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Gamow—Teller (GT) transitions play an important and consequential
role in many astrophysical phenomena. These include, but are not lim-
ited to, electron and positron capture rates which determine the fate of
massive stars and play an intricate role in the dynamics of core collapse.
These GT4 transitions rates are the significant inputs in the description
of supernova explosions. GT 1 strength function values are sensitive to the
56Nji core excitation in the middle pf-shell region and to the size of the
model space as well. We used the pn-QRPA theory for extracting the GT
strength for ground and excited states of °Ni. We then used these GT
strength distributions to calculate the electron and positron capture rates
which show differences with the earlier calculations. One curious finding
of this paper is our enhanced electron capture rates on °°Ni at presuper-
nova temperatures. These differences need to be taken into account for the
modeling of the early stages of Type II supernova evolution.

PACS numbers: 26.50.+x, 23.40.Bw, 23.40.—s, 21.60.Jz

1. Introduction

Weak interactions play a conclusive role in the evolution of massive stars
at the presupernova stage and supernova explosions. These explosions mark
the end of the life of massive stars. The massive stars consist of concentric
shells which are the relics of their previous burning phases. The helium
burning shell continues to add ashes to the carbon-oxygen core. This results
in the contraction of the core and eventually initiates the carbon burning

T Corresponding author: jnabi00@gmail.com

(651)



652 J.-U. NaB1, M.-U. RAHMAN, M. SAJJAD

which then leads to a variety of by-products, such as {50, 20Ne, %3 Na, #3Mg,
and 23Mg [1]. What follows is a succession of nuclear reaction sequences
which depend sensitively on the mass of the star. When each reaction se-
quence reaches equilibrium, an “onion-like” shell structure develops in the
interior of the star.

Stars with initial mass about 10Mg or more ignite carbon in the core
non-degenerately [2]. Owing to neutrino (and antineutrino) emission at the
high temperatures involved, due to e® annihilation and other processes,
subsequent evolution is greatly accelerated. The nuclear time-scale becomes
shorter than the thermal one because carbon, oxygen, and silicon burning
produce nuclei with masses progressively nearer the iron peak of the binding
energy curve, and consequently less and less energy is generated per gram
of fuel.

When the core attains high density and temperature, the photons having
enough energy destroy heavy nuclei; a process known as photodisintegration.
In a very short span, this photodisintegration reverses what the star has
been trying to do its entire life, i.e. to produce more massive elements than
hydrogen and helium. This stripping down of iron to individual protons and
neutrons is highly endothermic. This saps the thermal energy from the gas
that would otherwise have resulted in the pressure necessary to support the
core of the star.

At high temperature and density, the electrons supporting the star
through degeneracy pressure are eaten up by heavy nuclei and protons that
were produced during photodisintegration process, and thus lead to the neu-
tronization of star. Electron capture and photodisintegration cost the core
energy, reduce its electron density and this results in an accelerated core
collapse. The collapse is very sensitive to entropy and to the number of
lepton to baryon ratio, Y.. These two quantities are mainly determined by
weak interaction processes. In the inner region of the core, this collapse is
homologous and subsonic having velocity of the collapse proportional to the
distance away from the center of the star, while the outer regions collapse
supersonically [3].

The structure of the progenitor star, including that of its core, plays a
pivotal role in the development of the explosion process. Electron capture
reduces the number of electrons available for pressure support. At higher
densities, p = 1011g/cm3, electron capture produces neutrinos which es-
cape the star carrying away energy and entropy from the core. Electron
capture during the final evolution of a massive star is dominated by Fermi
and Gamow—Teller (GT) transitions. The energies of the electrons are high
enough to induce transitions to the GT resonance. The electron capture
rates are very sensitive to the distribution of the GT, strength (in this
direction a proton is changed into a neutron).
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Bethe et al. [4] showed that, as a result of electron capture, the average
number of nucleons per nucleus (A) moves upward. Nevertheless, we can
say that there is a tendency for A to increase with decreasing Y.. During
collapse, the entropy of the core decides whether electron capture occur
on heavy nuclei or on free proton (produced during photodisintegration).
The total entropy of the stellar core is the sum of the entropies due to
nuclear excitation and that of the free nucleons. At low entropies (S/kp ~ 1)
captures on heavy nuclei dominate the total rate. These entropies of the
stellar core do occur for the star of main sequence mass between 10 and 25
My, and density range 109-10'2 g/cm® [5].

