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Abstract:
screening nuclides ®®Co and %°Ni are investigated. The results show that in strong electron screening (SES),

Gaussian modifications of the neutrino energy loss (NEL) by electron capture on the strongly

the NEL rates decrease without modifying the Gamow-Teller (G-T) resonance transition. For instance, the
NEL rates of **Co and °°Ni decrease more than two and three orders of magnitude for p7y = 5.86, Ty < 5,
Y. =0.47, A=6.3, respectively. In contrast, due to Gaussian modification, the NEL rates increase about two
orders of magnitude in SES. Due to SES, the maximum values of the C-factor (in %) on NEL of *°Co, *°Ni are
of the order of 99.80%, 99.56% at p7 =5.86 Y. =0.47 and 99.60%, 99.65% at p7 = 106 Y. =0.43, respectively.
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1 Introduction

During the nuclear synthesis processes in the late
stage of the evolution of the massive star, the burning
of the unstable nuclei and iron core collapse ignites
the poignant supernova explosion. Electron capture
(EC) plays a key role in this process and can produce
a huge number of neutrinos. The neutrinos do not
only transport enormous energy outward, but also
carry a lot of information about the stellar interi-
ors. Thus, the research on neutrinos and neutrino en-
ergy loss (NEL) has been of great interest as a subject
on the border line between astrophysics and parti-
cle physics. Based on the simple shell model, Fuller
G. M., Fowler W. A. and Newman M. J. [1] inves-
tigated the NEL rates and accomplished much pio-
neering work. Based on the Weinberg-Salam theory,
Naoki Itoh et al. [2] analyzed the pair, photo-, plasma,
bremsstrahlung and recombination NEL rates. But
their discussions did not consider the influence of
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strong electron screening (SES) on the NEL rates.
What role does SES play in stars for NEL and
what is the status of measurements for SES on earth?
How does SES affect the NEL rates? This issue of
SES has already been studied by some authors, such
as Gutierrez et al. [3], Bravo & Garcia-Senz [4], Luo
& Peng [5, 6]; Liu and Luo [7-10] and Itoh et al. [11].
Their work shows that it is extremely important and
necessary to calculate accurately the screening cor-
rections to the NEL rates from the EC processes in
dense stars. On the other hand, The Gamow-Teller
(G-T) resonance transition contribution has always
been a very interesting and challenging issue, espe-
cially for beta decay and electron capture. Thus in
this paper we pay attention to the influence of the G-
T resonance transition contribution, which includes
the range of low energy (ground state) to higher en-
ergies (excited states) and corrects the G-T resonance
transition contribution by a Gaussian function.
Under pre-supernova conditions in the late stages
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of stellar evolution, **Co and **Ni are very abundant
and in the dynamics of the pre-supernova evolution,
the weak interactions on °°Co and °°Ni are believed
to contribute effectively and play a key role. Later,
Heger et al. [12] regarded **Co and ®°Ni as one of the
most important nuclides for the capture processes in
the pre-supernova evolution of massive stars. Nabi et
al. [13] also discussed the weak interaction in *Co
and °°Ni. Aufderheide et al. [14] placed 5*Co and
56Ni in the list of the top ten most important captur-
ing nuclei during the pre-supernova evolution. Due
to the importance of 5*Co and °°Ni in astrophysical
environments, based on the p- f shell model and linear
response theory, we investigate in this paper a Gaus-
sian modification of the NEL rates for the strongly
screening nuclides %*Co and *®Ni.

2 The NEL rates with and without
SES

The NEL rate (in m.c?s™*) due to EC for the kth
nucleus (Z, A) in thermal equilibrium at temperature
T is given by a sum over the initial parent states ¢ and
the final daughter states f [15],

_ (2J;+1)e Bi/KT Y
A“‘_Z_: G(Z,AT) ;A”’ W

where J; and F; are the spin and excitation energy of
the parent states and G (Z, A, T) is the nuclear parti-
tion function. The NEL rate associated with EC from
one of the initial states to all possible final states is
X,

In2
Ny =7 i
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with the relation
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The ft-values and the corresponding Gamow-Teller

or Fermi transition matrix elements are related by
the equations [15]
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Here, f(Q.;) is the phase space factor without SES,
k is the Boltzmann constant,

temperature, Ur is the electron chemical potential,
Qif = Qoo+ E; — E; is the EC threshold energy and

