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Abstract Based on the relativistic mean-field effective
interaction principle and random phase approximation theory
in superstrong magnetic fields (SMFs), we present an anal-
ysis of the influence of SMFs on the electron Fermi energy,
nuclear blinding energy, single-particle level structure and
electron capture for % Co, and ®Ni by the shell-model Monte
Carlo method in the magnetar’s crust. The electron capture
rates increase by two orders of magnitude due to an increase
in the electron Fermi energy and a change in single-particle
level structure by SMFs. Then the rates decrease by more
than two orders of magnitude due to an increase in the nuclear
binding energy and a reduction in the electron Fermi energy
by SMFs.

1 Introduction

Electron capture (EC) has always been an interesting prob-
lem in the study of massive stars and supernova explosions.
Fuller et al. [1-3] (hereafter FFN), Dean et al. [4], Aufder-
heide et al. [5,6] (hereafter AUFD), Langanke et al. [7,8],
Nabi [9] (hereafter NKK), and Juodagalvis [10] discussed
the EC problem ignoring the influence of SMFs. In our pre-
vious work [11-18] we investigated the weak interaction and
neutrino energy loss and found that the matter properties
of manetars powered by the magnetic field energy [15-18]
could be modified significantly by SMFs. The properties of
strongly magnetized ultradense matter and their imprints on
magnetar were discussed in detail by Lai et al. [19-21].
Very recently, Mereghetti et al. [22] reviewed explic-
itly the magnetars’ properties, origin and evolution. Some
interesting behaviors such as a wide array of X-ray activity
including short bursts, large outbursts, giant flares, quasi-
periodic oscillations, enhanced spin-down, glitches and anti-
glitches are displayed in magnetars and discussed by Kaspi
and Beloborodov [23]. The electron Fermi energy, and the

2 e-mail: liujingjing68 @ 126.com

electron fraction in SMFs and the dipole magnetic field and
spin-down evolutions were explored in detail by Gao et al.
[24-28] and Zhu et al. [29].

A new improved relativistic mean-field effective interac-
tion theory (RMFEIT) with explicit density dependence of
the meson-nucleon couplings is used to calculate the energy
level for nuclear ground state and properties of excited states
[30,31]. RMFEIT has recently gained considerable success
in describing various facets of nuclear structure properties.
RMEEIT also can give a quantitative description of ground
state properties of spherical and deformed nuclei and has
been used to discuss the properties of nuclear matter by some
authors (e.g., [30-33]).

Our work differs from previous work [1-3,5,6,9]. FFEN,
and AUFD based their work on the theory of the Brink
hypothesis. The Brink hypothesis is a very crude approxi-
mation, which assumes that the Gamow—Teller (GT) strength
distribution on excited states is the same as that on the ground
state. The GT strength distribution is only shifted by the exci-
tation energy of the states. NKK [9] investigated the EC issue
by using the quasi-particle random phase approximation and
addressed the problem only in the case without SMFs. We
analyze the EC in SMFs according to the shell-model Monte
Carlo (SMMC) method and random phase approximation
(RPA) theory [7,8]. Although Refs. [7,8] investigated in
detail the EC process, they have lost sight on the influence of
SMFs on the EC. Our discussions also differ from [34], which
analyzed the EC process by using the method of the Brink
hypothesis only in non-zero temperature crusts of neutron
stars.

In this paper, based on the Lai dong model [19-21] and the
RMFEIT [30-33], we improve our previous work (i.e., [12,
13]) and study the electron Fermi energy, nuclear blinding
energy, single-particle level structure and the EC problem
in SMFs. In Sect. 2, we describe the theoretical framework
and analyze the effect of SMFs on the electron property and
nuclear blinding energy in magnetars. The SMMC method,
Gamow-—Teller response functions, and the EC in SMFs are
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also discussed. In Sect. 3 we present numerical results and
discussion and summarize our conclusions in Sect. 4.

