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SUMMARY

In order to exaﬁine the role of electron capture as
a trigger of implosion, the change of chemical compositioh in a
highly evolved s;ellaf core is followed. Fof simplicity, a one-
-shell model of presupernova is used to treat the hydrodynamics,
and the problem of neutrino energy transfer ié short-circuited
by the introduction of a single parameter. The e-capture rates
are obtained from the gross theory of nuclear beta decay.

Calculations are‘hone for three different degrees of

neutrino confinement, and the results show that the e-capture

is very efficient as a trigger mechanism of the implosion.

i
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I. INTRODUCTION

At the presupernova stage of ste]]ar evo]ution, nuclei
and free protons in very dense stellar cores are to capture elec-
trons (in the continuum) of the environment, causing a rapid
neutronization of the core and ‘the corresponding emission of
neutrinos. These neutrinos are believed to be good carriers of
energy from the inner shells to the outer shells of the star, so
that it is legitimate to regard the e-capture as one of possible
trigger mechaniéms of the core.implosion (gravitational collapse).
See Chiu (1964) and Bahcall (1964). '

In effect, e-capture was already considered-in the ear-
lier hydrodynamic calculations by Coigate and White (1966), and
Arnett (1966), é]though'none of fhém had coupled directly the |
e-capture to hydrodynamiﬁﬁ. In other words, the effect of changes
in the chemical composition was not treated consistently with |
the hydrodynamics of the stellar matter.

However, recent]y,'Sato (1975) and Arnett (1977) have
shown that the neutrinos would be trapped~inside.the stellar
core, when the neutral currents in weak interactions are taken
into account. If the neutrino confinement is the case, it may
cause at least the.following three basic effects: 1) heating up’
of the material due to the neutrino energy deposition; 2) pressure
increase due to neutrinos; 3) suppression of capture rates due
to the neutrino degeneracy.

Ih this way, the role played by the e-capture as the
trigger mechanism of the core implosion is not so pacific, be-
cause the core wou]d'be‘opaque before éhe e-capture becomes

efficient. Thus we think it is necessary to clarify the effect
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of e-capture at the onset of implosion by performing a detaileﬂ
calculation which couples, in each step, the e-capture to the
hydrodynamics, especially to investigate the consequences of
the item 1 mentionedﬁabove. Items 2 and 3 will become important
at the later stage of core collapse.

| * As we are interested in how the e-capturé process in-
auces the core collapse and heats the stellar matter up, we choose
a rather low temperature p;ésupernova model, where only few
reactions other than e-capture take-place. Therefore we do not
assume nuclear statistical equilibrium for the nuclear abundancgs
and for the equation of state. We start with a temperature equal
to T9 = 1 (T9 = T/]O9 QK), while the nuclear statistical equili-
- brium approximatfon is good only for T9 > 3 (Koebke et al.,1974;
Yokoi et al., 1979).

In order to simplify the numérica] calculations we have
used a one-shell (homogeneous) model of presupernova and we have
short-circuited the problem of énergy transfer by neutfinos;
introducing a parameter, which corresponds, in one limit, to the
free escape of neutrinos and, in the other 1limit, to the total
coﬁfinement. Béside the e-capture, we have also included several
other processes, although not dominant in our calculations: the
beta decay, the photo-emission of neutron and the delayed neutron
emission in e-capture as well as in befa decay.

In this form, we constructed a reaction network of nuclei,

going from A = 56 down to the A = 6 family,involving about
280 nuclei.

I1. THE MODEL

In this section, we present our model which substantially



truncates the hydrodynamic calculation as well as the neutrino
energy transport problem. These simp]ifications-are due to the
1imitations; both in time and 1n'memory size in numerical comput-
ation. However, we expect the main features of the problem to be

described qualitatively by our model.

A. EQUATION OF MOTION

The homogeneous model of presupernova has the following

Lagrangean _ .

3

L =70

where R, €, p and M are radius, energy density, matter density and

the total mass of the star, réspective]y. G is the gravitational
constant and the dot denotes time derivative. In Eq. (1), p is
related to R by p = 3M/(47R3).

The equation of motion is

R = 2P . o (2)
Y |

where P = p %% - € is the pressure.

