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Summary. Supernova simulations to date have assumed that during core collapse
electron captures (EC) occur dominantly on free protons, while captures on heavy
nuclei are Pauli-blocked and are ignored. Using microscopic calculations we show
that the EC rates on heavy nuclei are large enough that, in contrast to previous
assumptions, electron capture on nuclei dominates over capture on free protons.
This leads to significant changes in core collapse simulations.

1 Introduction

Stars with masses exceeding roughly 10 Mg reach a moment in their evolution
when their iron core provides no further source of nuclear energy generation.
At this time, the evolution in the core is determined by the competition of
gravity, that produces the collapse of the core, and the weak interaction,
that determines the rate at which electrons are captured and the rate at
which neutrinos are trapped during the collapse. As the density of the star’s
center increases electrons become more degenerate and their chemical poten-
tial grows. For sufficiently high values of the chemical potential electrons are
captured by nuclei producing neutrinos, which for densities < 10" g cm=3,
freely escape from the star, removing energy and entropy from the core. Thus
entropy stays low during the collapse ensuring that nuclei dominate in the
composition over free nucleons.

Before the collapse sets in, during the presupernova stage, i.e. at core
densities < 10'° g cm ™3, and proton-to-neutron ratios Y, > 0.42, nuclei with
A = 55 — 65 dominate in the composition. The relevant rates for weak inter-
action processes were initially determined by Fuller, Fowler and Newman [4].
The rates have been recently improved based on modern data and state-of-
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Fig. 1. (left panel) Comparison of the electron capture rates on free protons and
selected nuclei as function of the electron chemical potential along a stellar collapse
trajectory. (right panel) The reaction rates for electron capture on protons (thin
line) and nuclei (thick line) are compared as a function of density along a stellar
collapse trajectory. The dashed lines (right scale) show the related average energy
of the neutrinos emitted by capture on nuclei and protons.

the-art shell-model calculations [13, 14]. Presupernova models utilizing these
improved weak rates are presented in [9, 10].

During collapse, i.e., at densities > 10'° g cm™3, temperatures and densi-
ties are high enough to ensure that nuclear statistical equilibrium is achieved.
Then, for sufficiently low entropies, the matter composition is dominated by
the nuclei with the largest binding energy for a given Y.. In current collapse
simulations a very simple description of electron capture on nuclei is used.
The rates are estimated using an independent particle model (IPM) that as-
sumes pure Gamow-Teller (GT) transitions [2]. In this model GT transitions
are Pauli-blocked for nuclei with N > 40 and Z < 40 [5, 6]. These nuclei
dominate the composition for densities larger than a few 10'° g ecm™3. As a
result, electron capture on nuclei ceases at these densities and the capture is
entirely due to free protons. In the next section we will show that the em-
ployed model for electron capture on nuclei is incorrect, as Pauli-blocking of
the GT transitions is overcome once correlations [15] and temperature effects
are taken in account [3, 5, 6].

2 Electron Capture During Core Collapse

The residual nuclear interaction, beyond the IPM, mixes the pf shell with the
levels of the sdg shell, in particular, with the lowest orbital, gy /2. The presence
of configurations were more than a neutron is promoted from the pf shell into
the gg/2 orbit unblocks the GT transitions for nuclei with N > 40. In addition,
during core collapse electron capture occurs at temperatures 7' 2 0.8 MeV.
A model that is a able to describe both correlations and finite temperature
is then necessary for the calculation of the relevant rates. This model is the
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Fig. 2. Comparison of the evolution of several quantities at the center of a 15 M.
The initial presupernova model was taken from [9, 10]. The thin line is a simulation
using the Bruenn parameterization [2] while the thick line uses the LMS rate set
(see text). Both models were calculated using a General Relativistic treatment of
gravity by the Garching collaboration.

shell model Monte Carlo (SMMC) [12] supplemented with calculations based
in the random phase approximation for the transition operators [16].

