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ELECTRON CAPTURE IN HIGHLY EVOLVED STARS

Daiichiro Sugimoto
NASA Goddard Space Flight Center, Greenbelt, Md.

ABSTRACT

When a star has evolved to a very high density (about 1 x 10° g em™3),
continuum electron capture by iron nuclei begins to play a role. Effects of
electron capture upon gravitationally contracting iron stars of 1.4 and 2 solar
masses have been investigated. As the electron capture process is rather slow
compared with the dynamical time scale for the density below 10! g em™3, it
can be treated as an endothermic nuclear reaction. In spite of the absorption of
energy by electron capture, the central temperature of the star is found to in-
crease as the contraction of the star proceeds. For this phenomenon, the ac-
companying increase in the mean molecular weight is essential. Thus, a signifi-
cant part of the star is found to enter into a region of temperature high enough
for the photo-disintegra.on of iron to occur, before the star collapses by elec-
tron capture itself; the photo-disintegration commences at the center of a star

of 2 M, , but in the outlying shells ofa star of 1.4 M.
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ELECTRON CAPTURE IN HIGHLY EVOLVED STARS

I. INTRODUCTION

When a star has evolved to very high density (about 1 x 10° g cm™3), iron
nuclei begin to capture continuum electrons. The nuclides in statistical equi-
librium at given density and temperature have been computed by many authors
(e.g., see Salpeter 1961; Tsuruta 1964). The results show that the most abundant
nuclide in statistical equilibrium is not iron for densities above 1 x 10? g em™3.
Since the internal energy of the gas is absorbed in electron capture in many
cases, and since the number of particles decreases, the value of the ratio of the
specific heats for the quasi-static process, [’ ,» can be less than 4/3 in this phase
transition. This process has been postulated as a cause for dynamical instability

in stars (Rakavy, Shaviv, and Zinamon 1967; Rakavy and Shaviv 1968).

The applicability of the notion of statistical equilibrium must be examined
most carefully. A condition for statistical equilibrium is that the time scale of
electron capture and its inverre reaction, i.e., beta decay or positron capture,
should be shorter than the time scale of the phenomenon considered. For
dynamical phenomena with a time scale of (Gp)-% , this condition requires a
density greater than about 10! g cm™3 when electron capture by 6Fe is fast
enough. Thus, the notion of dynamical instability due to I', < 4/3 is not appli-
cable below this density. Another condition for the attainment of statistical
equilibrium is that the system is isolated. For a finite temperature there is
beta decay through excited states, and energy is dissipated by neutrino pairs
(URCA process). Thus, statistical equilibrium is realized in its exact meaning
only for zero temperature, when beta decay is forbidden because of the high




Fermi energy of the electrons. For a finite temperature we must consider
detailed balance between nuclides and electrons, together with energy loss by

the URCA process,

In the present paper, we consider electron capture in iron stars with
densities below 3 x 101% g ecm™3. It will be found that most of iron has captured
electrons until the central density of the star reaches the ahove value. Thus the
notion of the statistical equilibrium does not apply to our range of study.* The
electron capture will be treated as an endothermic nuclear reaction in the sense
that the ir.ernal energy of the gas is absorbed, and that the chemical composition
is changed by this process. Details of the electron capture will be discussed in

section II.

It is one of the main concerns in this paper to discover whether a star of
given mass becomes unstable because of (i) the process of electron capture,
(i) iron-to-helium photo-disintegration, or (iii) general relativistic instability
proposed by Chandrasekhar (1964). Though the actual chemical structure of the
star is complicated, we simplify the problem by assuming an initially homogene-~
ous iron star. For a star of mass less than the Chandrasekhar limit there is an
upper limit for its central density and in only a relatively small mass range
electron capture is important, according to the results of Finzi and Wolf (1967).

We choose as two typical masses the values of 1.4 and 2 solar masses. The

*On the other hand, the rate of photo-disintegration is quite sensitive to temperature. For example
the rates of (a, ) reactions of 5°Fe and 2 i, typical slow reactions, are both as fast as 8 x 103
sec~!at 5 x 109 °K according to interpolation formulae by Truran, Cameron, and Gilbert (1966).
The dissociation of iron into helium and neutrons can be treated as in statistical equilibrium
above such a temperature.



star of 1.4 M, is above the Chandrasekhar limit for 5°Fe (1.24 M, ) or for 5*Fe
(1.33 M, ), but below this limit for elements with equal numbers of protons and
neutrons (1.44 M, ). Conditions in these stars will approximate those of the

cores of more massive stars.

