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The electron capture timescale may be shorter than hydrodynamic timescale in inner iron core of core-collapse

supernova according to a recent new idea. Based on the new idea, this paper carries out a numerical simulation on

supernova explosion for the progenitor model Ws15Mg. The numerical result shows that the size of proto-neutron

star has a significant change (decrease about 20%), which may affects the propagation of the shock wave and the final

explosion energy.
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1. Introduction

A massive star (M > 8Mg) often ends its life by
supernova (SN) explosion, and approximately 10%3 erg
of energy are released most in the form of neutrinos.
For a presupernova model with mass of 15Mg, the
mass of the iron core is about 1.37Mg and the enve-
lope consists of Si, C, O, He and H. The electron de-
generate pressure prevents the inexorable contraction
induced by the star’s self-gravity. The composition of
presupernova is altered by weak interactions (mainly
electron capture and beta decay). As the core of the
presupernova exceeds the appropriate Chandrasekhar
mass, the electron degenerate pressure can not pre-
vent the star from contraction. In the early stage of
collapse, electron capture plays an essential role. It
not only reduces the number of leptons per baryon,
but also carries huge energy and entropy away from
the core in the form of neutrinos and cools the core
(Thus, low entropy is a character of the collapse.).
Those effects conspire to accelerate the collapse.! 3!
In the inner regions of iron core, this collapse is sub-
sonic and homologous, while the outer region is su-
personic. The largest velocity of the boundary be-
tween them is about 0.125¢-0.25¢ (¢ is the velocity
of light).
matically with the collapse. As the densities of the

The densities in the centre increase dra-

centre reach the maximum (2-3 times of nuclear den-
sity), the core cannot be contacted and the falling
outer core collides stiffen inner core and produces the
bounce shock. However, detailed numerical model
indicates that the shock is not able to rush out of
the iron core because too much energy will be lost
in the photodisintegration of iron nuclei to free nu-
cleons (124.4MeV for y+%Fe—13 He + 4n, 28.3 MeV
for v+*He—2n+ 2p. So for each nucleus photodisin-
tegration it needs energy of 8.8 MeV). Shock stalls in
the envelopes. If the intense neutrinos flux from the
proto-neutron star (PNS) heats the stalled shock
and drives off the envelopes, ! the SN explosion comes
true. Unfortunately, although theoretical research and
numerical simulation have got great progress since
collapse-bounce mechanism is proposed by Clogate
and Whitel® (various physical factors such as convec-
tion, rotation, magnetic fields and general relativistic
effects), updated physics including updated nuclear
information (such as nuclear equation of state and
nuclear parameters) improved presupernova models,[”]
neutrino physics (such as neutrino energy transfer by
multigroup Boltzmann simulations, weak interaction
in sub-nuclear region, especially neutrino interaction
with various kinds of particles and 1,2,3-dimensional
simulations are all considered), the elaborate calcu-
lations indicate that the success of SN explosion is
difficult.’®! So some new mechanisms were proposed

*Project supported by the National Natural Science Foundation of China (Grant No 10778719); the Scientific Research and Fund
of Sichuan Provincial Education Department of China (Grant No 2006A079) and the Science and Technological Foundation of

China West Normal University.
TCorresponding author. E-mail: zqluo@tom.com

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



1148 Luo Zhi-Quan et al

in recent year,!~ 1 which provide some new possible
routes to resolve the puzzle of SN explosion. In this
paper, we investigate the collapse of the core-collapse
supernova according to the new proposal proposed by
Peng.®! Progenitor model in our work is Ws15M,.[12
The numerical simulations are performed by using a
modified version of program Wlyw89, in which the
equation of state is given by Wang et al.'*! The model
is divided into 96 layers averagely and its boundary is

at 1.6 Mg in the numerical simulations.

