section, decompress-
ing neutron matter can be a site for heavy element production.
Once the abundance pattern from such an event has been gen-
erated, it is natural to turn to the broader astrophysical ques-
tions of galactic enrichment by these events, and consistency
with observations detailed in the introduction. Though we do
not tackle this issue quantitatively in this work, we would like
to examine here some qualitatively important differences be-
tween quark-novae (assuming they power the decompression)
and NSMs or type II SNe in relation to present observations of
chemical abundances.

5.1. QNe versus NSMs

Failure of NSE: The QN and NSM scenarios both utilize de-
compression of neutron matter for the r-process. In case of
NSMs, the ejected blobs of neutron matter are located in the long
spiral arms generated by the merger, while the QN ejecta is as-
sumed to flow outwards from the dense surface of a neutron star.
Consequently, the density drops faster in case of NSMs than in
the QN scenario, and as a result, S-decays are more effective at
heating up the material to nuclear statistical equilibirium (NSE)
temperatures (Freiburghaus et al. 1999b).

In the QN case, the slower expansion of the ejecta implies
that B-decays happen at higher densities (significant number of
B decays occur when the -decay timescale becomes comparable
to the expansion timescale) so that the temperature rises at most
to Tg ~ 0.1 (see Figs. 5 and 6) and NSE does not hold.

r-process Yyield: The r-process yield from QNe are consis-
tent with the total r-process yield in the Galaxy (x10* M,
Wallerstein et al. 1997). Assuming that the phase transi-
tion to (u,d,s) matter happens due to spin-down of ro-
tating neutron stars and accretion from the ISM, statistics
on pulsar velocities imply that QNe occur at a rate of
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fon ~ 1074=107° yr~! Galaxy™! (Yasutake et al. 2004)°. Each
QN event can release anywhere from M, = 0.001-0.1 Mg of
baryonic matter for r-processing, therefore Mio; ~ fon M, tage is
certainly in the range of our Galaxy’s total r-abundance, given
its age fage ~ 100 yr.

The coalescence rate for binary neutron stars is estimated to
lie in the range 3 x 107*=107%/y. Simulations of NSMs predict
that, on average, about 1072 My, of baryonic matter is ejected
per event. Once again, this is consistent with our Galaxy’s total
r-abundance. The underproduction of elements at A < 130 is a
common feature between the two scenarios, but this depletion is
more pronounced in NSMs, since not all neutrons are consumed
in the QN.

Timescales: QNe can occur over widely different timescales.
Once the central pressure inside a neutron star reaches a crit-
ical pressure, nuclear matter is in a metastable state where a
droplet of quark matter is likely to be formed. This process is
not immediate, however, since quantum nucleation must take
into account the surface and curvature energy costs in making
a quark matter bubble (Bombaci et al. 2004). The formation of
such a bubble with a critical radius determined by minimizing
the Gibbs free energy can be described by a tunneling process,
whose probability is exponentially sensitive to the central pres-
sure. Furthermore, the nucleation time is then given by

7= (VopoNe) ™" 5)

where vy = 102 /s is the number of collisions made by a sub-
critical (virtual) droplet of quark matter confined in a potential
well, po is the tunneling probability and N. = 10" is the number
of droplet centers in the star’s center (Iida & Sato 1997). Results
from Bombaci et al. (2004) show that the nucleation time can
vary by several orders of magnitude from 1 yr to Hubble times
for small (~1%) changes in stellar mass (and hence pressures,
for a given equation of state).

Coalescence timescales for neutron star mergers in the ma-
jority of binary systems range from 100—1000 Myr, although
several recent works argue for a significant population of short
lived binaries with merger times less than 1 Myr (Ivanova et al.
2003; Dewi & Pols 2003; Kim et al. 2003). This puts them at
odds with the observed r-enhancement in some ultra-metal poor
halo stars. This would not be a problem for QNe, which could
happen in the very early stages of the universe’s history since
the phase transition can happen even within a year of forming a
neutron star in a supernova event.