To simulate a quasi-static stellar core at the presu-
pernova stage, the initial condition should be consistent with

Eq. (2), i.e,

5P  GM |
R @
t=0 .

which gives the core mass as a functiop of the initial values of

density and temperatures o and To,respective1y. In our calcul-
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ation, we take Pg = 2 x 107 g cm and T0 = 10 K, so that, with

MRZ - Me/p + % GMZ/R (1)



the help of the equation of state described later, M = 1.5 Mg.
§

B. REACTION NETWORK

In order to calculate the variation of nuclear abundances

during the hydrodynamic motion we consider the following processes:

¢ .

a) Electron Capture - Because we work in the low temperature re-
gion (T9 < 3), we neglect ‘the e-capture by free protons (Epstein
and Arnett, 1975). So . hereafter e-capture will mean e-capture

by complex nuclei only, which cause a neutronization of the nuclei
along A = constant, and proceeds untill they attain the neutron’
drip line, or are interrupted by (y,n) reactions, thus emftting

a free neutron.

b) Beta Decay - The emission of an electron occurs whenever the

atomic mass-difference exceeds the electron Fermi energy €F> i.e.

' | Q = M(Z+1,A) - M(Z,A) > e A (4)

so that a neutron in the nucleus decays into a proton, an electron

and an antineutrino.

c) Delayed Neutron Emission - The emission of a neutron proceeds
whenever the released energy in a f-decay or e-capture of a nucleus
exceeds Sn, the neutron separation energy. Such neutron emissions

generate abundances of lighter isobaric families.

d) (v,n) Reactions - These reactions also provoke the gradual
appearance of lighter isobaric families. However, along the whole
nuclei network, they have very small contributions except near

the neutron drip line and when T9 > 2.5.

Thus, the change of the nuclear abundance NZ A of the
]



—g= = - LA Nz v A Nzgqa * 2 Nzoq

(5)
+ A

N + A

yn Nz a+1 F Ped Nz+1,A4 8d Nz-1,A+1

where the subscripts ec, B, yn, ed and Rgd dehote, respectively,
e-capture, beta decay, y-n reaction, delayed neutron emissipn in
e-capture and delayed neutron emission in beta decay. The subs-

cript i in Eq. (5) runs through all the mentioned processes.

C. THERMODYNAMICS

In order to calculate the temperature change in time,
We have to know how much nuclear binding energy is converted into
heat. The binding energy released by the nuclear processes listed
in the previous section is distriLuted in the form of kinetic
energy of particles, radiation energy and neutrino energy. We
assume that the kinetic and radiation energies attain immediately
the thermodynamical equilibrium with matter. Thus, we are able
to express these contributions to the ‘temperature change in terms
of the chemical potential of the constituents. As mentiqned in
~ the Introduction, we avoid the complicated calculation of the
neutrino energy transfer brob1em, by introducing a parameter x,
which represents the degree of neutrino confinement in the matter.

Using the first law of thermodynamics (Arnett, 1966),

we get.
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where T is the temperature, E the specifiﬁ energy, V=1/p the spe-
cific volume, Hz . A° Ye and My the chemical potentials of nucleus
(Z,A), electron and neutron, respectively. ne(n) denotes the
electron (neutron) specific number density. 6 js the total energy
released into neutrinos by e-capture or beta decay, and approximated

as

q =

. - i
—-Z§A.[Exec +_xed) <g > * (AB + Asd?<€;>_JNZ,A (7)‘

where <e > (<e_>) is the neutrino (antineutrino) mean energy asso-
ciated with an' e-capture (B-decay) of nucleus (Z,A). We approxi-

mate the chemical potentials for nucleus and neutron as

My p = - SM(Z,A)  MeV (8)

M, = 8.07 MeV R

since kT9 << 1 MeV. Electron chemical potential is numerically
calculated from Fermi integrals (see Sec. IV). The parameter X is
introduced in the way that x = 0 corresponds to the free neutrino

escape, and x = 1 corresponds to the complete neutrino confinement.

ITT. REACTION RATES

The transition rates of (y,n) reactions were taken from

Sato (1974) with minor modifications in order to incorporate recent



results of giant dipole resonance theory (Myers et al., 1977).

The beta decay rates were determined, using the gross
£Ré6Fy, Suck ds prescribed in Kodama and Takahashi (1975), instead
6f thé usual theory of beta decay (Hansen, 1968; Mazurek et al.,
i674; Epstéin and Arnett, 1975; etc.).As far as the astrophysical
applications are concerned, the gross theory is advantageous
because it takes into account the general trendé of B-strength
funétions. However, see Pabst (1978).