2 Theoretical framework
2.1 The electron properties in magnetar’s crust

The properties of matter are significantly modified by strong
magnetic fields, such as the equation of state, the electron
energy, the outer crust structure and the composition in neu-
tron stars. Some work presented the motions of charged par-
ticle in a SMF with the quantum mechanism in detail (e.g.,
[35-37]). At first, we consider the non-relativistic motion
of a charged particle (charge e¢; and mass m;) in a uniform
magnetic field, which is assumed to be along the z-axis,
the circular orbit radius and the cyclotron frequency in the
process of particle gyrates are given by r = mjcv] /|ei|B,
we = l|ei|B/mjc, respectively, here v, is the velocity per-
pendicular to the magnetic field. The kinetic energy for the
electron (m; — m,, ¢; — —e) transverse motion is quan-
tized and can be written

1 1
Eyin = Emivi — <nz + 5) hwe (D

where n; = 0,1, 2..., is the Landau level number. The
cyclotron energy for an electron is given by

Eeye = ho, = nB 577B12 keV, 2)

ec

where B = B/10'? G is the magnetic field strength in
units of 10'2 G, The total electron energy, which includes
the kinetic energy associated with the z-momentum (p,) and
the spin energy in non-relativistic quantum environment can
be written as [35-37]

pz
EnZ‘)hwc‘f'zZ ) 3

e

where v = n; + (1 + 0;)/2. 0, = —1, 0, = %1 are the
spin degeneracy for the ground Landau level (n; = 0), and
excited levels, respectively.

We define a critical magnetic field strength B from the
relation of iw, = mec? (i.e. Bey = m2c3 Jeh = 4.414x 10"
G). The transverse motion of the electron becomes relativistic
when fiw. > mc* (i.e. B > B) for extremely strong mag-
netic fields. The energy eigenstates of electrons must obey
the relativistic Dirac equation and are given by [35-37]

B \1/2
E, = |:czp§ +m2c* (1 + 2\1—>i| , “)

cr
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where the shape of the Landau wavefunction in the relativistic
theory is the same as that in the non-relativistic theory due to
the fact that the cyclotron radius is independent of the particle
mass.

In SMFs the number density of electrons . is related to
the chemical potential U by [19-21]

+00

B
e = (zmzh Zg"(’/ .
1/2

where p = (fic/eB)'/? = 2.5656 x 1071B }"cm is the
cyclotron radius (the characteristic size of the wave packet),
and g, is the spin degeneracy of the Landau level, gopo = 1
and g0 = 2forn > 1,and f = [14+exp((E, —Ug)/kT)]~!
is the Fermi—Dirac distribution.

According to the relation of the usual relativistic energy
and momentum from Eq. (4), the interaction energy term,
which is proportional to the quantum number v, cannot
exceed the electron chemical potential due to the elec-
tron interaction with the magnetic field. Thus the maxi-
mum number of Landau levels vy, related to the high-
est value of the allowed interaction energy, should be sat-
isfied with E, = Up when vy, and p, = 0. So we have
Vmax = Ber/2B(UZ/(m2c*) — 1). However, in the general
case (i.e., 0 < v < vpax), When the maximum electron
momentum is equaled to the Fermi momentum Pg for dif-
ferent Landau level value v, the electron chemical potential
from Eq. (4) can be computed as follows:

fdpz, &)

B 1/2
En(v) = [c2p§+mgc4 (1 +2v—>:| = Ur. (©6)

cr

If we define a non-dimensional Fermi momentum x, (v) =
pr/mec, and a non-dimensional Fermi energy y, = Up/

2, the electron density, the electron energy, and the elec-
tron pressure can be written as [19-21]

B Vmax
nf = m Zgnoxe(V), (7N
Bmect 2% Xe (V)
T 2Bl Zg”“ (1 T B ) [W]’
)]
and
Bmec? &4 Xe(V)
P, 27‘[23“)»3 Zgno <1 + 2117) [W} ,
)
respectively, where ¥i(x) = %x«/l +x2 £ %ln(x +

A1 4 x2), he = h/mecis the electron Compton wavelength.
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2.2 The nuclear energy in magnetar’s crust

The matter in the outer crust of a cold (T = 0 K) magnetar
consists of a Coulomb lattice of completely ionized atoms
and a uniform Fermi gas of relativistic electrons. The Gibbs
free energy per baryon g(A, z, P) at a constant pressure and
zero temperature is given by [38]

E(A,z, PV P
%:wr_, (10)
A n

g(A,Z, P)=
where ¢ is the corresponding energy per nucleon,n = A/ V is
the baryon density in a cell, and V is the volume occupied by
a unit cell of the Coulomb lattice. The energy per nucleon ¢,
which consists of three different contributions from nucleus,
electrons, and lattice is given by

SZEH(AaZ)+8€(A’Za P)+SZ(A7Zan)7 (11)

where the nuclear contribution to the total energy per nucleus
is simple and independent of the density and is written as

M(A,z) 1

en(A,z) = 1 = Z[zmp+(A—z)mn —ep(A, 2],

12)

where M (A, z) is the nucleus mass, €,(A, z) is the corre-
sponding binding energy, and m, and m, are neutron and
proton masses, respectively.