Electron captures on proton and positron captures on neutron play a very
crucial role in the supernovae dynamics. During the collapse and accretion
phases, these processes exhaust electrons, thus decreasing the degenerate
pressure of electrons in the stellar core. Meanwhile, they produce neutri-
nos which carry the binding energy away. Therefore, electron and positron
captures play key role in the dynamics of the formation of bounce shock of
supernova. The Type II supernovae take place in heavy stars. The positron
captures are of great importance in high temperature and low density lo-
cations. In such conditions, a rather high concentration of positron can be
reached from e~ + et < 7 + v equilibrium favoring the e~ e™ pairs. The
electron captures on proton and positron captures on neutron are considered
important ingredients in the modeling of Type II supernovae [6].

Proton—neutron quasi particle random phase approximation (pn—QRPA)
theory and shell model are extensively used for the calculations of capture
rates in the stellar environment. Each model has its own associated pros and
cons. Shell model lays more emphasis on interaction of nucleons as compared
to correlations whereas pn—QRPA puts more weight on correlations. One
big advantage of using pn—QRPA theory is that it gives us the liberty of
performing calculations in a luxurious model space (up to 7hw). The pn—
QRPA method considers the residual correlations among the nucleons via
one particle one hole (1p—1h) excitations in a large model spaces. The au-
thors in [7] extended the QRPA model to configurations more complex than
(1p-1h). The pn—QRPA formalism was successfully employed to calculate
weak interaction rates for 178 sd-shell [7] and 650 fp/fpg-shell [8] nuclide in
stellar matter. Later the decay and capture rates of nuclei of astrophysical
importance were studied separately in detail and were compared with earlier
calculations wherever possible both in sd-shell |9] and fp-shell (e.g. [10,11])
regions.

Knowing the importance of the electron and positron capture processes
in the evolution of stars many authors estimated these rates independently
employing different models. Fuller et al. (referred as FFN) [12] estimated
these rates for the nuclei in the mass range A = 45-60. They related these
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capture processes to the GT resonance. Aufderheide et al. [13,14] then up-
dated the rates of FFN and compiled a list of important nuclide and showed
that these nuclide strongly affect Y. via the electron capture processes. They
ranked *Ni amongst the top ten nuclei which play a vital role in the delep-
tonization of the core. This isotope of nickel is abundant in the presupernova
environment, and is considered to be a dominant role player among other
iron-regime nuclei in the evolution of stellar core. The GT response is as-
trophysically important for a number of nuclide, particularly 96Ni.

Recently the calculations of electron capture rates on °°Co and %5Ni us-
ing the pn—QRPA theory were presented and compared with earlier calcula-
tions [15]. There the authors also discussed the possible applications of these
calculated rates in astrophysical environments. In this paper we present for
the first time the GT strength distributions (both plus and minus) from the
parent and excited states of %°Ni. We also present the associated electron
and positron capture rates for this important isotope of nickel. Comparison
with earlier calculations wherever possible is also being presented. We used
the pn—QRPA model to generate GT strength distributions and performed
state by state calculations of the associated electron and positron capture
rates. These calculated rates were summed over all parent and daughter
states until satisfactory convergence was achieved.

We made the following assumptions to calculate electron and positron
capture rates on “9Ni.

1. Forbidden transitions were not taken into account. Only the allowed
Gamow—Teller and superallowed Fermi transitions were calculated.

2. Electrons and positrons, in stellar matter, were assumed to follow the
energy distribution of a Fermi gas.

3. Fermi functions were used in the phase space integrals to represent
the distortion of electron (positron) wavefunctions (due to coulombic
interactions of these with the nucleus).

4. Neutrinos and antineutrinos which are produced were assumed to es-
cape freely from the core without interacting with any particle. We
neglected the capture of (anti) neutrinos in our calculations.

2. General formalism

In this paper we present the calculated capture rates on °°Ni for the
following two processes mediated by charge weak interaction:

1. Electron capture

éX—l—e_—ﬂg_lX—l—I/.
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2. Positron capture
AX tet >4 X +7.