The gross theory of beta decay is used also for computing
the &é-éapturé rates, first developped by Egawa et al. (1975).Some
fyrthér céilculations are déne by Takahashi et al. (1978) and
Hi1f &t ai. (1979). Here, we essentially follow their calculations,
ﬁé§?éé§fﬁ§ the éffect of finite temperature. This reduces enormous-
iy the eémputatienal time, without changing the global behavior
6Ff thé €o6i1apse significantly, but only dislocating the threshold
d6nsity t6 smalier values. We neglected alsd the forbidden transi-
£Ei6ns; as well as the effects of excited states of the nuclei.

Thus the é=capture rates are calculated by

54 [OF
L. er 12 2 2 2~
he = o5y (g1 21 (E) 1% 4 lagrl® Mgr(Ep) 12 |aEy
=Q :
'er_”--?:l ‘ ,
W Vw2=1 F(Z,A,w)(w-l-ETf dw ' (9)
ET¥]
ghd the neutrino (ahtineutrino) mean energy is given by
CFF— 5 5 ) eF+'| .
. e ' 2
[- _!QF' IMF(ET)I +]gGT| 'MGT(ET.)IﬂdgT[E +_|€\)(U)W wo-1 F(Z,A,w)(w-]-ET) di
<E o >E e e T
\)(\)) f F'r; 2 , €F+] '
T 2 2
j _JgFI |MF(ET)] +|gGT| IMGT(ET)I?]dET{ W\/wz-l F(Z,A,w)(w-]-ET)Zdw

ET+1 (10)
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For notation and more details, we refer the reader to Egawa et
al. (1975).
In order to save further computational time, we fitted

the capture rates as a function of density p in the following form

] 2 o]1/2 | o
log Aee= 75 { - B+ [% + 40 log %é] } + log vy (11)
where o, B and y are the fitting parameters, and EO is related to
~the threshold density of the nucleus Pth by 60 = 50 Pin: |
The Eq. (11) reproduces the gross theory ca]cu]ation'
within an error around 5%.for most nuclei. However, for some
nuclei errors become larger but not exceeding 40%, still being
accéptab]e.
The de]ayed neutron emission rates are calculated in a
“similar manner described in Kodama and Takahashi (1975), both

for B-decay and e-capture.

1V. EQUATION OF STATE

In the density range we are interested, the matter is
composed of nuclei, electrons and neutrons. The nuclei are treated
as nonrelativistic Boltzmann perfect-gas and the electrons and
neutrons as ideal Fermi gases. We neglect interactions among
them (For interacting Fermi gas, see E1 Eid and Hilf (1977)). In
this density region, electrons are relativistic and neutrons are
nonrelativistic. Radiation energy and pressure are included, but’

they have appreciable contribution only in low density and low

temperature.
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We avoided to utilize the simplified formulae of coﬁ—
pletely degenerate gas for the electron and neutron gases, because
in the density and temperature ranges in concern these gases are
not completely degen;rate. In order to include the semi-degeneracy
effect of theses gases, we used the procedure given by Chiu (1968)
for calculating the finite temperature Fermi integfa]s.

- With respect to nuclear masses, we used experimental
values (Wapstra and Bos,ylb;7) whenever possible. When not possible,
judicious extrapolation, using Myers-Swiatecki mass formula (Myers

and Swiatecki, 1969), was performed.

. V. RESULTS AND DISCUSSION

9 3

We started the calculation with the density p = 2x107g ch— R
Tg = 1, for a pure 6Fe core with radius R = 7.4 x 107 cm and total
mass M = 1.5 MO' This choice of initial condition has no particular
significance but we took the density higher than the e-capture.

56Fe ('\:'109

threshold density of g cm;3), in order to skip the
prolonged quasi-static evolution stage.

In Fig. 1, we plotted the stellar radius as function of
time for three values of the parameter X . It can be seen that in
all cases the radiué at beginning shrinks gradually in time, then
leading to the collapsing stage. The greater the value of X is,
the later the co1]apsé takes place. In other words, the core
collapse is favoured by the free neutrino escape, and s]owéd down
by the neutrino confinement. In Fig. 2 , the radial velocities are

plotted against time and in Fig. 3 , it is shown the variation

of the density with respect to time. The Fig. 4. gives the abun-

L8
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dance of the first thrée nuclei along the time for X = 1 (other
values of X dive essehtia]]y the same behavior). The abundance of
56Mh is due to the e-capture processes of 56Fe. From this figure
we see that the chemical composition changes accompanying the
density increase.