Based on RMFEIT [32,33], Pena Arteaga et al. [39] dis-
cussed the influence of SMFs on the nuclear binding energies.
An effective Lagrangian with nucleons and mesons is given
by the simple and independent density function [39-41]

L=LN+ Ln+ Lint + Lo + LM, (13)

where LN, Lp, and Liy are the Lagrangian of the free
nucleus, the free meson fields and the electromagnetic field
generated by protons, and the Lagrangian describing the
interactions, respectively. These Lagrangians are represented
as

Ln = Y@y 0, — ma)y, (14)
1 1 1 1
Ly = 5%08“0 — Emga2 - ZQWQW + Emiw#w“
1 1 1
— R R + zm%pup“ = PP = U (),
(15)
and
Ling = =8V 0oy — 8oV vy wuo ¥ — goyry* ety
—eyy" Ay, (16)

respectively, where v is the Dirac spinor. myy, and my, m,,
m, are the nucleon and meson masses, respectively. U (o) =
(g2/3)03 + g3/4)0* is the standard form for the nonlin-
ear coupling of the o meson field. g5, g, g, are the cou-
pling constants for the o, w, p, respectively. e is photon fields
which vanishes for neutrons.

The coupling of the proton orbital motion with the exter-
nal magnetic field, and the coupling of proton and neutron
intrinsic dipole magnetic moments with the external mag-
netic field can be expressed as [42]

Lpo = eyy" Ay, (17)
and
Ly = —¥ xSV, (18)

respectively, where xo* = kg N Lo, FEORY plextmy
is the external field strength tensor. o, = %[y“, v, un =
eli/2m is the nuclear magneton, «, = g,/2,kp = gp/2 — 1
(here g, = —3.8263, g, = 5.5856) are the intrinsic mag-
netic moments of protons and neutrons, respectively.

The contribution of electrons, which are treated as a degen-
erate free Fermi gas, is given by

1 PF
ee(A, 2, P) = — | p*/p?+mictdp
nim 0

4.8

m,c
= oMy (v) + 7))

—In(x, (V) + ve)l. (19)

The lattice energy per baryon €;(A, Z, n) can be written
as [42]

(ze)? 72
= —Cpec —4/3 PE» (20)

€1(A, Z.n) = ~1.81962= o

where Cpee = 3.40665 x 1073, and q is the lattice constant.
Similar calculations such as faced-centered cubic or simple
cubic ones can be carried out by evaluating different lattice
configurations.

2.3 The SMMC method and Gamow-Teller response
functions

Here we neglect the effect of SMFs on the GT properties here
because the GT transition matrix elements for electron cap-
ture do not depend on the magnetic fields [35,43]. A detailed
discussion of the SMMC method can be found in [44]. Based
on a statistical formulation of the nuclear many-body prob-
lem in the finite-temperature version of this approach, an
observable is calculated as the canonical expectation value
of a corresponding operator A by the SMMC method at a
given temperature 7', and is written by [45—48]
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A = (Tra[Ae PHY) )(TrglePHY). @1)

The problem of the shell-model Hamiltonian H has been
investigated in detail by Ref. [48]. When a certain many-
body Hamiltonian H is given, a tractable expression for
an imaginary-time evolution operator is written by U =
exp PH | where B = 1/Tx, Ty is the nuclear temperature
in units of MeV. TraU is the canonical partition function
for A nucleons. In terms of a spectral expansion, the total
strength of a transition operator A is then given by the fol-
lowing expectation value:

o X e PE(FIAL 2
At . i.f
B(A)=(A"A) = Zi o FE: s

here |i), | f) are the many-body states of the initial and final
nucleus with energy E;, E 7, respectively.

The SMMC method is used to calculate the response func-
tion R4 (t) of an operator Aatan imaginary time 7. By using
a spectral distribution of initial and final states |i) and | f)
with energies E; and Er. R4(7) is given by [4,7,8]

(22)

Tra [e—(ﬂ—r)I:IATe—rI:IA"]
Trale~PH]
> i+ De PE =T Er=Ed|( £ AJi) 2

B >, (2J; + De PE @

Note that the total strength for the operator is given by
R(t = 0). Sgr+ is the total amount of the GT strength avail-
able for an initial state given by summing over a complete

set a final states in GT transition matrix elements |MGT|12f.
The strength distribution is given by [4]

Ra(r) = (AT(0)A(0)) =

Y 8(E — Ep + E))(2J; + De PEi|(fAli)?
3, 2J; + DePE
= Sa(E), (24)

SGT+(E) =

which is related to R4 (t) by a Laplace transform, R4 (t) =

ffooo Sa(E)e TEJE. Note that here E is the energy trans-
fer within the parent nucleus, and the strength distribution
Sgr+ (E) has units of MeV~!.