These processes play an important role in the evolution of presupernova
core. To calculate these electron capture and positron capture rates in the
stellar environment, we used the following formalism.

The Hamiltonian of our model was chosen as

HORPA — fysp 4 ypair 4 R 4 V2P (1)

Here H®P is the single-particle Hamiltonian, VP¥' is the pairing force,
Vé’% is the particle-hole (ph) Gamow—Teller force, and Vé’% is the particle—
particle (pp) Gamow—Teller force. Wave functions and single particle ener-
gies were calculated in the Nilsson model [16], which takes into account the
nuclear deformations. Pairing was treated in the BCS approximation. The
proton—neutron residual interactions occur in two different forms, namely as
particle-hole and particle—particle interaction. The interactions were given
separable form and were characterized by two interaction constants x (char-
acterizing the particle-hole force) and k (characterizing the particle-particle
force). The selections of these two constants were done in an optimal fash-
ion. For details of the fine tuning of the Gamow—Teller strength parameters,
we refer to [17,18]. In this work, we took the values of x = 0.5 MeV and
= 0.065 MeV for *Ni.

Other parameters required for the calculation of capture rates are the
Nilsson potential parameters, the deformation, the pairing gaps, and the
Q@-value of the reaction. Nilsson-potential parameters were taken from [19]
and the Nilsson oscillator constant was chosen as hw = 414713 (MeV),
the same for protons and neutrons. The calculated half-lives depend only
weakly on the values of the pairing gaps [20]. Thus, the traditional choice
of A, = A, = 12/v/A (MeV) was applied in the present work. For details
regarding the QRPA wave functions and calculation of weak rates we refer
to [11]. Q-values were taken from the recent mass compilation of Audi
et al. [21].

The Fermi operator is independent of space and spin, and as a result the
Fermi strength is concentrated in a very narrow resonance centered around
the isobaric analogue state (IAS) for the ground and excited states. The
energy of the TAS was calculated according to the prescription given in [22],
pp- 111-112, whereas the reduced transition probability is given by

B(F)=T(T +1) = T.iT.y,
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where T is the nuclear isospin, and T%;, T’y are the third components of the
isospin of initial and final analogue states, respectively.

The parent excited states can be constructed as phonon-correlated multi-
quasiparticles states. The transition amplitudes between the multi-quasi-
particle states can be reduced to those of single-particle states. Excited
states of an even—even nucleus are two-proton quasiparticle states and two-
neutron quasiparticle states. Transitions from these initial states are possible
to final proton—neutron quasiparticles pair states in the odd—odd daughter
nucleus. The transition amplitudes and their reduction to correlated (c)
one-quasiparticle states are given by

(p'nflteo ulpiph) = =6 (pp) (nlltso_ulpic)
) ), (2)

(nift=oplphe
(p'nllteoulnini) = +6 (n'nb) (plltzoulnic)
=8 (nfni ) (plltrouinde ) 3)

Here p = —1, 0, 1, are the spherical components of the spin operator.

States in an odd—odd nucleus are expressed in quasiparticle transfor-
mation by two-quasiparticle states (proton—neutron pair states) or by four-
quasiparticle states (three-proton, one-neutron or one-proton three-neutron
quasiparticle states). The reduction of two-quasiparticle states to correlated
(c) one-quasiparticle states is given by

(plphelteoulp'ni) = (plm) (Pheltzonlnt)
5(p3. 9 <p{C|tiaulni>, (4)
(nind[tzo—ulp'nl) = (ng, ) (Wl ltwoul o)

—0 (nlv ) <n2c |ti0—u|pf;>- (5)
While four-quasiparticle states are simplified as
(plpindn]. [teo - Pipipinic) = 6 (nd,ni)
< (01,230, p) (], It pic )
<p17p ) d (p27p3) <n{c ‘tia—ﬂ‘péc>

+8 (v191) & (ph.1) (nlc sl ohe)|
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+6 (p{,pl) (pz,pz) <n§C Itiff—u|P§c>} :

(plpipip]. lteo,| pipbpini.) =

5 (ph.01) 6 (pf k) 8 (w1, 085) (Pl ltoulnic )
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<p pin{nd, |tiau|p1n1n2n36> =
5 (pl.ph) |6 (nd.m) & (nd.mh) (b ltsoulnic)
-4 (nl,nl) ) (ng,né) <p§C [trou n§C>
+ 6 (nf.ni) 6 (ndimb ) (phe lteoul ni )|
=6 (vhort) [8 (nf ) 8 (045 (ol el mic)
(nlvn ) (nz,n3) <plc |ti‘7u|n2c>
)

