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1. Introduction

About half of the heavy elements (A > 60) in our universe are produced by the rapid neutron
capture process (or r-process). It is characterized by very fast neutron captures and subsequent
B-decays, thus running through the extremely neutron-rich region of the nuclear chart.
Observations of r-process elements point towards a combination of several astrophysical sites,
working at different times in the universe [1]. Shocked surface layers of O-Ne-Mg core-collapse
supernovae may be one piece of the puzzle. It was shown that if the shock of an exploding 8.8 M,
progenitor star can accelerate matter to high velocities (= ¢/2) r-process elements can be produced
[2]. These low-mass stars have a steep density profile, which is why the shock accelerates to a very
high velocity in the outer layers. The shell studied in Ref. [2] is at a radius of 1000 km where
the progenitor composition is mainly dominated by carbon and oxygen. It was shown that a fast
expansion leads to an early breakdown of NSE among neutrons, protons and “He, maintaining a
high neutron-to-seed ratio until the freeze-out of charged particle reactions [3].

However, recent supernova simulations [4, 5, 6] did not support the assumptions made by [2]. In
particular, they obtained lower values for the entropy and the shock velocity, also resulting in a
different density and temperature.

2. Method

In a core-collapse supernova the supernova shock forms after collapse and propagates outwards
through the star. We begin the description of a mass element at the encounter of the shock, fol-
lowed by the expansion and cooling of the material. Since we aim for a broad study, we do not
use data from supernova simulations, but employ a parametrized model for the evolution of the
shocked material (a similar approach was used in e.g. [7]).

The initially free-falling mass shell is heated by the shock and expands outwards. For the de-
scription of the expansion we use two different approaches: The first follows the parametrization
presented in Ref. [2]:

r(t) =rl+(t/1)] 2.1
_ P
PO = TGP )]

2.2)

In addition to this approach, we use a regular power-law expansion with a variable exponent n
which effects different expansion timescales:

r(t) =rg+vs(t —19) (2.3)
P(t)—ps<r2‘;)> : (2.4)

where f is the time of the shock passage and ry = r(1y) is the radius of the mass shell at that time.
The temperature is calculated by means of the Timmes & Arnett (1999) Equation of State (EOS)

[8].
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For the nucleosynthesis calculations we use WINNET [10, 11], a new extensive nuclear network,
and the JINA reaction rate database'. The initial nuclear composition is given by the progenitor,
as well as the density, pressure and temperature. If the temperature of the shocked matter exceeds
Tvse = 8 GK, NSE is assumed. It was shown that this assumption is reasonable even for fast
expansions [12]. For lower temperatures the full network is solved.

At Ty =~ 3 the charged-particle reactions cease due to the Coulomb barrier, freezing the seed nuclei
abundances. At that point, if there are enough free neutrons left, the neutron captures become
dominant. Therefore, a high neutron-to-seed ratio at that time is crucial for the r-process.

3. Results

For our calculations we have used Nomoto’s 8.8 M, progenitor [13] and studied the effect of differ-
ent combinations of shock velocities, radii and after-shock expansions. The aim was to understand
which conditions had to be fulfilled for the r-process to occur in the shocked surface layers. Section
3.1 deals with the identification of a favourable shock velocity and expansion. Later the results are
examined more closely by focusing on the nuclear reactions in detail in section 3.2.

We performed our studies considering the thin C-O layer surrounding the 1.38 M, O-Ne-Mg core,
located at 7 ~ 10% cm (the same layer that was studied in [2]). The density in this layer is between
10° and 10° g cm™3 and the temperature is 5.7 x 108 K.

We find that the r-process can occur if two key conditions are fulfilled:

e high peak temperature, where the composition is determined by NSE

e fast expansion in order to prevent the consumption of neutrons before the charged-particle
reaction freeze-out (see section 3.2)

In the shocked matter a peak temperature and density of 75 =~ 9 — 10 and pg ~ 2 — 3 has to be
reached (p is the density in units of 10® g cm™3). This translates into an entropy of the order of
100. These conditions are found at a radius » = 10% cm.

3.1 Dependence on Shock Velocity and Expansion

The shock velocity determines the peak temperature and the dynamical expansion timescale. The
latter constrains the key reactions which are those occurring faster than the expansion. In our case
reactions destroying (or producing) neutrons are of special interest (see section 3.2). Thus, the
neutron abundance and, accordingly, the neutron-to-seed ratio (Y, /Yy..q) are strongly influenced by
the shock velocity.

In a first step we vary the shock velocity and use the expansion model employed in [2] (Eq. (2.1) &
(2.2)). The temperature evolution is calculated directly via the EOS in each timestep. The results
are presented in Figure 1. The point # = 0 is the time when the shock passes through the mass shell,
so the figure only shows the expansion phase of the shocked matter.