2.4 The study of EC

The weak interactions were investigated by some authors,
e.g., Refs. [8,10], by using the RPA theory and SMMC
method with a global parameterizations of the single-particle
numbers, The EC rate in the absence of a SMFs is related to
the electron capture cross-section and can be given by Eq.
(4) in Ref. [4]. We can compute the EC rates from one of
the initial states to all possible final states in a SMFs and in
a weak magnetic field approximation (B << Bc). The EC
rates in both cases are expressed by [12,13]

@ Springer

A0 (L) = 22 foodgs i
VT 6163 Sy T (mec?)

X/ dpEpz(_g + EH)ZF(Z7 Sn)f(gn’ UFa T)v
P

0

(25)

and

In2 [ S b
2By = deSgr———= Y 6y, 26
() 6163/0 £ GT(mecz)SZXOj h (26)

respectively, where 6, = g, f;{? dpepf(—é +&,)2F(Z, )
f(en, Up, T), b = B/B¢, the g, is the total rest mass and
kinetic energies, and F(Z, ¢,) is the Coulomb wave correc-
tion.

In the case without and with SMFs, the po and pg are
defined as

po = |V Qi —mict (Qip < —mec?) @7
0 (otherwise);
and
2 _ _ 172
o=V -e <o 08)
0 (otherwise),

respectively, where ® = mgc“(l +2vB/By) = mgc“(l +
2vb).

3 Results and discussions

The magnetar surface thermal temperature is high as (4—6) x
10° K, and the crust temperature may be higher, about several
108 K. For example, the maximum of inner crust temperature
for some light elements may be as high as 2 x 108 K (e.g.,
[23,49]), but the maximum of inner crust temperature for
some iron elements may be as high as 10° K (e.g., [50-52]).
In this paper, we discuss the electron capture for iron group
nuclei, so we select several typical inner crust temperature
value at the order of 10° K.

In considering relativistic electrons in magnetar crust, the
electron chemical potential should range from 10 m.c?> to
100 m,c?. Figure 1 shows the EC rates of 3>Co, and *°Ni as
a function of Ur (note p7 and Ty are in units of 107 g/ cm? and
10° K, respectively). The electron chemical potential effects
greatly on EC process in SMFs due to the different Q-value
and transition orbits. When density and temperature are given
(e.g., p7 = 5.86,Y, = 0.47, Ty = 3.40), the rates decrease
when 1 m,c? < Ug < 5 m,c?, then increase by about more
than one order of magnitude as electron chemical potential
increases when 5 m,c? < Ug < 100 m,c2. According to the
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10 10 10°

Fig. 1 The EC rates for >>Co and °Ni as a function of electron Fermi
energy Ur when 10 < By < 10° under the different conditions
CD;, i = 1-5, corresponding to p7 = 5.86,Y, = 0.47, Ty = 3.40;

discussions in Refs. [19-21], the electron chemical poten-
tial is strongly depended on the factor szz(Ye p)%. When
magnetic field strength is given, the higher the density, the
larger the electron chemical potential. When the density and
temperature are given, the smaller the magnetic fields, the
larger the electron chemical potential becomes. Thus, a large
number of electrons involve an EC reaction because their
chemical potential exceeds the Q-value.

A SMFs has a great influence on EC rates. From Fig. 2, one
sees that the higher the density, the larger the rates become.
Because the electron kinetic energy and electron chemical
potential are so high that the influence of SMFs on rates is
dramatic at relativity higher density. As the SMFs increases,
the rates increase by about two orders of magnitude. Then
the rates decrease by more than two orders magnitude when
10"G < B < 10'5 G. But then another increase of the EC
rates appears when B > 101> G.

Form Fig. 2, we find that the EC rates decrease when
B2 > 100. According to Egs. (4)—(8), when vpax > 1,
for electron Fermi energy, the Landau energy level spacing
becomes a very small fraction. When the electron gas is in
a mildly relativistic state, we have vymax — U./hw.. But
for relativistic electron gas, the vmax > 100/B12 when the
U, > 1 MeV. Thus, the v, tends to the order of unity, and
the electron Landau levels will be termed strongly quantized
as the magnetic field strength increases (i.e. when Bjp, >
10 ~ 100).