(n17 0 <n27n2> <p{c |tiaﬂ| néc>} .
<n{ngn§n£c |tia—ﬂ| pllnllnénéc> =
) (nﬁ,nﬁ) 0 (ng,né) 0 (njf,né) N, |tia_u\plic>

&
s (afond) o (ng;,nz) (o)
font)
)

n4c |t:|:O-—,LL| plc

<"3c ‘tiU—u‘ plc

n2c |t:|:O-—/J| p1C>
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For all quasiparticle transition amplitudes (Egs. (2)—(9)), we took into
account the antisymmetrization of the single-quasiparticle states

pl <pl <pl <pl,

nf <nf <nf <nf,
pi < ph <ps <pj,
ny <nh <ny<ny.

GT transitions of phonon excitations for every excited state were also
taken into account. We also assumed that the quasiparticles in the parent
nucleus remained in the same quasiparticle orbits.

In order to further increase the reliability of our calculations, we did
incorporate experimental data wherever applicable. The calculated excita-
tion energies (along with their log ft values, if available) were replaced with
the measured one when they were within 0.5 MeV of each other. Missing
measured states were inserted. However, we did not replace (insert) theo-
retical levels with the experimental ones beyond the level in experimental
compilations without definite spin and/or parity assignment.

3. Results and discussion

%Ni is a doubly magic nucleus which is believed to be copiously pro-
duced in the supernova conditions and is considered to be a prime candidate
for electron capturing. In this work we considered 30 states (up to excita-
tion energy of 10 MeV) in ®°Ni. States higher in energy have a negligible
probability of occupation for the temperature and density scales chosen for
this phase of collapse. Table I lists the calculated parent excited states of
%Ni in order of increasing energy. We start by presenting the GT strength

TABLE I

Calculated excited states in parent *6Ni.

0.00 523 6.01 729 7.76 8.80
270 539 6.21 735 7.8 9.12
3.96 547 6.32 748 8.08 9.29
497 568 6.44 753 831 9.71
5.08 576 6.65 7.62 856 9.98

distribution functions for the ground and first two excited states of 56Ni.
Complete set of GT strength distribution functions for higher excited states
can be requested by email to the corresponding author. We considered
around 200 states of daughters, %°Co and °6Cu, for electron and positron
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captures, respectively, up to excitation energy around 45 MeV. GT transi-
tions are dominant excitation mode for the electron and positron captures
during the presupernova evolution. The energy dependence of weak inter-
action matrix elements (or equivalently, the GT strength distributions) is
unknown for many nuclei of potential importance in presupernova stars and
collapsing cores. The centroid of the GT distribution determines the effec-
tive energy of electron capture from the ground state of the parent nucleus to
the excited state of the daughter nucleus. This along with the electron-Fermi
energy determines which nuclei are able to capture electron from, or 5-decay
onto the Fermi-sea at a given temperature and density and thus control the
rate at which the abundance of a particular nuclei would change in the pre-
supernova core. The GT strength distributions for the electron captures and
positron captures are shown in Figs. 1 and 2, respectively. Table Ila states

E=0.0 MeV E=2.7 (MeV) E=3.9 (MeV)

10’

10°¢ 1 1 1

107 ] 1 ]

B(GT, ) strength

100 11— L ﬂ\ }Hl " I i \

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40
E, (MeV) E, (MeV) E, (MeV)

107 9

Fig. 1. Gamow-Teller (GT, ) strength distributions for *Ni. From left to right, the
panels show the GT . strength for ground, 1%, and 2" excited states, respectively.
E; (E;) represents energy of parent (daughter) states. The energy scale refers to
the excitation energies in the daughter *®Co.