T is the electron

Qoo = M,c® — Myc?, with M, and My being the mass
of the parent and daughter nucleus, respectively. E;,
E; are the excitation energies of the ¢ th and f th nu-
clear state, respectively, and ¢ is the total rest mass
and kinetic energy. Note that in this paper all of
the energies and momenta are given in units of m.c?,
mec, where m, is the electron mass and c is the veloc-
ity of light. F'(Z,¢) is the coulomb wave correction [1,
14]. Without considering the screening, the threshold
energy &, is defined by

= { Qir, (Qif <—1) '

1, (otherwise)

(4)

The electron chemical potential is found by inverting
the expression for the lepton number density,

oo

J (e fro)dp, (5)

0
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where N4 is the Avogadro constant, A, = h/mec is
the Compton wavelength and f_., f.. are the elec-
tron and positron distribution functions, respectively.

If the electron is strongly screened and the screen-
ing energy is high enough in order not to be neglected
in high density plasma, its energy will decrease from
€ to ¢ =e—D in the decay reaction due to electron
screening. At the same time, the screening relatively
decreases the number of high energy electrons with
energies higher than the threshold energy for elec-
tron capture. The threshold energy increases from ¢,
to €, = €9+ D. Thus the phase space integral with
screening becomes

[eS)
3

F(Quy) = j (€2 1) Qi +¢) F(Z.£') f. (e) de.
(6)

Using the linear response theory, Itoh et al. [11] cal-
culated the screening potential for relativistic degen-
erate electrons. A more precise screening potential is
given by

1OZp7
A

1/3
D=7525x10"%Z ( ) J(re,R)MeV, (7)

where p; is the density in units of 107g/cm?, J (1, R),
rs, R can be found in Ref. [11]. The formula (7) is
valid for 107° < r, < 1071, 0 < R < 50, conditions,
which are usually fulfilled in the pre-supernova envi-
ronment.

3 A modification of the G-T resonance
transition

The G-T resonance transition contribution has
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always been a very interesting and challenging issue.
According to Ref. [16], using a normalized Gaussian
function, the strength contribution of the G-T reso-
nance transition is written as [17, 18]

B " —EBer
Bgr = —\/;Z exp [_ (E A2 GT)

where Bgr is the resonance strength, B, is the mod-

; (8)

ified G-T resonance strength, ¢” is the energy in the
excited state and A is the half-width of the Gaussian
function. Thus the NEL rates by EC in the case of
SES can be rewritten as

In2

)‘S‘auss — )‘;/f _ Wflf =)Ao+ )\gi}%s’ (9)
AGanss — J BELde” JféTdf, (10)
eGT Q
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where ¢ = e — D and )\ is the NEL rate of EC in
the low energy region, AG3" is the modified G-T
resonance transition NEL rate, f&r is the modified
phase space factor, eqr is the bottom energy of the
resonance region, whose exact range depends on the
half-width of the Gaussian distribution. @)’, the low-
est energy in the EC reaction due to SES, is given
by

, |Q00—5”|+Da(Q00—5”<—1)
Q' = . (12)
1+D, (Qoo —e" 2 —1)
Hence, in SES the NEL rate with and without modi-
fying the G-T resonance transition becomes

NP = AT (14)

In order to compare the NEL rate with and without
modifying the G-T resonance transition in SES, a C-
factor is defined as

C— (Agcauss(SES) _ /\?}SES)) /)\Scauss(SES)' (15)
4 Numerical analysis and discussion
y

Figure 1 shows the NEL rates of 5*Co, **Ni as
a function of Ty at the density of p; = 5.86 and
Y. =047, A =6.3 with and without modifying the
G-T resonance transition. One can see that due to
SES without modifying the G-T resonance transition
at relatively lower temperature (such as Ty < 5) the
NEL rates of **Co decrease more than about two or-
ders of magnitude but about three orders of magni-
tude for 5Ni. At relatively higher temperature (such
as Ty =50), the NEL rates of **Co and 5*Ni decrease
by about 40%. On the other hand, due to modifying
of the G-T resonance transition, the NEL rates will
increase by two orders of magnitude.