Based on the RMFEFT models of [32,33], we study the
effect of SMFs on the binding energy per particle, which

2 s R T S R N | s PR T S R T T

10
10° 10' 107

(myc?)

F

07 = 6.63,Y, = 0.46, Ty = 3.51; p7 = 11.7, ¥, = 0.45, Ty = 3.73;
07 = 145,Y, = 044, Ty = 3.80; and p7 = 106, Y, = 0.43, Ty =
4.93

has a parabolic increase as the SMFs increases. According to
Egs. (12)—(18), we calculate the binding energy for “®Ni, and
>3Co, and find that the binding energies increase by 0.601,
and 0.402 MeV, respectively when the SMFs increases from
10'% to 10'® G. This is equivalent to significantly raise the
threshold energy of EC due to an increase in nuclear bind-
ing energy. Thus, the EC is crippled greatly by a SMFs.
Meanwhile, because of the interaction between the electrons
and SMFs, the electron Fermi energy decreases as a SMFs
increases. This actually discourages the EC reaction.

Based on Egs. (17) and (18), and Refs. [32,33], we
find that an abrupt increase is shown for EC rates when
101G < B < 10'® G shown as in Fig. 2. Such a jump
shows that the underlying shell structure may be changed in
a fundamental way. This jump in nuclear properties can be
traced to the single-particle behavior. A particle will move
from a level going upwards and go to a level downward with
increasing spin by SMFs. Because of the two levels have
opposite angular momentum along the symmetry axis, the
nucleus becomes spin-polarized. The single-particle struc-
ture for protons and neutrons is strongly modified by a SMFs.
Firstly, the strong interaction between the magnetic field and
the neutron (proton) magnetic dipole moment will lead to
the nucleon paramagnetism. Secondly, the coupling of the
orbital motion of protons with SMFs also make the proton
orbital magnetism. The interaction between the nucleus and
SMFs maybe removes all degeneracies in the single-particle
spectrum, and it breaks significantly the formerly degenerate
levels with opposing signs of the angular momentum projec-
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Fig. 2 The EC rates for >>Co and *°Ni as a function of magnetic field

strength B under the different conditions CD;, i = 1-5, corresponding
to p7 = 5.86,Y, = 047, Ty = 3.40; p7 = 6.63,Y, = 046, Ty =
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Fig. 3 The GT distributions S+ for nuclei >>Co and °Ni as a function of the energy transfer from the electron, E = E r — E; at the temperature

of T = 0.8 MeV

tion. A reduction of the neutron and proton pairing gaps will
show because of splitting from single-particle energy as the
SMFs increases. Finally, it will lead to their disappearance.
Here we neglect the effect of SMFs on the GT because
the GT transition matrix elements for electron capture do not
depend on the SMFs [35,43]. Figure 3 shows the strength dis-
tributions Sgr+ for >Co and °Ni as a function of the daugh-
ter state excitation energy. According to Egs. (21)—(23), we

@ Springer

calculate the Sgr+ and find the peak of it reaches to 2.211,
and 4.89 MeV~! at 3.5, 1.45 MeV of daughter nuclei 55 Fe,
and >°Co, respectively. The total GT strength for °Ni in a
full pf-shell may be calculated by B(GT) = 10. lg% accord-
ing to the data of experiment. For >>Co, we discuss the total
GT strength and the distribution in a truncated calculation,
in which five particles in the final nucleus are maximally
allowed to be excited out of the state of f7,,. We obtain a
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Table 1 Comparisons of the maximum value of our calculations
2B (LI) with those of minimum value A5, (LJ) for >3Co, and 0N

min

when 101G < B < 108G under the conditions CDj, i = 1-

6.63,Y, = 046, Ty = 3.51; p7 = 11.7,Y, = 045, Ty = 3.73;
p7 =14.5,Y, = 0.44, Ty = 3.80; p7 = 106, Y, = 0.43, Ty = 4.93,
and p; = 4010,Y, = 041, Ty = 7.33. The ratio is computed as

6, corresponding to p7 = 5.86,Y, = 047,Ty = 3.40; p; = s =28, @n/B, (L)
Condition ~ °Co SONj
B ABo@wn B 2B s B B B AB LD s