2. Electron capture timescale and

electron degenerate pressure

In the usual SN simulations the difference be-
tween electron capture timescale, t.., and hydrody-
namic timescale, tqyn, is ignored because usually the
tec is much longer than tqy, when the density is not
high enough. But at the last stage of collapse, this sit-
uation may reverse. For the sake of the reversion situ-
ation in the late collapse, Peng argued that as the iron
core contracts, the densities of the central region of the
core will get so high that the electron capture will be-
come very rapid, even the electron capture timescales
tec Will be shorter than hydrodynamic timescale tqyn,
more electrons can be captured by heavy nuclei and
protons, which will induce the decrease of electron de-
generate pressure, and the total pressure is associated
(electron degenerate pressure is mainly for the total
pressure at collapse stage). This effect triggers the
inner core accelerating collapse with a larger acceler-
ation than that in fiducial case. Simultaneously, the
outer core collapses almost in the conventional way.
The detailed calculations of t.. and tqyn can be found
in Refs.[14-16]. We find that, at the beginning, the
mass densities of the outer iron core are comparatively
low and only the central core satisfies the condition
tec < tayn. Nevertheless, more and more shells (from
the inner to outer) satisfy the condition tec < tqyn with
time. For Ws15Mg model, Fig.1 shows the compari-
son of two timescale after 0.1025s from simulation and
Fig.2 shows the shell number satisfying the condition
tec < tgyn. One can find from Figs.1 and 2 that only
the centre region satisfies the condition (fec < tdyn) at
0.112s after simulation and the shell extent to 65 (to-
tal 96, position is about 1.0Mg). From the analysis
we find that the difference is obvious.
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Fig.1. The comparison of electron capture timescale and
hydrodynamic timescale after 0.1025s from simulation.
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Fig.2. The number of the mass shell in which tec < tqyn
is valid at different collapsing moments.

According to Peng’s new criterion, we make an es-
timate to a time step AT in numerical simulation with

tec < tayn. The conventional time step is AT, the elec-

tCC
AT

dyn
and the residual time in a conventional time step is

tron capture equivalent time step is AT =

)

AT = AT — ATe.. Namely, the capture time compar-
atively prolongs AT’ in which the protons and heavy
nuclei can capture more electrons, which must cause
the decrease of degenerate pressure of electron. The
capture rates in unit volume, S, is —dn./ dt,[13] where
Ne is the number density of electrons. Further, we can
get

dne = —S.dt. (1)

Since the time step AT is so short in our calculation
in which S, can be regarded as a constant in each time
step. The number density of electron can be written
as

ne= Y., (2)

where p, mn, Y. are the mass density, the nucleon
mass and the number of proton per baryon respec-
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tively. At density over 107 g - cm™2, the electrons are
relativistic and degenerate, so the pressure of electron
gas has following form!!7]

1/3
p = 3_h3 /n4/3
© 4\ 87 N

_c(3r v Ly v (3)
4 \ 87 mN ’

here h is the Planck constant, we approximate that
the change of Y, can be neglected in such a short

4
time step. So we get dP, ~ ngC from Eq.(3)

3
and AT ~ dne ~ dee from Egs.(1), (2) and (3),

dY, = Y;dt. In our calculation, the iron core is com-
posed of four particles (free neutrons, free protons, a

(13

particles and average heavy nuclei). I Since only free

protons and heavy nuclei can capture electrons, the
total electron capture rates are obtained by A, + An,
where A\, and Ay are the capture rates of the protons
and the average heavy nuclei respectively.

Yo = You + Yop

N 3 Ey 2 3m
= —xuYepNazcoy //E (m 02) Egdge kgpdep
e e
8mwedy £y 2 24
_XPW mec2 Ee Ee; (4)

where xu, Xp are the fraction of average heavy nu-

clei and free proton respectively. Ny is the Avogadro
constant, z = Z/A, 6o = 1.18 x 10~* cm?, ¢ is the
velocity of light, ue is the chemical potential of elec-
tron, €,, €p, €. are the energy of neutrino, proton and
electron respectively, m., m, are the mass of electron
and proton respectively, kt is the Fermi momentum.

The total pressure of iron core P = P, + P, +
P, + P, + P,, where B, is the pressure of nuclei, P,
the gas pressure of neutrons, protons, a particles and
average heavy nuclei. P, and P, are the pressure of
neutrinos and photons respectively. Accordingly, from
the difference of t.. and tqyn we can derive the change
of pressure of electron, as well as the change of total
pressure, which trigger the accelerating collapse when
tec < tayn. The decrease of Y, also can be derived
from Y, to Y, + Y. AT’ , which derives that the total
Y. will be smaller than before. The decrease of elec-
tron pressure results in the accelerating of inner core.
The time in which the central density changes from
10'2g - cm ™3 to the maximum reduces from 6.51 ms to
5.53ms because of the accelerating.