Uhttps://groups.nscl.msu.edu/jina/reaclib/db/
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The charged-particle reactions freeze out at # ~ 2 x 107> s when the temperature has dropped to
3 GK. The solid black line in Fig. 1 corresponds to the case investigated by [2] (Vi = 1.5 x 100
cm s~ ). In this calculation the peak temperature reaches a value of 7o = 9.92. The initial neutron,
proton and “He abundances are Y, = 0.48, Y, =0.48 and Y, = 0.008. These conditions lead to an r-
process and heavy nuclei are synthesized (see Fig. 1b). For slower shocks Y, /Y;ceq is considerably
lower throughout the expansion, which directly affects the final abundances.

10% T T 10" m i
ool — Ning et al. (2007) || A |
ol -- Vy=8x10" cms! || 10 | 1

d N | V,;,=10" cm s7! o 10° !
10° 1 %

3] < 107 E
10 E .
100 F © 10%§ .

~ i
10-1 B \\ 10-9 L: i
N l:
- ;]
10°] \ B \ B \ 100 4 AT S S
10 107 102 10 10° 0 20 40 60 80 100120140160 18020022024
time [s] A
(a) neutron-to-seed ratio (b) final abundances
Figure 1: Neutron-to-seed ratio and final abundances for a set of calculations with different shock velocities using
Nomoto’s (1984) O-Ne-Mg progenitor. The initial shock radius is set to Ry, = 1000 km and the expansion follows the
model of [2]. The black solid line corresponds to the case discussed in [2] (Vy; = 1.5 % 1019 cm s~1). Solar r-process
abundances are represented by the blue dots (not to scale). The shaded area in la indicates the time after charged-
article-reaction freeze-out when the temperature drops below see text).
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Figure 2: Results for a series of calculations with varying expansion and constant shock velocity (Vy, = 1.5 x 10 cm
s~! and Ri’}j”"’l = 1000 km). The legend refers to the expansion models introduced in section 2 with the parameter n the
exponent in Eq. (2.4).
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In addition we have also studied the impact of different expansions for the same initial conditions
(including Vi;). The results are presented in Figure 2. The expansion models follow the prescrip-
tions introduced in section 2 and the parameter n is the exponent in Eq. (2.4). In accordance with
previous findings, an r-process occurs for expansions which are fast enough [3]. The threshold lies
between n =5 and n = 6. Similar to the cases with a fast shock velocity in Fig. 1 there is a ¥,,/Yseeq
plateau around 4 x 1073 s for the faster expansions (Fig. 2a) which enables the synthesis of heavy
nuclei (Fig 2b). The reasons for this will be discussed in section 3.2.

3.2 Nuclear Reactions and Abundance Evolutions

The expansion timescale affects the nuclear reaction rates that depend on the temperature. There-
fore in a slower expansion those rates are higher than in a faster expansion at a given time. In our
case the two most prominent reactions among the light nuclei are

n+p—D and n+D—T.

As expected, both reactions are stronger in the slower expansion, consuming much more neutrons
until they are virtually depleted at # ~ 5 x 103 s. This is shown in Figure 3, where the abundance
evolutions of the light nuclei with mass numbers A < 4 are tracked for n =5 and n = 6. In the slower
expansion (Fig. 3a), the neutron, deuterium, tritium and 3He abundances are depleted at around
5x 1073 s as a consequence of the higher reaction fluxes. A comparison of Fig. 3 with Fig. 2a
reveals that the difference in neutron abundance solely accounts for the difference in Y, /Yyeeq.
Indeed, the seed abundances do not differ much in the two cases studied here.
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Figure 3: Evolution of light nuclei abundances for an expansion with n = 5 (a) and n = 6 (b), corresponding to the
trajectories in Fig. 2. From 4 x 10~ 3s onwards the abundances of all but the o particles diverge by several orders of
magnitude.
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4. Conclusions

In this work we have presented a comprehensive study on the r-process in the environment of
shocked surface layers, which have recently been proposed as an r-process site [2]. We have inves-
tigated the conditions that need to be fulfilled for the r-process and shown that, given those condi-
tions, shocked surface layers could indeed contribute to the r-process abundances that are observed
in the universe. Our calculations show that a peak temperature and density around 7 = 9 — 10 GK
and p =2 —3 x 10% g cm™3 combined with a rapid expansion provide favourable conditions for
the production of r-process nuclei at a later time. We also have shown that the expansion timescale
has a direct effect on the nuclear reactions and that in a slow expansion neutrons become depleted
before the charged-particle reactions freeze-out.

Although the assumptions from NQMO7 have been found to be too optimistic, new hydrodynamic
supernova simulations will help to decide if any realistic models can meet the conditions we have
identified.
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