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Electron capture rates for iron group nuclei at the surface of
magnetar”
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Effects of an ultra-strong magnetic field on electron capture rates for > Co are analyzed in the nuclear shell model and
under the Landau energy levels quantized approximation in the ultra-strong magnetic field, and the electron capture rates
on 10 abundant iron group nuclei at the surface of a magnetar are given. The results show that electron capture rates on
35Co are increased greatly in the ultra-strong magnetic field, by about 3 orders of magnitude generally. These conclusions
play an important role in future study of the evolution of magnetars.
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1. Introduction

Magnetars are neutron stars with ultra-strong magnetic
fields, their general magnetic fields are in a range from 10'3 Gs
(1 Gs =10"*T) to 10'> Gs, which provides an ideal lab for all
kinds of nuclear physics processes. Iron group nuclei abound
in pre-supernova and neutron stars and on the surfaces of mag-
netars. Their electron captures play an important role in study-
ing supernova mechanisms and the evolution of a magnetic
field. In the core collapse process of Type II supernova and
Type I b supernova, they absorb a large number of electrons
and reduce the electron fraction of stellar interior, at the same
time, they release a large number of neutrinos and take away
the energy, and thus make the temperature of the stellar inte-
rior rapidly drop off. With the reduction of electronic num-
ber, radiation pressure of the stellar interior will be gradually
weakened in the balance game with gravity, and thus quicken
the core collapse of the stellar interior. ]

For many years, electron capture on iron group nuclei has
been extensively investigated. Aufderheide er al.!?! thought
that >3Co is one of the top ten nuclei, where the electron
capture can affect supernova explosion. Later Hege et al.’]
pointed out that Co can consume a large number of elec-
trons and thus reduce internal electronic degeneracy pressure,
which plays an important role in massive stars (25 M).5
Electron captures on >>Co in the supernova and presupernova
have been calculated and discussed by Nab and Rahman 4!
ing proton—neutron quasi-particle random phase approxima-
tion (pn-QRPA) theory*! and expanded pn-QRPA theory,"!
but they have not been related to the influence of an ultra-
strong magnetic field on electron capture. Magnetic fields
of most stars in the universe are all below 10! Gs. A large
number of studies show that the magnetic field below 10'? Gs
has a tiny effect on electron capture, but for some magnetars
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(> 10"3 Gs), an ultra-strong magnetic field enhanced the ho-
mogeneity of electrons in momentum space distribution. Elec-
trons are not uniformly distributed in the Fermi ball, but dis-
tributed in a group of cylinders in parallel with the magnetic
field, therefore the orbital classical description of the free elec-
tron will no longer hold true; in this case the quantum effect
must be considered. Peng and Tong,[®! Luo ez al.,!”! and Dai et
al.’®1 have extensively investigated the electron capture in the
strong magnetic field. The early research results indicated that
an ultra-strong magnetic field has a great influence on electron
capture: electron capture rate decreases significantly with the
increasing of magnetic field. Recent studies(®!°l showed that
in the ultra-strong magnetic field (B > B, = 4.414 X 1013 Gs)
the Fermi surface is elongated along the magnetic field direc-
tion from Fermi spherical into Landau cylindrical shape, and
the level is perpendicular to the direction of magnetic field
and quantized. At the time, the non-relativistic Landau en-
ergy level theory was revised.!!!] Then, we found that the elec-
tron capture in the ultra-strong magnetic field did not decrease
with the increase of magnetic field, but presented a trend of
increase. The conclusion will affect the electron capture and
B decay in the core of stars. In view of the importance of the
iron group nuclide, the influence of an ultra-strong magnetic
field on electron capture for iron group nuclei is analyzed in
this paper.

2. Electron chemical potential and electron cap-
ture rate in an ultra-strong magnetic field

When the energy and momentum are m.c? and mec sepa-
rately, we can obtain the Landau energy levels by solving the
Dirac equation in an ultra-strong magnetic field,!'!]

2=1+p>+(2n+1+0)b, (1)
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1=+ (2n+1+40)b, )

where € is the electron energy, p, is the momentum along the
direction of the applied magnetic field, p, is the momentum
perpendicular to the direction of the applied magnetic field, n
is the quantum number for Landau energy levels, b = B/B;,

and o = 41. The number of the electron gas is given by!!>~13]

ne=i = o (o )Zﬂ/

where p is the mass density in units of g/cm?, . is the av-
erage molecular weight of electron, N4 is the Avogadro con-
stant, f_. and f, . are the electron and positron Fermi—Dirac
distribution functions, respectively, and given by

o= ren(57)

Eptup+1\7-!
fre=[trew(Fg )]

where up, is the electron chemical potential.
In the following, we introduce the calculation of electron

—fre)ldp:, 3)

and

capture rate briefly. Electron capture rate of a nucleus from
initial state i to all final states f is given by!!(]

Ai=Y Aip =Y n2Bisf(Qif), “4)

f f

where B;y = 10~ 3. 596M 2 (M,  is the Gamow-Teller transition
matrix element); f(Q; f) is the phase space factor; Q;y is the
threshold energy of the electron capture reaction and can be
given by Q;r = Qoo + E; — E;, with E; and E; being the excita-
tion energies of the i-th state and f-th state, respectively, and
Qoo = MyC? — MyC? with My and M, being the mass of the
daughter nucleus and the mass of the parent nucleus, respec-
tively; f(Qir) can be expressed as[!2-1416]