CD, 3.678e14  7.207 1.000e18  7.031e3 9.7560e2  3.6780c14  2.873 1.000e18  2.851e3 9.9230e2
CD, 4.132¢14  7.838 1.000e18  7.067¢3 9.0160e2  4.132¢l4 3.185 1.000e18  2.866¢3 8.9980e2
CD; 7.391el4  1.373el 1.000e18  7.140e3 5.2000e2  7.391lel4 5.580 1.000e18  2.897¢3 5.1920e2
CD4 9.326e14  1.682el 1.000e18  7.163¢3 42590e2  8.302¢l4 6.839 1.000e18  2.907¢3 4.2510e2
CDs 6.734el5  1.181e2 1.000e18  7.567¢3 6.4100el  6.734el5 4.790e1 1.000e18  3.074e3 6.4200e1
CD¢ 1.000e13  1.713e2 3.432e16  5.875¢5 3.4297¢3  1.000e13 1.485¢2 3.430el6  3.062e5 3.4296¢3

Table 2 Comparisons of the no SMFs rates of FEN [2] (Agc (FEN)), AUFD [6] (AQC (AUFD)), and our rates (Agc (LJ)), with those of ours )Lg: (L))
in SMFs for p7 = 4.32, Y, = 0.47, Ty = 3.26, respectively

Az AL(FFN) 20 (AUFD) a2, (L)) 2B L

Bip=10  Bip=10> B =10 Bp=10* Bjp =100  Bjp=10°
ONi 7.41e-3 8.55e—3 6.321e—3  1.485¢2 3.004el 3.466e0 2.709%1 2.767€2 2.832¢3
BCo 8422 5.13e—2 3.225¢-3  1.713e2 4.367el 8.544e0 6.681el 6.825¢2 6.986¢3

Table 3 Comparisons of the rates of FFN [2] (Agc (FEN)), AUFD [6] (kgc(AUFD)), NKK [9] (Agc (NKK)), and our rates (Agc (LJ)), which are in

the case without SMFs with those of ours Af (LJ) in the case with SMFs for p; = 5.86, Y, = 0.47, Ty = 3.40, respectively

C

Az AFFN)  A0.AUFD)  A0.(NKK) A0 (L) YRA(B))

Biy=10 B;p=10> Bjp=10> Bp=10" B;;=10° B =10°
BNi  1.30e—2  1.28e-2 4.83¢—3  1.250e—2 14792  1.663¢2 3.946¢0 2.733el 2.786¢2 2.851e3
3Co  1.36e—1  7.99e-2 3.99e—2  1.336e—1 1.674e2  1.844e2 9.627¢0 6.737el 6.870e2 7.031e3

total GT strength of 8.7g124 from the ground states of >°Co,
and 8.9g124 from both of the excited states of J = 3/2.

According to Egs. (6)—(8) and (25), we calculate the max-
imum and the minimum value of the EC rates in SMFs for the
two typical nuclei by considering the effect of all evaluating
factors, and list them in Table 1. The maximum rates reach
5.875x10° s7!,and 3.062 x 10° s~! when B = 3.432x 10'6
G for 33Co, °Ni, at p7 = 4010,Y, = 0.41, Ty = 7.33,
respectively. However, the minimum EC rates are 7.207 s~
and 2.873 s~! when B = 3.678 x 10'* G for Co, Ni,
at p7 = 5.86,Y, = 0.47, Ty = 3.40, respectively. The
rates increase by about three orders magnitude as the SMFs
increases.

FFN [1-3], AUFD [5,6], and NKK [9] studied EC rates
in the case that there are no SMFs. In Tables 2 and 3, we
present the comparisons of our results in SMFs with those of
FFN, AUFD, and NKK. Our results in the case that there are
no SMFs are about 14.7, and 26.07% lower than FFN, and
AUFD, respectively, but they are about one order of mag-
nitude larger than that of NKK (e.g. at p; = 5.86, Ty =

3.40, Y, = 0.47). Our SMFs rates are by about six orders of
magnitude higher than those of FFN (AUFD), and NKK when
10 < Bjz < 10° for 3Co, and °Ni. FFN used the semi-
empirical atomic mass formula from Ref. [53] to estimate
the Q-value and the EC rates, thus the Q-value used in the
effective rates are quite different. Based on the nuclear shell
model and the Brink hypothesis method, AUFD expanded
the FFN work and analyzed the nuclear excited level by
a simple calculation on the nuclear excitation levels tran-
sitions. The Brink hypothesis is a very crude approxima-
tion. Thus the calculation method is a little rough. Using
the quasi-particle random phase approximation theory, NKK
expanded the nuclear excitation energy distribution by con-
sidering the particle emission processes, which constrained
the parent excitation energies. However, only low angular
momentum states are considered. The SMMC method actu-
ally draws an average of GT intensity distribution of the
EC process, and the calculated results are in good agree-
ment with experiments. Thus the method is relatively accu-
rate.
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4 Summary