the B(GT) strength values for the ground state of *Ni whereas Table ITb
gives the B(GT_) strength values. The strengths are given up to energy of
10 MeV in daughter nuclei. Calculated GT strength of magnitude less than
1073 are not included in this table. For the calculation of the associated elec-
tron captures on 96Ni, the authors in [23] calculated the B(GT) strength
only from the ground state. Our calculations of electron capture rates in-
clude contributions from the ground as well as the 30 excited states given in
Table I. Our calculations show that for the ground state of 5°Ni the centroid
of the GT; strength resides at energy around 5.7 MeV in daughter *Co (see
also [15]). FFN [12] placed the GT resonance in ®®Co at energy 3.8 MeV.
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E=0.0 MeV E=2.7 MeV E=3.9 MeV

B(GT ) strength

L L
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Fig.2. Gamow-Teller (GT_) strength distributions for °°Ni. From left to right,
the panels show GT_ strength for ground, 15, and 2™ excited states, respectively.
E; (E;) represents energy of parent (daughter) states. The energy scale refers to
excitation energies in the daughter *Cu.

The GT centroid of [23] is at energy around 2.5-3.0 MeV in daughter **Co.
The GT centroids for the first and second excited states of °°Ni are around
7.9 MeV and 11.4 MeV in daughter *°Co, respectively. For the ground state
of ®°Ni, we calculated total GT strength of 8.9 as compared to the values
10.1 and 9.8 +4 calculated by [23| and shell model Monte Carlo calculations
(SMMC) [24], respectively.

Fig. 3 shows the variation with densities and temperatures of our cal-
culated electron capture rates for °Ni. The temperature scale Ty measures
the temperature in 10° K and the density in the inset has units of g/cm?.
It is pertinent to mention that contributions from all excited states are in-
cluded in the final calculation of these capture rates. We calculated these
weak rates for densities in the range (10%5-10'!) g/cm® and for tempera-
ture scales Ty = 0.5 to 30. We note that the electron capture rates increase
with increasing temperatures and densities. It is also worth mentioning that
for low and intermediate densities in the range (10°°-10%) g/cm? the elec-
tron capture rates converge to a value of around 500 s~! at Ty = 30. At
higher densities order of magnitude differences start to build in between
the corresponding rates. The gradient of the curves at low and intermedi-
ate temperatures (Ty = 0.5 to 10) also decreases with increasing density. At
densities in the vicinity of 10! g/cm? the electron capture rates remain con-
stant until the stellar core approaches temperature around log 7' = 10 K. We
observed a similar trend for electron captures on *>Co [26] but the capture
rates of this nucleus were slower than electron capture rates on *’Ni. We
also noted that capture rates of 55Ni is one order of magnitude faster than
that of 5°Co when the stellar core shifts from densities (107 to 10'!) g/cm®
at low temperatures (around log7T = 7.0).
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Fig. 3. Calculated electron captures rates (in logarithmic scale) on 5°Ni as function
of temperatures for different selected densities. The densities in the legend are in
units of g/cm?® whereas Ty represents temperature in units of 10°K.

TABLE Ila

Calculated B(GT, ) values from the ground state in *°Ni.

Energy(MeV) B(GT.) | Energy(MeV) B(GT.) | Energy(MeV) B(GT.)
1.72 1.59E-01 4.63 1.08E-02 6.18 3.98E-02
1.88 3.03E-03 4.74 2.59E-01 6.31 4.31E-02
2.72 2.32E-03 4.88 7.32E-02 7.82 5.10E-02
2.90 1.28E-03 5.33 2.30E-02 7.97 2.22E-02
4.21 2.12E-01 5.56 8.27TE-02 10.03 1.60E-03
4.44 2.20E-02 5.73 6.54E+4-00
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TABLE IIb

Calculated B(GT_) values from the ground state in 56Ni.

Energy(MeV) B(GT_) |Energy(MeV) B(GT_) | Energy(MeV) B(GT-)
1.72 1.26E-01 4.44 1.67E-01 5.73 7.32E-01
1.88 3.98E-03 4.63 1.03E-01 6.31 1.97E-03
2.72 3.50E-03 4.74 3.48E+-00 7.82 7.67E-02
2.90 9.08E-03 4.88 1.27E+00 7.97 3.52E-02
3.08 8.00E-03 5.33 1.04E-01
4.21 1.15E400 5.56 5.59E-02

TABLE Ilc

Calculated B(GT) values from the first exicted state in 55Ni.