3. Results and analysis

According to the above discussion, we make the
simulations of the collapse on presupernova model
Ws15Mg and make a comparison with the fiducial
case. Due to too many parameters in the simulations,
here we just give some key parameters at the moment
of beginning bounce, in which the centre gets its max-
imal density. Figure 3 shows the electron fraction Y
and neutrino fraction Y, with the enclosed mass. Due
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Fig.3. The neutrino fraction and electron fraction as func-
tions of the enclosed mass at the beginning of the bounce
for Ws15Mg model. The solid line and the doted line
are corresponding application of the conventional criterion
and the new criterion respectively.

to application of the new criterion, which makes that
more electrons are captured during the collapse pro-
cess, one can find from Fig.3 that both Y, and Y, have
a remarkable reduction and that the trapping position
of lepton fraction Y, (Y1, = Y, +Y,) is more close to
the centre. Figure 4 shows the distribution of en-
tropy per baryon and the velocity of shock wave with

the enclosed mass. The position corresponding to the

Velocity (10° cm/s) Entropy per baryon

0 0.2 0.4 0.6 0.8 1.0 1.2
Enclosed mass
Fig.4. The entropy and velocity as functions of the en-

closed mass at the beginning of the bounce for Ws15Mg
model. Notes are similar to Fig.3.
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maximal entropy and the maximal velocity are de-
creased and almost consistent with the trapping po-
The reason is that the
edge of PNS appear at the maximal entropy and the

sition of lepton fraction.

velocity,['3] and the size of PNS is proportional to the
square of the mean trapped lepton fraction.'8! All
these indicate that the size of PNS decreases. From
Figs.3 and 4 we find that the size of PNS changes from
0.77Mgto 0.62 Mg (reduces about 20%) with applica-
tion of the new criterion.

In general, a remarkable reduction of the radius
of the PNS means that the outer layers of the core be-
come thicker. If the outer layer of iron is fully photo-
disintegrated (classical theory), the shock wave must
consume more energy in the photodisintegration and
the success of SN explosion becomes more difficult.
But according to Peng’s idea,[) the success of SN ex-
plosion does not depend on the full photodisintegra-
tion. The composition and the position of the outer
part of iron core are altered. On one hand, the degree
of the neutralization of the nuclei in outer part of iron
core decreases because outer core collapses almost in
the conventional way and the collapse time becomes
shorter. On other hand, one can find from Fig.5 that
the radii of the outer part increase and the densities
decrease.
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Fig.5. The radii and density as functions of the enclosed
mass at the beginning of the bounce for a Ws15M model.
Notes are similar to Fig.3.

The collapsing core is divided into two parts, the
rapid collapsed inner core and free-fall collapsed outer
core. Because the mass of the inner collapsed core is
obviously smaller than the prior case, shock can rush
out of the inner core. Of course, if the temperature
of the outgoing shock wave is larger than 10! K, iron
nuclei will be photodisintegrated. But temperature

of shock will decrease quickly below 10! K at 1.0 M,
(Fig.6), which blows the photodisintegration energy of
iron nuclei, or only partial photodisintegration.
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Fig.6. The temperature of SN as functions of the enclosed
mass. 1: At the beginning of collapsing. 2: The density of
the central core arrives the maximum. 3~6: Shock wave
arrives, the positions are 0.8 M@, 0.9 Mg, 1.0Mg, 1.1 Mg
respectively.

In a very short time interval (less than 10~"s), a
very strong neutrino flux will be produced and trans-
ferred out to the collapsed core.l?l The averaged en-
ergy of neutrinos is about 10 MeV. The neutrino flux
will almost catch up with the outgoing rebound shock
wave. Both of the radiation field of the shock wave
and the neutrino flux march outwards. The disinte-
gration and the neutrino induced disintegration pro-
cess of iron nuclei may not happen. The total energy
Eiot = aT*(47/3)R3, where a is the radiation con-
stant. But the iron nuclei are coherently scattered by
the neutrino with the average energy ~ 1MeV. The
cross section of the coherent scatter by the neutrino
is about 0 ~ 1.6 x 10~*(sin Oy )*A?(E, /MeV)?cm?,
where Oy is the Weinberg angle, A is the atomic
weight of the nuclei. The SN explosion may be suc-
cessful just due to the coherent scatter of iron nuclei
with neutrinos and also due to the radiation pressure.

The results we get are similar to what Hix et al
and Langanke et al obtained.[>'9) They investigated
the effect of improved electron capture rates on the
heavier nuclei, especially on the nuclei with N > 40,
which is regarded blocking by FFN, to the SN explo-
sion. Due to applying different equation of state and
presupernova models in our simulations, the size of
PNS we obtain is larger than that Hix et ol and Lan-
ganke et al obtained. If both the new criterion and
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the improved electron capture rates are considered si-

multaneously, the effect on size of PNS will increase.

Furthermore, in two or three dimensional cases the

effect could be further increase because the collapse

timescale in the axial direction is comparatively short.

The effect of electron screening should also be consid-

ered in our future work.
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