In this work, we investigate the EC for 33Co, and °Ni and the
influences of SMFs on electron Fermi energy, binding energy
per nuclei, and single-particle level structure in magnetar
crust based on the RMFEIT, and Lai dong model; we compare
our results with those of FEN, AUFD, and NKK. Our results
increase by about two orders of magnitude as SMFs increase,
and then decrease by more than two orders magnitude. There
is an abrupt increase in EC rates around B = 3 x 10'* G for
p7 < 100 (but around B = 3 x 1013 G for p7 > 100). Such a
jump may be an indication that the underlying shell structure
has changed in a fundamental way because of single-particle
behavior by SMFs. We find that the EC rates in the case that
there are no SMFs are about 14.70, and 26.07 % lower than
those of FFN, and AUFD (e.g. for 55Co at p7 =432, Ty =
3.26, Y, = 0.47), but they are about one order of magnitude
larger than that of NKK (e.g., at p; = 5.86, T9 = 3.40, Y, =
0.47). But our EC rates in SMFs are by about six orders of
magnitude higher than those of FFN, AUFD, and NKK when
10 < By» < 10° for 3Co, and *Ni.

The observations show that the persistent X-ray emission
of a magnetar could originate from magnetic field decay or
heating from magnetospheric current and/or from the EC
reaction in the crust. The research on EC reaction in magne-
tar’s crust is still a long-term and arduous task. Our results
may be helpful to the future study of the magnetar thermal
evolution, and soft X-ray emission mechanism.

Acknowledgements We would like to thank the anonymous referee
for carefully reading the manuscript and providing some constructive
suggestions which are very helpful to improve this manuscript. This
work was supported in part by the National Natural Science Foundation
of China under Grants 11565020, and the Counterpart Foundation of
Sanya under Grant 2016PT43, the Special Foundation of Science and
Technology Cooperation for Advanced Academy and Regional of Sanya
under Grant 2016YD28, the Scientific Research Starting Foundation
for 515 Talented Project of Hainan Tropical Ocean University under
Grant RHDRC201701, and the Natural Science Foundation of Hainan
Province under Grant 114012.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

G.M. Fuller, W.A. Fowler, M.J. Newman, ApJS 42, 447 (1980)
G.M. Fuller, W.A. Fowler, M.J. Newman, ApJ 252, 715 (1982)
G.M. Fuller, W.A. Fowler, M.J. Newman, ApJ 293, 1 (1982)

D.J. Dean, K. Langanke, L. Chatterjee, P.B. Radha, M.R. Strayer,
Phys. Rev. 58, 536 (1998)

L e

@ Springer

—
S O o0

11.
. JJ. Liu, MNRAS 438, 930 (2014)
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24,
25.
26.
27.
28.
29.
. M. Dutra, O. Lourenco, S.S. Avancini et al., Phys. Rev. C 90, 5203
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43,
44,
45.

46.
47.

48.

49.
50.

. M.B. Aufderheide, G.E. Brown, T.T.S. Kuo, D.B. Stout, P. Vogel,

ApJ 362, 241 (1990)

. M.B. Aufderheide, I. Fushikii, S.E. Woosely, D.H. Hartmanm,

ApJS 91, 389 (1994)

. K. Langanke, G. Martinez-Pinedo, Phys. Lett. B 436, 19 (1998)

. K. Langanke, E. Kolbe, D.J. Dean, Phys. Lett. C 63, 2801 (2001)
. J.-U. Nabi, H.V. Klapdor-Kleingrothaus, EPJA 5, 337 (1999)

. A.Juodagalvis, K. Langanke, W.R. Hix, G. Martinez-Pinedo, J.M.