The structural change due to electron capture is analysed in section III in
order to know its general features. The results of numerical computation are
given in section IV. The main conclusion of the present study is that even for
the star of 1.4 M, , the direct cause of dynamical instability is iron-to-helium
dissociation, although it does not occur at the center of the star, but in outlying
shells.

II. PHYSICAL DATA

a) Electron Capture

Bahcall (1964) has developed the theory of continuum electron capture in the
stellar interior. Hansen (1966, 1968) has calculated the rates of electron capture
as well as beta decay and other weak-interaction processes, taking into account
excited states of nuclei. He has given interpolation formulae for various nuclides
as functions of density for given temperatures. His result for the rates of
electron captures by 36Fe and 54Fe, and of the beta decay of 3°Mn, are repro-
duced in Figure 1 together with the line of (G,o)-%, which is a measure of the
dynamical time scale. We see that electron capture is a relatively slow p{ocess

for the range of temperature and density given in this figure.

For the composition ot the contracting star after silicon-burning phase,
Fowler and Hoyle (1964) have developed a picture that $6Ni is the principal
nuclide just after silicon burning, when neutrino loss shortens the time scale of




silicon burning down to about 2 x 10° sec. Afterwards, 5°Ni gradually captures
the continuum electrons to make the observed iron peak abundances. In our case
of stars of relatively small mass, even the time scale of gravitational contraction
after silicon burning is more than 10* sec (as will be shown in section IV), which
is long enough for electron capture to make the iron peak. On the other hand,
Truran, Cameron, and Gilbert (1966), and Bodansky, Clayton, and Fowler (1968)
have studied in detail the nuclear transformation from ?2Si approaching nclear
statistical equilibrium at fixed temperatures and densities. In the case of density
greater than 107 g cm™ 3 and of the life time more than 10* sec, the most abun-
dant nuclide may be 54Fe as pointed out first by Truran et al. (1966). Since

they have not computed the above case up to the exhaustion of silicon, it is dif-

ficult to estimate what is the most abundant nuclide.

From the standpoint of stellar structure, the important parameters con-
cerning electron capture are the following: (i) the rate of electron capture,
(ii) the mean energy loss per capture, and (iii) the changes in mean molecular
weights of eleci;rons and of ions due to electron capture and the subsequent
nuclear reactions. As illustrated in Figure 1, the rates for 56 Fe and 54Fe are
not substantially different except in the case of low temperatures and iow
densities where the difference in threshold energy is important. Thus, we con-
sider only a star composed initially of pure 5¢Fe, and adopt the capture rate

of 5%Fe.

For the increase in mean molecular weight, we consider the cases of final
products such as $1Se and 35Cr. The %4Se (Tsuruta 1964) was selected because

of its magic neutron number, although the detailed transformation process is



unknown; 3°Cr was selected because it is an even-even nucleus. For the purpose
of comparison, a third case was computed where only the absorption of energy
wat taken into account, but the change in mean molecular weight neglected

(denotod as 56Fe-to-S5Fe).

In order to determine the energy absorption, we should know the detailed
process of transformation including nuclear level structures. However, the
difference of masses (Cameron and Elkin 1965) will be a measure of the energy

absorption, i.e.,

(5%Fe + 26 &7) - BS% (%Se + 34 e”) = -8.7 MeV/ 5%Fe, 1)

where e~ denotes the electron mass. The above value was applied even for the
cases of °Cr and of 5%Fe. As this is a little too high a value in these cases,
the result for the case of 55Cr will give a higher central density for a given
temperature. The real case will lie between the cases of 56Cr and of 84Se.
When the Fermi energy becomes higher than the above value, the electrons near
the top of Fermi sea will be absorbed to give a greater energy loss. Thus the
rate of energy absorption can be written as