£(0y) = Zm / (Qif+€)PF(Z,€)f odp.,  (5)

where F(Z,€) is the Coulomb wave correction; in this study
we use the Schenter—Vogel approximation.!!”! Taking into ac-
count all transitions from different initial states and the Brink
hypothesis, the total electron capture rate of a nucleus is given
by 10]

A=A+ Agt = In2Besif (Qoo) + In2Bgrf (Qoo — Ecr), (6)

where Begr = 1.65 x 107, Bgr = 10_3'5%M(2}T, Egr is the res-
onance position and defined as!'?~14]

dEgT = AE| + AE,; + AE3, @)

where AE) is the energy difference between orbitals which
the new neutron occupies in the GT resonance state and the
ground state (estimated by using single particle energies), AE>

is the particle-hole repulsion energy which must be supplied
to pull out of the daughter ground state, AE3 is the cost to
break a neutron pair if there is an even number of neutrons in
the daughter nucleus. Mgr is the GT transition matrix element
at the resonance point. It can be expressed as!?!

1 nPab )
Mer =5 21; 7 IME ®)

where n; is the number of particles of the parent nucleus in

the initial orbit, ng is the single particle GT transition matrix
element squared from the initial state to final state.

3. Analysis and discussion

Figures 1 and 2 show respectively changes of elec-
tron capture rates for >>Co with magnetic field at different
temperature-density points. It can be seen from the two fig-
ures that electron capture rates increase obviously with the in-
creasing of magnetic field. When magnetic field strength is
less than 10'3 Gs, the changes of electron capture rates are
all small, and almost negligible; when magnetic field strength
is greater than 10'3 Gs, the rates increase obviously, about 4
orders of magnitude.
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Fig. 1. Electron capture rates for >Co in an ultra-strong mag-
netic field ( p/pte = 5 x 107 mol/em® and 7 = 5 x 10%, 1 x 10°,
5x10° K.
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Fig. 2. Electron capture rates for >>Co in an ultra-strong mag-
netic field (T =5 x 108 K and p/u. = 5 x 10°, 5x 107, 5 x
108 mol/cm?).
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Figures 3 and 4 show respectively changes of electron
capture rates for Co with temperature in the cases of dif-
ferent densities under the condition of no magnetic field or
B = 4.414 x 10" Gs. It can be seen from the two figures that
at the same temperature, the higher the density, the higher its
electron capture rate is. This is because the density makes the
electronic number increase, and probability of electron cap-
ture is increased, then electron capture rate is increased corre-
spondingly. Under the condition of no magnetic field, electron
capture rate for 3Co increases with the increasing of temper-
ature, and decreases with the increasing of temperature under
the condition of B = 4.414 x 10'> Gs. An ultra-strong mag-
netic field has an obvious effect on electron capture rate, and
makes it increase 1-4 orders of magnitude. This is because
electronic Fermi energy increases with the increasing of mag-
netic field, the number of electrons whose energy is greater
than the capture threshold Q value will increase, and electron

capture rate increases correspondingly.

Table 1 shows the changes of electron capture rates for
ten abundant nuclei with ultra-strong magnetic field at typical
temperature-density point. It can be seen from the table that
an ultra-strong magnetic field has a great effect on electron
capture rates for iron group nuclei, and makes them increase 3

orders of magnitude and more.
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Fig. 3. Electron capture rates for >>Co under no magnetic field
(T=(1~10)x10°K, p/pe = (2~ 8) x 107 mol/cm?).
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Fig. 4. Electron capture rates for %Co (T = (1 ~ 10) x 10° K,
p/te = (2~ 8) x 10" mol/cm?, B = 4.414 x 1013 Gs).

Table 1. Changes of electron capture rates for ten nuclei with magnetic field (p = 5.86 x 107 g/em?, ¥,=0.47, T = 3.4 x 10° K).

B Sicr 52Mn 3Mn 54Mn S3Fe S4Fe 5TFe 5Co 51Co SONi
4414 %10 0.64019 1.07276 0.66993 031008 1.69545 0.23246 0.18014 0.13072 0.53191 0.13891
8.828 x 1013 0.48975 0.88048 0.51986 0.22383 1.42841 0.16512 0.26559 0.19539 0.39785 0.10623
2.207 x 104 0.28747 0.60520 0.31467 0.12671 1.03407 0.10459 0.46983 0.36427 0.22645 0.10573
4.414x 10" 0.17043 045024 0.19640 0.18783 0.81438 0.06252 0.57214 0.44692 0.12420 0.09584
8.828 x 101  0.08449 0.19643 0.06571 0.25135 0.35639 0.41081 2.09119 1.79024 0.12849 0.66726
2207 x 105 2.88244 3.33659 237395 3.74360 1.15259 4.61886 9.61357 8.85732 3.18686 5.45344
4414108  13.1739 9.67329 112341 14.2747 7.99446 163334 255981 24.1368 13.2687 17.4315
8.828 x 1015 427233 33.4671 36.6415 422649 30.0301 46.1626 61.6946 58.4642 40.1233  45.8740

4. Conclusions

Electron capture rates of stellar interior in an ultra-strong
magnetic field are restudied. It can be seen that in an ultra-
strong magnetic field on the surface of a magnetar, electron
capture rate increases more obviously than in no magnetic
field, by 3 ~ 5 orders of magnitude. In view of importance
of electron capture rates in the evolution process of compact
stars including neutron stars, an ultra-strong magnetic field is
the most important factor in the study of internal physical pro-
cesses and evolution processes of magnetars, it has important

significance in studying the internal physics process of neu-
tron stars, supernova explosion mechanism, cooling process
of neutron stars, evolution process of magnetars, etc. Further
research will be carried out in the future.
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