Sampaio, NuPhA 848, 454 (2010)
J.J. Liu, MNRAS 433, 1108 (2013)

J.J. Liu, Ap&SS. 357, 93 (2015)

J.J. Liu, RAA 16, 83 (2016)

J.J. Liu, W.M. Gu, ApJS 224, 29 (2016)

J.J. Liu et al., RAA 17, 107 (2017)

J.J. Liu et al., ChPhC 41, 095101 (2017)

J.J. Liu et al., RAA 18, 8 (2017). arXiv: 1711.01955

D. Lai, S.L. Shapiro, ApJ 383, 745 (1991)

D. Lai, Rev. Mod. Phys. 73, 629 (2001)

D. Lai, Space Sci. Rev. 191, 13 (2015)

S. Mereghetti, J.A. Pons, A. Melatos, Space Sci. Rev. 191, 315
(2015)

V.M. Kaspi, A.M. Beloborodov, Annu. Rev. Astron. Astrophys. 55,
261 (2017)

Z.F. Gao, N. Wang, Y. Xu et al., Astron. Nachr. 336, 866 (2015)
Z.F. Gao, X.D. Li, N. Wang et al., MNRAS 456, 55 (2016)

Z.F. Gao, N. Wang, H. Shan et al., ApJ 849, 19 (2017).
arXiv:1709.03459

Z.F. Gao et al., Astron. Nachr. 338, 1060 (2017). arXiv:1709.02734
Z.F. Gao et al., Astron. Nachr. 338, 1060 (2017). arXiv:1709.02186
C. Zhu, Z.F. Gao, X.D. Li et al., MPLA 31, 1650070 (2016)

(2014)

X.H. Li et al., IMPD 25, 1650002 (2016)

G.A. Lalazissis, J. Konig, P. Ring, Phys. Lett. B 55, 540 (1997)
G.A. Lalazissis, S. Karatzikos, R. Fossion et al., Phys. Rev. C 671,
36 (2009)

Z.Q. Luo, Q.H. Peng, ChA&A 21, 254 (1997)

V. Canuto, J. Ventura, Fund. Cosmic. Phys. 2, 203 (1977)

M.H. Johnson, B.A. Lippmann, Phys. Rev. 76, 828 (1949)

L.D. Landau, E.M. Lifshitz, Quantum Mechanics, 3rd edn. (Perg-
amon Press, Oxford, 1977)

D. Basilico, D. Pena Arteaga, X. Roca-Maza, G. Colo, Phys. Rev.
C 92, 5802 (2015)

D. Pena Arteaga, M. Grasso, E. Khan, P. Ring, Phys. Rev. C 84,
5806 (2011)

Y.K. Gambhir, P. Ring, A. Thimet, Ann. Phys. (NY) 198, 132
(1990)

D. Vretenar, A.V. Afanasjev, G.A. Lalazissis, P. Ring, Phys. Rep.
409, 101 (2005)

S.L. Shapiro, S.A. Teukolsky, Black Holes, White Dwarfs, and Neu-
tron Stars: The Physics of Compact Objects (Wiley, New York,
1983)

L. Fassio-Canuto, Phys. Rev. 187, 2141 (1969)

E. Kolbe, K. Langanke, P. Vogel, Nucl. Phys. A 652, 91 (1999)
C.W. Johnson, S.E. Koonin, G.H. Lang, W.E. Ormand, Phys. Rev.
Lett. 69, 3157 (1992)

S.E. Koonin, D.J. Dean, K. Langanke, Phys. Rep. 278, 1 (1997)
W.E. Ormand, D.J. Dean, C.W. Johnson et al., Phys. Rev. C 49,
1422 (1994)

Y. Alhassid, D.J. Dean, S.E. Koonin et al., Phys. Rev. Lett. 72, 613
(1994)

S. Mereghetti, A&ARv 15, 225 (2008)

A.D. Kaminker, D.G. Yakovlev, A.Y. Potekhin et al., MNRAS 371,
477 (2006)


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1711.01955
http://arxiv.org/abs/1709.03459
http://arxiv.org/abs/1709.02734
http://arxiv.org/abs/1709.02186

Eur. Phys. J. C (2018) 78:84 Page90of9 84

51. A.D. Kaminker, A.A. Kaurov, A.Y. Potekhin, D.G. Yakovlev, 52. A.M. Beloborodov, X.Y. Li, ApJ 833, 261 (2016)
ASPC 466, 237 (2012) 53. P.A. Seeger, W.M. Howard, Nucl. Phys. A 238, 491 (1975)

@ Springer



	Magnetar crust electron capture for 55Co and 56Ni
	Abstract 
	1 Introduction
	2 Theoretical framework
	2.1 The electron properties in magnetar's crust
	2.2 The nuclear energy in magnetar's crust
	2.3 The SMMC method and Gamow–Teller response functions
	2.4 The study of EC

	3 Results and discussions
	4 Summary
	Acknowledgements
	References