Z, 1 kT
€, = max{Eh. ('KI --A—:) ¥+ a)ﬁ:}xxu, @

where A,  denotes the rate of electron capture interpolated in Figure 1, X is
the concentration by weight of 56Fe, E,_1s 1.5 x 107 erg g~ ! corresponding to
the value in equation (1), Z and A are the charge and the mass numbers, re-
spectively, the subscripts i and f denote initial (*®Fe) and final nuclides, and



M, is the atomic mass unit. In equation (2), ¥ and o denote the chemical
potential without the rest mass in units of kT, and the entropy in units of k,

respectively, for one electron.
The change in the concentration of 36Fe is described by

X(t +At) = X(t) - { XA, =~ (1-X) »\ﬁ}t At, @)

where A, denotes the decay rate of °Mn. If strictly treated, the term (1 - X)
should be replaced by the concentration of **Mn. However, after numerical
computation, the beta-decay term is found to be smaller than the electron-
capture term in equation (3) at densities where the electron capture of 5Mn is
more rapid than its beta decay, i.e., the system is found to be far from electron-

capture equilibrium.

b) Other Physical Data

Physical data used in the present study are, in principle, the same as those
used by Murai, Sugimoto, Hoshi, and Hayashi (1968). However, several revisions

have been made as descrihed below,

Thermodynamical quantities.—Electrons, ions, and radiation have been tak.n

into account. but the electron-positron pairs, which are of little importance for
the mass range studied here, have been neglected. Thermodynamical quantities
of ideal relativistic and partially degenerate electrons were numerically inte~-
grated and have been interpolated with an accuracy of better than 0.1 per cent.
However, the electrostatic corrections (Salpeter 1961) were not taken into

account.



Op_i.c;itL.—The opacity adopted was that of Murai et al. (1968); it includes
electron scattering, free-free, and relativistic electron conduction. Though
Sampson (1961) has given interpolation formula of the electron scattering for
temperatures up to 1.33 x 10° °K, the same expression has been used for even
higher temperatures. The effect of electron degeneracy has been approximately
included only by the available final states (Sampson 1961). The accuracy of the
opacity is iraporte«t ciiy for the photon luminosity, Lp s When extensive energy

loss shortens the *ime scale of evolution.

Neutruin loss.—Throughout this paper, the term "neutrino loss" ard the
subscript v acawte the neutrino loss .Mz to the direct weak interaction between
electrons and neutrinos [ (Tv) (“¢) interaction], and do not inciude neutrinos
from electron capture and beta decay. The latter neutrinos are included in
quantiiies with the subscript ec. Interpolation formulae for the neutrino loss
rate given by Beaudet, Petrosian, and Salpeter (1967) have been used.

¢) Effect of Change in Composition on Energy Conservation Equation

The equation for energy conservation can be written as

dM g Cec Sv (4)

where L, and ¢, denote the heat flow and the neutrino loss rate, respectively.
The energy release due to gravitational contraction, ¢_, is given by

P3/2

€
-Ftae = din—r -3‘7 {do+(¢+a)d1n-—}+dh &)




where ., and p, denote the mean molecular weight of irns and of electrons,
respectively, and where P, and s_ are the ion pressure and the entropy density
of radiation, respectivelv. The electron term in the curly brackets reduces to
the same form as the ion term, when electrons are non-relativistic and non-
degenerate. We notice that the right hand side is not the total derivative of the
sum of the entropies of every constituent defined for statistical equilibrium.

Such an expression (Kutter and Savedoff 1967) is valid only in the case of statisi.-
cal equilibrium including nuclides, or in the case without any change in compo-

sition. In our case electron capture and beta decay are not in detailed balance.

Q Method of Computation

A Henyey type computational method has been used with about 40 mesh-points.
The applicability of this method, when the time scale of evolution is short as
compared with that of heat conduction, has been discussed in a separate pagur
(Sugimoto 1969). The inertia term has been r2glected; since it opposes con-
traction as the contraction becomes faster and faster, the computation without
it results in a contraction more rapid than the actual case. If the star were
dymnamically unstable, our method would not give any results, since the relaxation

ebmputation would not converge.