D The e-capture of 56Fe induces an effect of decreasing

the electron pressure against the gravitational forces, then leads
to the density increase of the core. In general, daughter nuclei
have higher e-capture Q-values, Put'the increase of the density
surpasses the threshold value, so that these daughter nuclei

undergo e-capture. Thus, the compression continues to geﬁerate
neutron-rich nuclei, leading to the collapsing stage. Furthermore,
‘nuclei produced by the n-emission process have usually smaller
e-capture Q-value than the precursors. This accelerate the mecha-
nism of core collapse.

To see more clearly the effect'of e—cdpture on the che-
mical composition, we plotted in Fig.5 the mean molecular weight
per electron, Mg = 1/? E%?i,'where Xi is the mass fraction of
the nucleus i. The abrupt increase at about t = 1.2 sec is per-
fectly in accordance with the density curves shown in Fig. 3.

In Fig. 6 , the evolution curves in p-T plane are shown
for each X value. The daéhed straight line is the 4/3 adiabatic
boundary, which stands for the dynamic stability line. The three
curves begin to'deviate from the boundary due to e-capture pro-
cesses, the decay heat of which contributes to increase the tem-

9 -3

perature more than the adiabatic compression. For p > 3.2x10” g cm

.

the effect of neutrino confinement splits appreciably in three

s

curves according to the values of barameter X.- When the tempera-

ture becomes about1b=2ihthethree curves begin to degenerate. Then,
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the temperature tends to stabilize. This is due to endoenergetic
(y,n) reactions which become very active at this temperature.

| The present work showed that, independent of the degree
of neutrino confinement, the stellar core is led to collapse Be—
cause of the e-capture of seed nuclei. It is also shown that the
hydrodynamic aspects are essentially governed by their e-capture
rates. _ '

In our:ca1cu]ations, the neutrino degeneracy effect was
neglected (see also Bethe et al., 1979). Assuming that all‘neutri-
nos are completely confined in the core from the beginning, the -
upper limit of neutrino Fermi energy is estimated as around

10 g'cm"3) where

4.5 MeV at the onset of the implosion (p ~ 10
only 5% of all electrons are captured. At thi; density, the
electron Fefmi-energy 15'11 MeV.

The e-capture rates with the neutrino degeneracy taken
into account afe given by

mec® e 200 e 12 2 coyg2 |
Modeg = 5wy | [19pIZIMECED 1T+ Togr P IHgr(ep) |2 aey

_Q )
e+l , (12)
w Vw1 F(ZoA W) (we1-Eq)7 du

ET+]+€v

where €, is the neutrino Fermi energy. For €, = 4.5 MeV and € = .

= 11 MeV, Eq. (12) yields

A 0.8 a

e-deg © 'ec  °

where Aec is given by Eq. (9).
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Thus the effect of neutr%no degeneracy on the e-capture
rate is not important up to the onset of implosion. In other words,
the stellar core is led to collapse before the neutrino degeneracy
suppresses the e-capture process significantly.

We fo]]owed the core implosion caused by e-capture pro-
cess up to p = 3 x 10'0 g em”3, T9F= 3. For higher density and
temperature values, our calculation fails due ‘to other nuclear
reactions which become efficient. It is known that for T4 > 3,
the approximation of nuclear statistical equilibrium is fair]y
good. However, to apply the nuclear equilibrium for the equation
of state, the correct value of N/P ratio is relevant (see e.g..
Takahashi et al.,1978). This can be known only from the explicit
ca]tu]ation of all e-capture processes in the duration of thé
collapsing stage as we have demonstrated in this work.

Since the mechanism of supernova explosion is so sensi-
ble to the equation of state and to the hydrodynamics, the correct
treatment of e-capture from the présupernova stage, coupled to

the hydrodynamics, should be essential.
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FIGURE CAPTIONS

Fig.

Fig.
Fig.

- Fig.

Fig.

- Fig.

The plot of the core radius R as a function of time.

R0 is the initial core radius, R0 = 7.4 x 107 cm.

The radial velocity ﬁ plotted against the time.

The plot of the density p against the time.

Abundance curves (normalized to the initial 56

Fe abun-
dance) of the first three members of the A = 56 family,

for the X = 1.

The relative variation of the chemical potential Mg
as a function of time. The superscripts (i) and (f)

denote initial and final values.

The evolution curves in the p-T plane. The dashed line

stands for the 4/3 adiabatic boundary.
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