Energy(MeV) B(GT4) | Energy(MeV) B(GT4) | Energy(MeV) B(GTy)
0.16 1.11E4-00 2.93 9.78E-02 7.74 1.92E-02
0.97 2.01E-01 3.05 7.35E-02 7.92 1.25E-02
1.11 8.00E-02 4.10 5.55E-01 8.95 1.70E+00
1.72 1.23E-01 4.24 1.01E+00 9.28 8.66E-02
1.93 7.60E-02 5.05 5.21E-03 9.48 2.09E-02
2.06 9.20E-02 5.18 2.18E-03 9.60 1.83E-01
2.22 1.40E-01 6.57 2.86E+00 9.74 1.06E+4-00
2.28 5.35E-02 6.99 2.12E-03
2.31 4.94E-02 7.57 2.44E-02

TABLE IId

Calculated B(GT_) values from the first exicted state in 5Ni.

Energy(MeV) B(GT_) | Energy(MeV) B(GT_) | Energy(MeV) B(GT_)
1.87 1.40E+-00 4.10 4.36E-01 7.11 1.44E-03
2.03 4.91E-02 4.24 8.03E-01 7.74 1.93E-02
2.14 2.54E-02 5.05 4.44E-03 7.92 5.24E-02
2.27 1.01E+00 5.18 1.94E-03 8.95 3.88E+00
2.82 2.69E-01 5.35 5.10E-03 9.28 4.33E-01
2.93 5.38E-01 6.57 2.97E+00 9.48 1.77E-01
3.05 3.93E-01 6.99 1.12E-02 9.60 2.79E+4-00
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TABLE Ile
Calculated B(GT, ) values from the second excited state in 56Ni.
Energy(MeV) B(GT4) | Energy(MeV) B(GT.) | Energy(MeV) B(GTy)
0.00 1.18E-01 4.30 1.18E-01 7.82 1.22E-02
0.16 2.80E-01 4.64 2.80E-01 8.00 8.57E-03
0.60 6.00E-02 4.79 2.85E-03 8.23 3.94E-03
0.83 2.80E-01 5.10 6.00E-02 8.77 9.27E-02
1.00 6.00E-02 5.25 2.65E-03 9.21 4.81E-01
1.11 2.80E-01 5.44 4.13E-03 9.45 1.11E-01
1.93 4.02E-01 6.31 4.09E-01 9.55 4.16E-02
2.92 1.72E-03 6.98 4.96E-01 9.73 1.87E-03
3.08 5.22E-02 7.30 1.34E-03 9.87 1.64E-02
TABLE IIf
Calculated B(GT_) values from the second excited state in *°Ni.
Energy(MeV) B(GT_) | Energy(MeV) B(GT_) |Energy(MeV) B(GT-)
0.00 1.78E-01 5.10 2.18E-01 8.10 3.66E-03
0.62 1.87E-01 5.25 1.69E-03 8.23 2.44E-02
1.72 2.27E-02 5.44 5.51E-03 8.77 6.17E+4-00
2.13 2.27E-02 5.70 2.94E-03 9.21 4.58E+00
2.29 6.23E-03 6.31 4.42E-01 9.45 5.98E+00
3.08 1.10E-01 6.98 5.48E-01 9.73 5.06E-02
4.30 2.68E-01 7.30 8.28E-03 9.87 8.98E-02
4.64 1.22E+00 7.82 6.12E-02
4.79 1.64E-03 8.00 6.54E-02

Analyzing B(GT_) strength (Fig. 2), we note that our ground state GT
centroid resides at energy around 4.7 MeV in daughter, 5°Cu. For positron
captures, we calculated the total GT_ strength for the ground state of 7.4
for ®°Ni while authors in [25] calculated it to be 11.4 (see their Table 3,
experimental values were not mentioned). For the first and second excited
states our GT_ centroid resides around 7.6 MeV and 8.6 MeV in daughter
56 Cu, respectively.
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TABLE IIT*

Calculated electron and positron capture rates on °6Ni for different selected densi-
ties and temperatures in stellar matter. ADEN is log(pY,) and has units of g/cm3,
where p is the baryon density and Y, is the ratio of the electron number to the
baryon number. Temperatures (Ty) are measured in 10° K. E-cap and E+cap are
the electron and positron capture rates, respectively. The calculated electron and
positron capture rates are tabulated in logarithmic (to base 10) scale in units of
sec!. In the table, —100.000 means that the rate is smaller than 10710,