III. STRUCTURAL CHANGE DUE TO ELECTRON CAPTURE

From equations (2)-(5), we have

kT do _ Z, i kT
g M, dt ‘M{Ese-(T\;‘x;) Graw o}xi.-e.  ®

where the term proportional to A g and the ion and the radiation terms are



neglected, and where electron capture is assumed to proceed very rapidly as

compared with heat conduction.

When the Fermi energy is high, the first term on the right hand side
vanishes. When the neutrino loss rate is much less than the energy loss rate
by electron capture, the entropy per electron remains nearly constant. That

this is the situation may be seen in the following section.

In order to see the effect of a change in the mean molecular weight separately
from the effect of energy loss, we consider a hypothetical case of electron capture
of zero energy. Neglecting heat conduction, ion and radiation terms, and neutrino

loss, we can put ¢_ of equation (5) vanish and we then have

do

— = 1
dtng, - Y1 6"

which means o is increasing with u_. For a non-relativistic, non-degenerate
gas, the right hand side of equation (6') reduces to 5/2, which means that P3/o5
remains constant in time. By using this, we can solve the two differential
equations of hydrostatic equilibrium of the star (involving dP/er and dr/ dM))
separately from the other differential equations of the stellar structure. Thus,
both P and p remain constant in time. This means that the temperature in-

creases in proportion to the mean molecular weight.

This situation can be understood by using the virial theorem insicad of

equation (5). The virial theorem states that

3(y-1HU+Q = 0, M



where the ratio of specific heats, v, is assumed to be constant throughout the
star, and where U and () denote the internal and the gravitational potential

energy. The energy conservation for the whole star is written as

dE/dt = d(U + Q)/dt = = (3y - 4) dUAAT = ——

In the case of rapid electron capture of zero energy, E remains constant in the
time scale considered, and there can be a solution in mechanical equilibrium
where P and p remain constant throughout the star. Thus, T increases

proportionally to ».

IV. NUMERICAL RESULTS

Neglecting both neutrino loss and electron capture, the evolution of the
contracting iron stars was computed, beginning with a polytrope of index 3 at the
temperature of helium-burning. A particular stage of this computation was then
used as the initial structure for computation, including the electron-capture
process. The central temperatures and densiiies (log T_ [K], logpo_[g cm™3])
assumed for the initial structures were (9.522, 8.220) for the star of 1.4 M, ,
and (9.513, 7.507) for 2 M_ . The stellar structures at these stages are similar
to the polytrope of index 3, P ~ p*/3, though p ~ T?® does not hold because of
weak degeneracy of the electrons. At these temperatures the energy-generation
rate due to silicon burning (Bodansky et al. 1968) is approximately of the same
order of magnitude as the neutrino loss rate. Thus the above conditions will

pertain to a point just after the silicon-burning phase.

10



Savedoff, VanHorn, and Vila (1968) have computed the evolution of contracting
iron stars starting from the temperature of helium burning. They have taken into
account neutrino loss throughout the contraction, and have obtained higher central
density than the contracting star without neutrinos. However, the evolutionary
track of the central temperature and density depends upon initial condition of
contraction, since the entropy distribution through the star is nearly frozen be-
yond the temperature of carbon burning because of extensive neutrino loss.

Since the iron core will be formed in an isentropic convection core in the silicon-
burning phase, the structure of the polytrope of index 3 or the contracting star
without neutrinos will approximate the structure just after the silicon-burning
phase better than their iron stars (Sugimoto 1969a).

Tables 1-3 give the results for the star of 1.4 M, for the cases of $6Fe-to-
84Se, S6Fe-to-5°Cr, and 5SFe-to- 5°Fe, respectively. Tables 4 and 5 give the
results for the star of 2 M, for the cases 5¢Fe-to-84Se, and 5Fe-to-55Fe. The
e~folding time of the central density is compared with the time scale of free fall
in the second column. The energy loss due to neutrinos produced by electron
capture, and to the decrease in the total binding energy of the nuclei are ex-
pressedby L, = r €., dM_. A case where the direct interaction between
electrons and neutri:ios (L,) is neglected, is given in Table 6 for the case of