The left panel of Fig. 1 shows the electron capture rates for protons and
selected nuclei along a stellar trajectory taken from [18]. The electron chem-
ical potential, u., and the reaction @ value are the two important energy
scales of the capture process. For the lowest densities the electron chemical
potential (i =~ 6 MeV for p = 5 x 10° g em™3) is of the same order than
the typical nuclear QQ value. Then, the electron capture rates on nuclei are
very sensitive to the Q-value and smaller than the rate on protons. For higher
densities the chemical potential grows much faster than the @-value and the
rate becomes independent of the heavy nucleus. Due to the much smaller
Q-value, the electron capture rate on free protons is larger than the rates on
the abundant nuclei during the collapse. However, this is misleading as the
low entropy keeps the protons significantly less abundant than heavy nuclei.
The right panel of Fig. 1 shows that the reaction rate for electron capture on
heavy nuclei (Ry, = >, Y;A;, where the sum runs over all the nuclei present
and Y; denotes the number abundance of species i) dominates over the one
of protons (R, = Y,A,) by roughly an order of magnitude throughout the
collapse, when the composition is considered.

Electron capture on nuclei and on free protons differ quite noticeably
in the neutrino spectra they generate. The right panel of Fig. 1 shows that
neutrinos produced by captures on nuclei have a mean energy 40-60% smaller
than those produced by captures on protons (mainly due to the larger Q-
value for capture on nuclei). Despite that, the total neutrino energy loss rate
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is larger when electron capture on nuclei is considered, caused by the increase
in the total (nuclei plus protons) electron capture rate.

3 Consequences for the Collapse

Simulations of core collapse require reaction rates for the electron capture
on protons, R,, and heavy nuclei, Rj,. While R, is readily derived from [2],
the calculation of Ry, requires knowledge of the nuclear composition, in addi-
tion to the electron capture rates described earlier. In order to compute the
needed abundances a Saha-like nuclear statistical equilibrium (NSE) is used
to calculate the needed abundances of individual isotopes, including coulomb
corrections to the nuclear binding energy [1, 11]. Coulomb corrections to the
electron capture rates themselves impose a reduction of a factor ~ 2, that
doesn’t produce appreciable differences with the results obtained using un-
screened rates that are discussed below [17]. The combination of NSE abun-
dances with electron capture rates for around 200 nuclei with A = 45-112 was
used [16] to compute the rate of electron capture on nuclei and the emitted
neutrino spectra as a function of temperature, density, and electron fraction,
adequately covering the range until weak equilibrium during the collapse is
achieved. The range of validity is estimated to be p < 2 x 10'? g em~2 and
T < 2 MeV. This rate set will be denoted LMS (Langanke, Martinez-Pinedo,
and Sampaio) in the following. The rates for the inverse neutrino absorption
process are determined by detailed balance.

The consequences of this more realistic implementation of electron cap-
ture rates on heavy nuclei have been evaluated in independent self-consistent
neutrino radiation hydrodynamics simulations by the Oak Ridge and Garch-
ing Collaborations. The basis of these models is described in detail in [18, 19].
The results obtained by the Garching collaboration for the evolution of sev-
eral quantities at the center of a 15 Mg, star using the standard treatment of
Bruenn [2] and the new LMS rates for heavy nuclei are compared in Fig. 2.
With the improved treatment of electron capture rate on heavy nuclei the
total electron capture rate (heavy nuclei plus protons) is bigger than in the
Bruenn treatment resulting in a smaller Y, value and Yigpeon- The right panel
shows that the energy emission rate by neutrinos is higher in the LMS treat-
ment resulting in a reduction of the central temperature and entropy (middle
panel). Notice however, that the average energy of the emitted neutrinos is
smaller in the LMS treatment due to the higher Q-values for electron capture
on nuclei (inset of the right panel).

Figure 3 shows the star profiles for several quantities obtained in collapse
simulations carried out by the Oak Ridge collaboration (similar results are
obtained by the Garching collaboration) at the moment when the central
density reaches 104 g ecm™3. In the inner regions of the star, the additional
electron capture on heavy nuclei results in more electron capture in the LMS
models that produce a rgduction in Y. and a smaller central temperature.
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Fig. 3. The electron fraction, velocity, density and temperature as functions of
the enclosed mass at the moment when the center reaches nuclear matter densities
for the same 15 Mg, star as Fig. 2. The thin line is a simulation using the Bruenn
parameterization [2] while the thick line uses the LMS rate set (see text). Both
models were calculated using Newtonian gravity by the Oak Ridge collaboration.

In outer regions, where A < 65 nuclei dominate, the LMS models predict
less electron capture. This is so, because for these mass ranges the electron
capture rates of ref. [13, 14] are smaller than the ones used in the Bruenn
parameterization [2]. Due to the smaller electron capture rates, these regions
collapse more slowly so that the density and temperature are smaller in the
new models. The velocity distribution shows a displacement in the minimum,
which marks the eventual location of shock formation, by 0.1 M.
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