At the density of p; =106 and Y, =0.43, A=10.3,
Fig. 2 shows the NEL rates of 5Co, **Ni as a function
of Ty with the modified G-T resonance transition.
One can see that in SES without modifying the G-T
resonance transition, at relatively lower temperature
(such as Ty < 5), the NEL rates of **Co decrease more
than about three orders of magnitude, but about four
orders of magnitude for **Ni under the same con-
dition. However, at relatively higher temperatures
(such as Ty = 50), the NEL rates of 5*Co and °°Ni
decrease no more than about two orders of magni-
tude. In contrast, the NEL rate AZ“SS(SES) is about

Gauss(SES) __ SES Gauss(SES) : 0(SES)
At = NP+t , (13) two orders of magnitude larger than A\;;"".
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Fig. 1.

The NEL rates Aig, Ajs ", Agr "3 of 55Co, *Ni as a function of Tp for pr =5.86, Yo =0.47, A=6.3.
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Fig. 3. The C-factors of *Co, %Ni as a function of Ty for pr =5.86, Y. =0.47, A=4.3, 6.3, 8.3, 10.3, 12.3, 14.3.
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Fig. 4. The C-factors of ®*Co, %°Ni as a function of Ty for p; =106, Yo =0.43, A=4.3, 6.3, 8.3, 10.3, 12.3, 14.3.



LIU Jing-Jing et al: Gaussian modification of neutrino energy loss
No. 3 on strongly screening nuclides ®®Co and 56Ni by electron capture in stellar interior 247

Figures 3 and 4 show the C-factors of >>Co, *°Ni as
a function of Ty for p; =106 Y, =0.43 and p; =5.86,
Y, =047, A=43, 6.3, 8.3, 10.3, 12.3, 14.3. It can
be seen from the two Figures that the maximum val-
ues of the C-factor (in %) for the NEL rates of **Co,
56Nji are of the order of 99.80%, 99.56% at p; = 5.86,
Y. =0.47 and 99.60%, 99.65% at p; = 106 Y, = 0.43,
respectively.

From Figs. 1-4, one can see that at the same den-
sity, the temperature has a different effect on the NEL
rates in and not in SES. The lower the temperature,
the larger the influence on NEL is. The reason is the
following. Although the electron energies are very
low, the number of neutrinos produced by the EC
process is very large, so that the influence of the tem-
perature on the NEL becomes very big.

From the above calculation and analysis, compar-
ing the NEL rates of Fig. 1 with those of Fig. 2, one
finds that the NEL rates decrease noticeably due to
SES. This is due to the fact that the screening changes
the Coulomb wave function of the electron and it de-
creases the energy of the electron in the capture re-
action. At the same time, the screening relatively
decreases the number of high energy electrons with
energy higher than the threshold energy of EC. This
may lead to a large decrease in the NEL rates. On the
other hand, due to the modification of the G-T res-
onance transition of an excited level, the NEL rates

will increase, especially in the region of higher tem-
peratures. The reason is that the transition strength
distribution is Gaussian, which is symmetrical around
the resonance location; the electron distribution must
obey the Femi-Dirac law, but the energy of the elec-
tron in the resonance reaction is not symmetrical and
the number of electrons taking part in EC greatly in-
creases. Thus the NEL rate increases by modifying
the G-T resonance transition.

As is well known, for massive stars such as white
dwarfs and neutron stars, the problem of neutrino
production has always been a very challenging sub-
ject and it always plays an important role during the
late stages of evolution, particularly in terms of the
energy loss and cooling in the stellar interior. A pre-
cise determination of the neutrino emission rates is
therefore a crucial issue in any careful study of the
final branches of star evolutionary tracks. In particu-
lar, changing the cooling rates at the very last stages
of a massive star’s evolution may sensibly affect the
evolutionary time scale and the iron core configura-
tion at the onset of the supernova explosion, whose
triggering mechanism is still lacking a full theoret-
ical understanding. Hence the conclusions we have
drawn possibly have a significant influence on fur-
ther research in nuclear astrophysics, especially on
the research on the stellar terminal evolution and on
neutrino astrophysics.
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