¢ Fe-to-%4Se for the star of 1.4 M.,

Evolutionary tracks of the centers of the stars are shown in the temperature-
density diagram of Figures 2 and 3 for 1.4 and 2 M, , respectively. Additionally,
in Figure 2 the temperature-density distributions (structure lines) through the star
of 1.4 M, are illustrated for particular evolutionary stages, where the time

11



scale of contraction is nearly equal to that of free fall. Except for the 5¢Fe-
to-3%Fe case for 1.4 M., the central temperature rises as the contraction pro-
ceeds. The value of o is nearly constant after L,  has exceeded L,. A slight
increase in o in the latest stages comes from the term involving the entropy

of ions. In the *®Fe-to-%¢Fe case for 1.4 M, , the central temperature decreases
monotonically. For the star of 2 M, the central temperature increases even in
the S6Fe-to-56Fe case, because of its large mass as compared with the

Chandrasekhar limit.

For the star of 2 M, the temperature is maximum at the center throughout
all evolutionary stages, and the center of the star enters the iron-to-helium
photo-disintegration region. (Neither the photo-disintegration is taken into
account in the computation, nor the plasma effect (Bodansky et al. 1968) is taken
into account in the lines of constant abundance of iron in Figures 2 and 3.) On
the other hand, for 1.4 M, the point of the maximum temperature throughout the
star lies in an outer shell. For the three models illustrated by the structure
lines in Figure 2, the maximum temperature lies at the mass fraction M, /M
~ 0.25 ~ 0.3, and a major part of the star (0.8 <M_/M $ 0.7) has already

entered into the photo-disintegration region.

In the 5SFe-to- °Fe case for 1.4 M, , the point of the maximum temperature
lies at log T = 9.61, log p = 8.52, and M_/M = 0.48, when the central density is
log p, = 9.258 (stage 5 in Table 3). On the other hand, the temperature and
density of the 56Fe-to-34Se case for the star of 1.4 M, (Table 1) are log T = 9.62
and log p = 8.45 at the same mass fraction of the star at a stage with the same
central density as the above case. These conditions are only slightly different

12



between the above two cases in spite of a great difference in the central tempera-
tures. In view of this and the proximity of the structure lines in shells cxterior
of the maximum temperatures (Figure 2), the contraction of the outer shells,
where electron capture proceeds much more siowly as compared with at the

center, depends but slightly upon the details of the electron-capture process.

In the case where neutrino loss is neglected, the central temperature is
lower than in the other cases of the same central density. In that case the
entropy-density gradient is produced only by the energy loss due to electron
capture. So at the early stage of electron capture, the stronger gradient is
produced near the center because of its density dependence. The stronger

entropy-density gradient results in higher central density.

The distributions of the iron which has not yet captured electrons are
illustrated in Figures 4 and 5. The iron is consumed in a rather wide region of
the core except for the case of °Fe-to-%4Se for 2 M, . This comes from the
fact that the temperature gradient is small or even inverted, and the rate of
electron capture is not much different throughout such a region. Most of iron
has captured electrons at the center before the rate of contraction becomes
nearly that of free fall. However, if electron capture were in detailed balance
with beta decay, the concentration of the iron at the center would be much
smaller, i.e., as small as 10™* and 5 x 1072 for the last stages of 1.4 and 2 M,

stars, respectively, as may be seen in Figure 1.

V. SUMMARY AND DISCUSSION
The general features of contraction with electron capture are as follows.

Because of the change in mean molecular weight, the central temperature rises

13



as electron capture proceeds, even when the electrons are rather strongly
degenerate, as seen in section IV and as discussed in section III. The reason is
that the energy required by electron capture is supplied not only by the thermal
energy of the order of o kT but alao by  k T, the Fermi energy of the degener-
ate electrons. If we have to select a more relatively neutron rich nucleus than
845¢, the central temperature will be higher, at a given value of the central

density than would be the case for ®4Se.

The above results are quite general in the following sense. When (y + o)k T
becomes more than the threshold energy for electron capture, the above result
is applicable even for a different element, if only the time scale of contraction,
which is essentially determined by the rate of electron capture, is suitably
allered. In this case the amount of absorbed energy is determined essentially
by the energy of electron, even if a more detailed process of electron capture

or 2 different element, such as 54Fe, were taken into account.

