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Figure 1: SN1987A remnant, in the large magellanic cloud (51.5 kpc).
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The core-collapse mechanism (infall and early post-bounce)
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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Figure 2: Core-collapse mechanism, figure extracted from Janka (2012)
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Some simulation details

Progenitor : data from stellar evolution models1

mostly s15 (15M� with solar metallicity)
GR metric solver : Lorene2

GR hydrodynamic solver : CoCoNuT3

Equation of State : HS(DD2)4

Neutrinos transport scheme : Fast Multigroup Transport (FMT)5

1Woosley, Heger, and Weaver 2002.
2Gourgoulhon, Grandclément, Marck, and Novak 1997-2012.
3Dimmerlmeier, Novak, and Cerdá-Durán 2001-2007.
4Hempel and Schaffner-Bielich 2010.
5Müller and Janka 2015.
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Relevant weak processes occuring during core-collapse

Absorption/Emission via charge exchange

• p + e− � n + νe

• n + e+ � p + ν̄e

• A
Z X + e− � A

Z−1Y + νe

Thermal pair production

• e− + e+ � ν + ν̄

• γ∗ � ν + ν̄ (plasmon decay)
• N + N � N + N + ν + ν̄ (nucleon bremsstrahlung)

Scattering

• N + ν � N + ν

• A
Z X + ν � A

Z X + ν

• e± + ν � e± + ν

(the color indicates which of the above processes are actually implemented in our
models)
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Influence of the electron capture
cross section on nuclei
prescription on the simulation
results



Electrons captures (EC)
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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Figure 3: Core-collapse and
electrons-captures, figure extracted from
Janka (2012)

p + e− � n + νe

A
Z X + e− � A

Z−1Y + νe

⇒ deleptonization of the core
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FIG. 5. Average (solid symbols) and most probable (open sym-

bols) proton and neutron numbers of heavy (A � 20) nuclei produced

in the central element of the core-collapsing 15M⊙ and 25M⊙

progenitors [25] as a function of baryonic density. The vertical bars

correspond to the standard deviation of the distribution. For better

readability, N and Z data have been slightly displaced in density.

that the present thermodynamic conditions are reasonably

representative of the generic evolution of the central element.

To better understand the origin of this behavior, Fig. 6

displays the isotopic abundances corresponding to nB =

1.18 × 10−3 fm−3, T = 2 MeV, Ye = 0.275, i.e., at the time

where the dispersion of the distribution of Fig. 5 starts to

become non-negligible. The distribution is centered around

the N = 50 neutron magic number, and the important width

is due to the emergence of a second peak around N = 82.

This finding is in agreement with the simulations in Ref. [18]

and a similar effect was observed for the neutron star crust in

Refs. [56,57]. In particular, in Ref. [18] it was shown that the

overall variation of the electron fraction during the collapse

is most sensitive to the electron-capture rate on nuclei in the

mass range 74 � A � 84, particularly on 78Ni, 79Cu, and 79Zn

close to the N = 50 shell closure. Our findings confirm these

results. The two lines in Fig. 6 show the borders of the region

where mass measurements exist, though with a variable degree

of precision. We can see that the most abundant nuclei lay just

N
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FIG. 6. Nuclear abundances (arbitrary units) corresponding to

nB = 1.18 × 10−3 fm−3, T = 2 MeV, Ye = 0.275. The solid lines

mark the boundaries of experimental mass measurements. The dotted

lines mark magic numbers.

outside this border. This means that their abundance, and there-

fore their pre-eminent role in the electron capture mechanism,

relies on the extrapolation of the N = 50 and N = 82 shell

closure far from stability, in a neutron-rich region where mass

measurements do not exist and spectroscopic information is

scarce and incomplete. This means that small modifications

in the nuclear binding energies of nuclei with masses not

yet measured, but measurable in a near future, can change

star matter composition and, consequently, all astrophysical

quantities depending on it, notably weak rates. This point will

be explored in more detail in the following subsection.

For this fiducial model, we now show the NSE aver-

aged electron-capture (EC) rates on the different species

C , 〈λC
EC〉 =

∑
(N,Z)∈C n(N,Z)λ

(N,Z)
EC /

∑
N,Z n(N,Z). The two

above-mentioned core-collapse trajectories will be considered

and L03 formulas (see Sec. II A) will be used. Let us first

concentrate on the capture rates on heavy nuclei. As is

well known [1], a huge number of different nuclear species

contribute to the total rate in all thermodynamics conditions.

This can be appreciated by limiting the rate calculation to the

N most probable nuclei, 〈λN
EC〉 =

∑N
i=1 niλ

i
EC/

∑
N,Z n(N,Z),

where ni is the abundance of the ith most probable cluster.

Comparing the result obtained with N = 30 and N = 60 with

the one corresponding to the whole distribution, one can see

how important it is to properly account for the complete

distribution of nuclear species. In the case of both progenitors,

the 60 most probable nuclei never exhaust the average

electron-capture rate on heavy nuclei and, for instance, at

nB = 1.4 × 10−5 fm−3 they account for only 60% of 〈λ
heavy

EC 〉.