ADEN Ty FE-cap E+cap | ADEN Ty E-cap E+-cap
0.5 0.5 —9.828 —100 1.0 4.0 -3.755 —19.817
0.5 1.0 -—7.394 —81.298 1.0 4.5 —3.481 —17.468
0.5 1.5 —6.148 —54.201 1.0 5.0 —3.226 —15.575
0.5 2.0 —5.391 —40.556 1.0 55 —2.983 —14.014
0.5 2.5 —4.846 —32.317 1.0 6.0 —2.746 —12.702
0.5 3.0 —4.418 —26.79 1.0 6.5 —2.512 —11.583
0.5 3.5 —4.063 —22.817 1.0 7.0 —2.28 —10.615
0.5 4.0 -3.756 —19.818 1.0 7.5 —2.053 —9.768
0.5 4.5 —3.481 —17.468 1.0 8.0 —1.831 —9.02
0.5 5.0 —3.227 —15.575 1.0 8.5 —1.616 —8.354
0.5 5.5 —2.984 —14.014 1.0 9.0 —-1.409 —7.756
0.5 6.0 —2.747 —12.702 1.0 9.5 —-1.211 —-7.215
0.5 6.5 —2.512 —11.583 1.0 10 -1.021 —6.723
0.5 7.0 —2.281 -—10.615 1.0 20  1.465 —1.624
0.5 7.5 —2.053 —9.769 1.0 30 2.692 0.474
0.5 8.0 —1.831 —9.021 1.5 0.5 —8.85 —100
0.5 8.5 —1.616 —8.354 1.5 1.0 —7.387 —81.305
0.5 9.0 —1.41  —-7.756 1.5 1.5 —6.147 —54.201
0.5 9.5 —1.211 -—7.215
0.5 10 —-1.022 —6.724
0.5 20  1.464 —1.625
0.5 30 2.691 0.473
1.0 0.5 —9.348 —100 . . . .

1.0 1.0 -7.392 —-81.3 10.5 0.5  3.905 —100
1.0 1.5 —6.148  —54.2 10.5 1.0  3.905 —100
1.0 2.0 —5.391 —40.556 10.5 1.5 3.906 —100
1.0 2.5 —4.846 —32.317 10.5 2.0 3.906 —81.642
1.0 3.0 —4.418 —26.79 105 2.5 3.907 —65.179
1.0 3.5 —4.062 —22817| 105 3.0 3.908 —54.168

* Detailed version of this table (ACSII file) is availabe from the Acta Physcia Polonica B
web page: http://th-www.if .uj.edu.pl/acta — a link next to the ‘Paper’ link and also

from: http://www.giki.edu.pk/downlaods/ni56.dat
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ADEN Ty E-cap E+cap | ADEN Ty E-cap E+cap

10.5 3.5 3909 —46.277 11 2.0 4.821 —100

10.5 4.0 391 —40.338 11 2.5 4.821 —80.554
10.5 4.5 3911 —-35.701 11 3.0 4.822 —66.983
10.5 5.0 3912 31977 11 3.5 4.822 —57.263
10.5 5.5 3914 —28.918 11 4.0 4.822 —49.953
10.5 6.0 3.916 —26.357 11 4.5 4823 —44.251
10.5 6.5 3918 —24.18 11 5.0 4.823 —39.674
10.5 7.0 3.921 —22.305 11 5.5 4.824 35917
10.5 7.5 3925 —20.672 11 6.0 4.825 —32.775
10.5 8.0 393 —19.235 11 6.5 4.826 —30.107
10.5 85 3936 —17.96 11 7.0 4.828 —27.811
10.5 9.0 3944 —-16.821 11 7.5 483 —25.813
10.5 9.5 3954 —15.796 11 8.0 4.833 —24.057
10.5 10  3.965 —14.868 11 8.5 4.838 —22.501
10.5 20 4465 —5.582 11 9.0 4.843 —-21.112
10.5 30 4.821 —2.039 11 9.5 4.851 —19.863

11 0.5 4.821 —100 11 10 486 —18.734
11 1.0 4.821 —100 11 20 5.291  —7.552
11 1.5 4821 —100 11 30 5.592  —3.392