The threshold for electron capture by 328 is especially low, ~1.5 MeV, and
its electron capture is effective for densities above 10° g cm™3 (Salpeter 1961).
Before the silicon-burning phase, it will affect the detailed network of nuclear
burning reactions. The abundance of 328, which is produced within the silicon-
burning phase, is rather large according to Truran et al. (1966) and Bodansky
£t al. (1968); however, the abundance remaining after silicon burning is at
present open to question. In view of the fact that most of the iron captures
electrons before capture rate becomes rapid as compared with the free-fall
time, and that the electron capture makes the central temperature higher, the
phase of electron capture by 32S will be passed by without any serious effect
upon the later evolutionary phasea.

14



Thus, we may conclude that the iron star of mass M X 1.4 M, becomes
unstable due to the photo-disintegration of iron or heavier elements produced
by electron capture. For stars of small mass, the instability commences not
always at the center of the star but in an outlying shell. The temperature
necessary for photo-disintegration of the heavier nuclides is lower than that of
iron. General relativistic instability will occur at a central density above about
2.3 x 10! g em™? (Chandrasekhar and Topper 1964). Before this central density
the star has become unstable by the photo-disintegration.

The star of M X 1.4 M, was below the Chandrasekhar limit when it was
composed of an element with equal numbers of proton and neutrons, and it would
not burn silicon. Even if there is a phase of silicon burning resulting from a
complex chemical structure in an actual star, the silicon burning itself will

nevertheless be considerably modified by the effects of electron capture.
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Figure 1. Rates of electron capture of 5¢Fe (solid curves) and of 54Fe {dashed), and rates of
beta decay of 5®Mn (dash-dot) for given temperatures (in units of 107 °K) as indicated (Honsen
1966; 1968). The reciprocal of the time scale of free fall, (Gp)%, is shown by o thin straight line.
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Figure 2. Evolutionary paths of the center of a star of 1.4 Mo for the caies of 56F o-10-845e
(solid curve on the left side), S¢Fe-to-55Cr (dashed), 55Fe-t0-56Fe (dash-dot), (i.e., with change
in mean molecular weight neglected), and 56Fe-10-84Se without neutrino loss (dotted). Circles
on these curves indicate stoges where 90 per cent of the iron has captured electrons at the
center. Curves on the right-hand side are structure lines extending from the center to the surface
of the star for particular stages. Superposed are thin curves of loci of constant electron-capture
lifetimes of %Fe and loci of constant abundance of iron in statistical equilibrium with helium
ond neutrons.
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Figure 3. The same as Figure 2, but for 2Mg for the cases from 5%Fe-10-845e (solid curve), and
56Fe-10-56Fe (dash-dot). Evolutionary paths of the center without electren capture (dashed line)
and with neither the electron caopture nor neutrino loss are added for compari sen.
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Figure 4. Distribution of the iron, which has not yet coptured electrons in the stars of 1.4 Mg
for stages 8 of Table 1 (solid curve), of Table 2 (dashed), and of Table & (dotted).
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Figure 5. The some as Figure 4, but for 2 M, , for stage 6 of Table 4 (solid curve),
ond stoge 7 of Table 5 (dash-dot),



	GeneralDisclaimer.pdf
	1969017304.pdf
	0012@00.pdf
	0012A01.pdf
	0012B02.pdf
	0012B03.pdf
	0012B04.pdf
	0012B05.pdf
	0012B06.pdf
	0012B07.pdf
	0012B08.pdf
	0012B09.pdf
	0012B10.pdf
	0012B11.pdf
	0012B12.pdf
	0012C01.pdf
	0012C02.pdf
	0012C03.pdf
	0012C04.pdf
	0012C05.pdf
	0012C06.pdf
	0012C07.pdf
	0012C08.pdf
	0012C09.pdf
	0012C10.pdf
	0012C11.pdf
	0012C12.pdf
	0012D01.pdf
	0012D02.pdf
	0012D03.pdf
	0012D04.pdf
	0012D05.pdf
	0012D06.pdf
	0012D07.pdf
	0012D08.pdf
	0012D09.pdf