The inadequacy of the single-nucleus approximation was

recently stressed in Ref. [16]. In that work it was shown

that sizable differences in the collapse dynamics are obtained

if the NSE model is replaced with a more conventional

model [58] considering a single representative Wigner-Seitz

cell for each thermodynamic condition, even if the same TM1

energy functional was employed in both models. However,

in that work the individual rates were replaced by a single

rate on the most probable cluster, using the simplified Bruenn

parametrization [15].

025803-7

Figure 4: Typical nuclear abundance near the end of the collapse6 (arbitrary
unit), solid lines mark boundaries of experimental mass measurements, dashed
lines mark magic numbers

6Raduta, Gulminelli, and Oertel 2016.
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3 models for electrons captures on nuclei
A
Z X + e− → A

Z−1Y + νe

• Bruenn : approx. of independant particles7
• LMP (Langanke and Martínez-Pinedo) : fit on shell model results8
• LMP(3) : same fit but done with more parameters9

7Bruenn 1985.
8Langanke et al. 2003.
9Raduta, Gulminelli, and Oertel 2017.
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3 models for electrons captures on nuclei
A
Z X + e− → A

Z−1Y + νe

• Bruenn : approx. of independant particles7

• LMP (Langanke and Martínez-Pinedo) : fit on shell model results8

• LMP(3) : same fit but done with more parameters9

Bruenn model
Calcul : weak interaction + shell model
+ approximation of independant particles

⇒ Predict no captures on nuclei with N ≥ 40
(fewer captures at the end of the collapse, where neutron rich nuclei

dominates the composition)

7Bruenn 1985.
8Langanke et al. 2003.
9Raduta, Gulminelli, and Oertel 2017.
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3 models for electrons captures on nuclei
A
Z X + e− → A

Z−1Y + νe

• Bruenn : approx. of independant particles7

• LMP (Langanke and Martínez-Pinedo) : fit on shell model results8

• LMP(3) : same fit but done with more parameters9

LMP model
Fit on results of nuclear shell
models using the Q − value
dependance of the rate
⇒ all nuclei contributes to captures

energy is noticeably larger than the splitting of the pf and

sdg orbitals (Eg9=2 � Ep1=2;f5=2 � 3 MeV). Hence, the con-

figuration mixing of sdg and pf orbitals will be rather

strong in those excited nuclear states of relevance for

stellar electron capture. Furthermore, the nuclear state

density at E� 5 MeV is already larger than 100=MeV,

making a state-by-state calculation of the rates impos-

sible, but also emphasizing the need for a nuclear model

which describes the correlation energy scale at the rele-

vant temperatures appropriately. This model is the shell

model Monte Carlo (SMMC) approach [11] which allows

the calculations of nuclear properties at finite temperature

in unprecedentedly large model spaces. To calculate elec-

tron capture rates for nuclei A � 65–112 we have first

performed SMMC calculations in the full pf-sdg shell,

using a residual pairing � quadrupole interaction, which,

in this model space, reproduces well the collectivity

around the N � Z � 40 region and the observed low-

lying spectra in nuclei like 64Ni and 64Ge. From the

SMMC calculations we determined the temperature-

dependent occupation numbers of the various single-

particle orbitals, which then became the input in random

phase approximation (RPA) calculations of the capture

rate, where we considered allowed and forbidden transi-

tions up to multipoles J � 4, including the momentum

dependence of the operators. This model is described in

more detail in [6], where, however, a smaller model space

has been used.

To validate our method at the early collapse conditions,

we have performed diagonalization shell model studies

for 64;66Ni, considering the complete �pf
 shell for 64Ni,
and adopting, for 66Ni, the �pf
 shell for protons and the

�pf5=2g9=2
 shell for neutrons. We find agreement to better

than a factor of 2 between these (SMMC � RPA) rates

and the diagonalization shell model rates at stellar con-

ditions (T & 0:8 MeV), for which the latter can still be

evaluated.

For all studied nuclei we find neutron holes in the �pf

shell and, for Z > 30, non-negligible proton occupation

numbers for the sdg orbitals. This unblocks the GT tran-

sitions and leads to sizable electron capture rates. Figure 1

compares the electron capture rates for free protons and

selected nuclei along a core collapse trajectory, as taken

from [12]. Depending on their proton-to-nucleon ratio

and their Q values, these nuclei are abundant at different

stages of the collapse. For all nuclei, the rates are domi-

nated by GT transitions at low densities, while forbidden

transitions contribute sizably for * 1011 g cm�3. The

electron chemical potential �e and the reaction Q value

are the two important energy scales of the capture pro-

cess. At a given density, i.e., constant �e, the rate is

generally larger for nuclei with smaller Q values. The

rate is sensitive to the GT strength distribution, if �e &

Q. However, �e increases much faster with density than

the Q values of the abundant nuclei. As a consequence,

the capture rates on nuclei become quite similar at larger

densities, say * 1011 g cm�3, depending now basically

only on the total GT strength, but not its detailed distri-

bution. This is demonstrated in Fig. 2 which shows our

calculated capture rates as function of Q value at three

different stellar conditions. The Q-value dependence of

the capture rate for a transition from a parent state at

excitation energy Ei to a daughter state at Ef (�E � Ef �
Ei
 is well approximated by [13]

� �
�ln2
B

K

�
T

mec
2

�
5

�F4��
 � 2�F3��
 � �2F2��

; (1)

where � � �Q� �E
=T, � � ��e �Q� �E
=T, K �
6146 s and B represents a typical (Gamow-Teller plus

forbidden) matrix element. The quantities Fk are the

relativistic Fermi integrals of order k.