Chemical inhomogeneities: As argued previously, NSMs are
thought to be disfavored as dominant astrophysical sites for the
r-process since they would lead to a sudden and late r-enrichment
of the interstellar medium (ISM), leading to chemical inho-
mogenities that are inconsistent with the observed scatter in
[t/Fe] of 0.2—0.3 dex (for possible caveats to this argument,
see Rosswog et al. 2000). The underlying problem is the large
mass ejection in NSMs (hydrodynamic simulations indicate
that up to 1073—1072 M, of r-process matter might be ejected
in a merger event (Janka et al. 1999; Rosswog et al. 2004;
Rosswog et al. 1999, 2000)) as well as the low NSM rate

5 The large range reflects the uncertainty in the high density equa-
tion of state, which is poorly known. For example, in Eriguchi et al.
(2004), the bag constant B for quark matter is varied from B =
60—120 MeV fm™>. This affects the critical density at which the phase
transition happens.
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(1-100 Myr~! Galaxy~!, with the upper limit being preferred).
If we adopt the results of Fryer & Woosley (1998) on mass ejec-
tion from phase transitions, the QN can eject as much material
as an NSM, and their event frequency is also comparable. So,
can the QN evade the problems faced by NSMs?

If QNe are the primary site of the r-process, the constraints
from metal-poor stars are difficult to satisfy. One would have
to arrange for differing effective contributions to the r-process
from QNe today than in the early history of the Galaxy. This
might happen in the following way: early in Galactic history,
the distribution of gas (and therefore star formation) was more
isotropic, so that the r-process material from QNe was absorbed
into the next generation of stars. More recently, since most of
the gas and star-forming regions came to reside in the Galactic
disk, type I SNe go off mainly in the disk. The neutron stars thus
created, on account of pulsar kicks, accquire large peculiar ve-
locities®, with transverse speeds ranging from 0 to ~1500 kms~!.
This implies a mean three-dimensional speed of 450 + 90 km s~}
(Lyne & Lorimer 1994), hence some of these run-away pulsars
could cover kpc distances from their origins within a Hubble
time before they undergo a QN explosion as a result of an in-
crease of their core densities following spin down or accretion
from the ISM. Therefore, we expect that a percentage of the
total r-nuclei mass contributed by relatively recent QNe to re-
side in the diffuse gas around the halo of our Galaxy. Since the
halo is not an active star-forming region, the r-process ejecta is
not absorbed into young stars, mitigating the problem of large
chemical inhomogeneities created by QNe.

It remains to perform a chemical evolution study of the en-
riched ISM from QNe events, and correlate the results with the
observed scatter in elemental abundances. This is a further step
in the modeling that will test the feasibility of the QN as an
r-process site. At this stage, a detailed hydrodynamical descrip-
tion of the QN is lacking, and so a self-consistent analysis of
chemical evolution cannot be performed; however, it is encour-
aging that the r-process yields calculated in this paper reveal the
QN to be a candidate for an r-process site. Since the frequency
of QNe in the Galaxy is similar to that of NSMs, we prefer to
think of them as additional r-process sites to SNe, or even as
substitutes for some failed/delayed SN events.

5.2. QNe versus type Il SNe

Yields and timescales: QNe can synthesize significantly larger
amounts of r-process material than the typical 107-1075 M
thought to be ejected in each core-collapse SN event (Cowan
et al. 1991; Woosley et al. 1994; Qian 2000; Wanajo et al.
2001). The frequency of QNe is less than that of SNe
(1072 yr~! Galaxy™"). Several of the uncertainties that plague the
SN scenario also apply to the QN. The correlation of r-process
yields in SNe with progenitor mass is a complex problem, while
the size and density of the quark core in QNe is a crucial factor
controlling the ejected mass fraction.

Role of neutrinos: Neutrino propagation and absorption rates
in hot and dense quark matter are not known as accurately as
required, a problem that is exacerbated by the fact that even the
ground state of quark matter at high density is uncertain’. The

6 It is a well known fact that pulsars in our Galaxy have velocities
much in excess of ordinary stars (Harrison et al. 1993).