FFN calculated electron and positron capture rates for nuclei in the range
A = 21-60. The GT contribution to the rate was parameterized on the basis
of the independent particle model and supplemented by a contribution sim-
ulating low-lying transitions. Fig. 4 depicts the comparison of our electron
capture rates with the FFN rates [12]| for densities pY, = 103 g/cm?® and
pY, = 10" g/cm3. At low densities (around pY, = 10® g/cm?) and temper-
atures (around log T = 9.0), our electron capture rates for ®°Ni are in good
agreement with FFN capture rates. As the temperature of the stellar core
increases the FFN gradients becomes steeper. At temperatures log7 > 9.5,
we note that the FFN rates are enhanced than our rates. At high tem-
peratures the probability of occupation of the parent excited states (FE;)
increases, FFN did not take into effect the process of particle emission from
excited states (this process is accounted for in the present pn—QRPA calcu-
lations). FFN’s parent excitation energies (E;) are well above the particle
decay channel and partly contribute to the enhancement of their electron
capture rates at higher temperatures.

We also compared our calculation of electron capture rates with those
calculated using large-scale shell model [23]. Fig. 6 in Ref. [15] compares
the two calculations. In order to save space, we decided not to discuss the
comparison in this paper. The core-collapse simulators should take note
of our enhanced electron capture rates compared to shell model results at
presupernova temperatures. (For details we refer to [15].)
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Fig. 4. Comparison of QRPA electron capture rates with those of FFN [12] on 56Ni
as function of temperature. The upper panel is for density 10! g/ cm® while the
lower panel is for density 10 g/ cm?®.

One of the channels for the energy release from the star is the neutrino
emission which is mainly from the e/e* capture on nucleons and e* annihi-
lation. Positron capture plays a crucial role in the dynamics of stellar core.
They play an indirect role in the reduction of degeneracy pressure of the
electrons in the core. Fig. 5 shows our positron capture rates on *°Ni. We
note that the positron capture rates are very slow as compared to electron
capture on 5Ni. The positron capture rates enhance as temperature of the
stellar core increases. We also observe that the positron capture rates are
almost the same for the densities in the range (10-10°) g/cm3. When the
densities increase beyond this range a decline in the positron capture rate
starts. At temperature logT = 10.5, when the stellar core shifts from den-
sity (107 to 1011) g/cm?®, we observe a decline of 3 orders of magnitude in
the positron capture rates.
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Fig.5. Positron captures rates on °°Ni as function of temperatures for different
selected densities. The densities in the legend are in units of g/cm3.

4. Summary

We have performed pn—QRPA calculations to determine the presuper-
nova electron and positron capture rates on °°Ni for selected densities and
temperatures from astrophysical point of view. °°Ni is considered to be
amongst the most important nuclei for capturing electrons in the presu-
pernova conditions and core collapse phase. We have also presented our
calculated rates on a finer temperature—density grid which might prove use-
ful as a test suite for advanced interpolation routines. Though our centroid
is at high excitation energies in daughter but still our electron capture rates
are enhanced as compared to shell model rates at presupernova tempera-
tures. Core collapse simulators may find it convenient to take note of these
enhanced capture rates. One of the main reasons for these enhanced rates
is the microscopic calculation of GT strength from the excited states. The
pn—QRPA gave us the liberty of using a large model space of 7Aw and proved
to be a judicious choice for handling excited states in heavy nuclei in the stel-
lar environment. Table III shows our calculations of electron and positron
capture rates on °Ni on a fine grid of temperature-density scale.
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Aufderheide et al. [14] reported that the rate of change of lepton-to-
baryon ratio () in the stellar core changes by about 25% alone due to the
electron captures on %°Ni. Due to our enhanced electron capture rates in
the presupernova epoch, the core should radiate out more energy by the
process of neutrino emission, keeping the core on a trajectory with lower
temperature and entropy. It is also to be noted that Hix and colloborators [3]
were unable to find an explosion of their spherically symmetric core collapse
simulations. One main reason pointed out by the authors for this failure was
the relatively suppressed electron capture rates used in their simulations. It
might be interesting to find if our reported rates are in favor of a (prompt)
explosion.

This work is partially supported by the ICTP (Italy) through the
OEA-project-Prj-16.
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