At (�Ye � 7� 109 g cm�3; T � 0:93 MeV), we ob-

serve some scatter of the rates around the mean Q depen-

dence indicating that several parent and daughter states
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89Br

FIG. 1. Comparison of the electron capture rates on free

protons and selected nuclei as a function of the electron

chemical potential along a stellar collapse trajectory taken

from [12]. Neutrino blocking of the phase space is not included

in the calculation of the rates.

−15 −10 −5 0
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λ
e

c
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−
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ρ11Ye=0.07, µe=9.62, T=0.93

ρ11Ye=0.62, µe=20.2, T=1.32

ρ11Ye=4.05, µe=37.8, T=2.08

FIG. 2. Electron capture rates on nuclei as a function of the Q
value for three different stellar conditions. Temperature is

measured in MeV. The solid lines represent the approximate

Q dependence of the rates as defined in Eq. (1). Neutrino

blocking of the phase space is not included in the calculation

of the rates. �11 measures the density in units of 1011 g cm�3.

P H Y S I C A L R E V I E W L E T T E R S week ending
20 JUNE 2003VOLUME 90, NUMBER 24

241102-2 241102-2

7Bruenn 1985.
8Langanke et al. 2003.
9Raduta, Gulminelli, and Oertel 2017.
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3 models for electrons captures on nuclei
A
Z X + e− → A

Z−1Y + νe

• Bruenn : approx. of independant particles7

• LMP (Langanke and Martínez-Pinedo) : fit on shell model results8

• LMP(3) : same fit but done with more parameters9

Raduta’s improvement of LMP fit
Improvement of the previous fit, done with more parameters :
• the Q-value ( Q = M(A,Z − 1)−M(A,Z ) )
• thermodynamic conditions : T , ne = Yenb

• nuclei parameters : I = (N − Z )/A and pairing

7Bruenn 1985.
8Langanke et al. 2003.
9Raduta, Gulminelli, and Oertel 2017.
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Evolution of capture rates
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Figure 5: Evolution of the electron capture rates (on nuclei and free protons), in
the central element, during the collapse. The vertical dashed lines show when
β-equilibrium sets in (Pascal et al in prep.)
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Evolution of electron fraction
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Figure 6: Evolution of the electron fraction
in the central element (Pascal et al in prep.)

Model Bruenn LMP LMP(3)
BC mass 0.45 0.31 0.4

Table 1: Mass of inner bouncing
core (units of M�)

Ye ↗ ⇒ Pnuc ↘ ⇒ MBC ↗

(weaker nuclear pressure because
nuclear matter is more symmetric)
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Dynamic of the shock
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Figure 7: Radial velocity profiles in the early post-bounce phase (Pascal et al in
prep.)
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Neutrino luminosity
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Figure 8: Electron neutrino luminosity, as a
function of time after bounce (Pascal et al
in prep.)
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).

3

(Janka (2012))
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Influence of other parameters



SNA approximation

• SNA (Single Nucleus Approximation) : represent the heavy nuclei
population by a single mean nuclei

• NSE (Nuclear Statistical Equilibrium) : compute the equilibrium
distribution of nuclei

SNA is quite good for
nb ≤ 10−4 fm−3 (the medium
is mainly composed of nuclei
from the iron peak)

But it does not represent well
the composition in the last
few ms of the collapse. 0
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Influence of the SNA approximation on mean free paths
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Figure 9: Evolution of the neutrino mean free paths for absorption and
scattering, in the central element, during the collapse (Pascal et al in prep.)
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Listing the most relevant nuclei



Nuclei of interest for the EC rate
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Figure 10: Time integrated relative deleptonization rate (LMP). Grey lines
shows experimental mass measurements. (Pascal et al in prep.)
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Conclusion

• Electron captures in CCSne mainly occurs during the last few ms
before bounce on heavy neutron-rich nuclei

• the model of electron capture rates on those nuclei is of great
influence on the results of core-collapse simulation and leads to 30%
of variation on the electron fraction Ye

• this influence is bigger than the one of other parameters such as the
EoS, the choice of pregenitor, the nuclei mass model or the use of
SNA approximation

⇒ this work allows to single out which nuclei are relevant in CCSne
simulations, and microspic calculation can therefore focus on thoses nuclei
in order to get more and more accurate EC rates
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