7 In the QN, we assume it to be three-flavors of free massless quarks.
In reality, a transition to a gapped phase is likely, which can drastically
alter the neutrino rates.
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role of neutrinos in SNe and QNe is different, although the en-
ergy released in the form of neutrinos from core-collapse (in the
case of SNe) and the phase transition (in QNe) is about the same.

In SNe, neutrino-heating at the surface of the neutron star is
responsible for the neutrino-driven wind mechanism, and neu-
trinos continue to be important for the r-process, especially in
driving fission of progenitor nuclei above A > 190 towards
lighter nuclei above and below A ~ 130. Neutrinos can also in-
duce neutron emission accounting for the solar r-abundances at
A = 183-187 from the progenitor peak at A = 195, and alter the
neutron-to-seed nuclei ratio (Haxton et al. 1997).

In QNe, neutrinos deposit their energy within the neu-
tron star, and emerge as a neutrino burst only during the lat-
ter stages of r-processing. This justifies our neglect of neutri-
nos in the reaction network and their impact on the Y. of the
ejected material during the initial stages of expansion. However,
neutrino-induced effects as stated above will also be important
in determining the final yield from a QN.

Compact remnants: An intriguing difference is that the com-
pact remnant of type II SNe are neutron stars, whereas a QN
will give birth to a quark star. If QNe do indeed occur in the uni-
verse, quark stars should abound, though not as much as neutron
stars. A rough estimate of their number can be obtained by not-
ing that our Galaxy likely contains about 10® neutron stars, so
that assuming QNe to be a primary site of the r-process, the con-
straint on the total r-process material in the Galaxy implies that
1 out of every 1000 neutron stars has undergone a QN. Since a
QN leaves behind a quark star, this means that out of the approx-
imately 1500 neutron stars observed so far, one or two may ac-
tually be quark stars. If QNe are only a secondary site, however,
the above estimate for the number of quark stars may be highly
optimistic, explaining why we have not detected any quark star
as yet. This points to the need to distinguish clearly between
neutron and quark stars, a distinction that can perhaps only be
made by detailed observations of surface luminosities (Page &
Usov 2002). While stellar mass and particularly radius measure-
ments are at present not accurate enough to differentiate neutron
and quark stars (Alford et al. 2006b), recent studies of the ther-
mal and non-thermal emission properties of the surface of bare
quark stars point to super-Eddington luminosities of gamma-ray
photons and e*e” pair-winds as a unique and identifiable sig-
nature (Aksenov et al. 2004; Jaikumar et al. 2004). However,
the distinction may be undermined if quark stars have a crust
(Jaikumar et al. 2005; Alford et al. 2006a). The signature of a
QN with a fall-back crust was recently examined by Niebergal
et al. (2006). The most direct test of the QN association to the
r-process would come from y— decays of unstable nuclei pro-
duced in the r-process, as explained below.

y-decay of r-nuclei: We expect the QN ejecta to achieve y-ray
transparency sooner than SN ejecta since QN progenitors (i.e.,
neutron stars) lack extended atmospheres, so that r-process only
nuclei with y-decay lifetimes of the order of years (such as '*’Cs,
144Ce, 155Eu and "*Os) can be used as tags for the QN. For ex-
ample, given the r-process abundance of the above nuclei in the
QN (Y. = 0.03, @ = 0.0001, 1/2 heating), we can estimate the
y-flux as (Qian et al. 1998)

SM 1001 yr {10 kpc\®
__Y( P) ©)

Xi
107My A t \ d
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where I, is the number of monochromatic photons per decay of
the decaying nucleus with mass number A and lifetime 7, and d
is the distance to the QN. 6 M is the expected mass of the y-active
r-process nucleus produced in a QN, which is estimated by as-
suming that a total of 1072 M, of r-process material is ejected
per QN event. For the nuclei mentioned above, the value of F,
(in the units indicated by Eq. (6)) is tabulated below for QNe,
and compared to estimates from SNe (values taken from Qian
et al. 1998):

F, 13Cs 4Ce I5Bu 1%0s 1268p
QN 045 2.0 0.92 1.5 0.30
SN  0.35 2.9 0.50 1.6 5.0

In the above table, for cases where a nucleus displays several
gamma-ray transitions, we chose the one with the largest flux.
For each of the short-lived nuclides (all except 12681), we chose
a typical distance of d ~ 10 kpc for the r-process source. For
the case of '2°Sn, which is a long-lived nucleus (r = 1.44 x
10° yr), only fluxes from nearby sources would be detectable,
therefore, we chose d ~ 200 pc. Even so, the flux from 1265 de-
cay is small, since the QN is not effective at producing elements
under A ~ 130. We note that the line sensitivities implied by
these fluxes are somewhat below the detection threshold capa-
bilities of the spectrograph (SPI) aboard the INTEGRAL satel-
lite (Knodlseder 2002). Further, given the remaining lifetime of
the INTEGRAL mission, and the rarity of QNe, it is advisable to
look at y-decays of long-lived radioactive nuclei such as '26Sn.
However, unless a QN has occured in our vicinity (d < 50 pc)
recently, gamma-ray fluxes from '?°Sn decay would be too small
to detect. We do not address any possible connection with diffuse
y-emission at the galactic center since the frequency of QNe is
quite small compared to the lifetime of '2°Sn. The gamma de-
cay of certain radioactive nuclides beyond >*®Bi can also provide
detectable signatures of an r-process site, provided the r-process
event occurred nearby (d ~ 0.2—1 kpc) and recently (¢ < 700 yr).
Expected fluxes from some promising nuclei identified in previ-
ous works (Clayton & Craddock 1965; Qian et al. 1999) are cal-
culated for a QN and the results are tabulated below, along with
comparisons to the flux from a SN event.

Fy 226Ra 229 Th 227 Ac 228 Ra
QN 1.7 0.34 1.42 3.24
SN 1.0 0.21 1.2 3.8

6. Conclusion

The r-process remains a complex nucleosynthetic process, re-
quiring extensive modeling of the astrophysics as well as nu-
clear aspects. One of the underlying difficulties is that we are
yet to identify the astrophysical site in which ideal r-process
conditions are met. In this work we suggest that decompress-
ing neutron star matter, triggered by an explosive phenomenon
like a quark-nova may be a feasible site. Decompressing neutron
star matter provides a rich supply of exotic nuclei and large neu-
tron flux, and generates an r-process environment that is similar,
though not identical, to neutron star mergers. We performed net-
work calculations adapted to the study of the decompression and
the subsequent r-process, and found that final r-process yields
and abundance patterns are determined primarily by dynamical
timescales characteristic of a quark-nova (or the underlying mo-
tive force behind the decompression), and by the extent of heat-
ing from nuclear reactions. In the context of reproducing the ob-
served pattern of solar abundances, the slowest expansions are
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the most promising. Rapid expansions, with or without nuclear
heating, lead to a prominent 2nd peak but do not resemble the so-
lar pattern. As a candidate for the r-process site, quark-novae can
possibly evade some of the constraints from abundance observa-
tions of r-process enhanced metal-poor stars that seem to disfa-
vor neutron star mergers as primary r-process candidates. On the
basis of a preliminary exploration of the r-process yields, and
qualitative features of the quark nova, we find it to be a promis-
ing scenario, to be developed and examined in more detail. A
numerical study of the dynamics of the quark-nova needs to be
performed to relate the mode of burning of the nuclear-quark
conversion front to the expansion velocity of the ejecta; here we
have only explored a plausible regime of expansion timescales.
Finally, in our picture, quark-novae are intimately connected
with the birth of strange stars, so we suggest that decays of y-
active r-process nuclei be used as a tag for strange stars. This
intriguing link between strange stars and r-process nucleosyn-
thesis might be confirmed by the next generation of gamma-ray
satellites.
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