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Abstract Using the theory of relativistic mean-field effective irdetions, the influences of superstrong
magnetic fields (SMFs) on electron Fermi energy, bindinggneer nucleus and single-particle level
structure are discussed in super-Chandrasekhar magnatie dwarfs. Based on the relativistical SMFs
theory model of Potekhin et al., the electron chemical pidéis corrected in SMFs, and the electron
capture (EC) of iron group nuclei is investigated by usireg$ihell-Model Monte Carlo method and Random
Phase Approximation theory. The EC rates can increase by than three orders of magnitude due to the
increase of the electron Fermi energy and the change ofespayticle level structure by SMFs. However,
the EC rates can decrease by more than four orders of magmitiecko increase of the nuclei binding energy
by SMFs. We compare our results with those of FFNs (Fullel. gtAUFDs (Aufderheide et al.) and Nabi
(Nabi et al.). Our rates are higher by about four orders ofmitade than those of FFN, AUFD and Nabi
due to SMFs. Our study may have important reference valugulesequent studies of the instability, mass
radius relationship, and thermal and magnetic evolutiosupler-Chandrasekhar magnetic white dwarfs.
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1 INTRODUCTION Kundu & Mukhopadhyay 2012 In the presence of a
strongly quantizing magnetic field, the equation of state of
In the early stage of the core collapse of a massivelense matter becomes so stiff that the electron degeneracy
star, an important aspect that the maximum possibl@ressure may be high enough to support WDs with masses
mass of non-rotating, non-magnetized white dwarfaup to~2.6M.
(WDs) is 1.44M, was demonstrated by Chandrasekhar ~ Some magnetized WDs have been discovered with
(Chandrasekhar 1935However, the discovery of some suyrface fields of10%G to 10*G (Kempetal. 1970
over-luminous type la supernovae (SNela) such as SMchmidt & Smith 1995Reimers et al. 1996 Some work-
20069z, SN 2007if, SN 2009dc and SN 2003fg highlighteds considered that highly super-Chandrasekhar WDs
peculiar, anomalous observationSc@lzoetal. 2000  could have interior magnetic fields of 10'°G
These particular SNela may derive from the explosions ofDas & Mukhopadhyay 2012& Das etal. 2018 High
rapidly rotating WDs or from the mergers of two massivemagnetic field strength will modify the equation of state
WDs. They have been observed with exceptionallyof the degenerate matter by causing Landau quantization
higher luminosities but lower kinetic energies. Theirof the electrons. Some investigations revealed that the
mass of the exploding WDs (progenitors of supernovae)eak interaction processes (e.g., electron capture (E€) an

may be betweer2.1 ~ 2.8Mg, significantly super- peta decay) play a decisive role in super-Chandrasekhar
Chandrasekhar. This characteristic seemed not to abide Ryagnetic WDs (SCMWDs)hamel et al. 201)3

the Chandrasekhar limit. The progenitors of these SNela ECs on nuclei in the iron mass region will start after

are Ca”e‘?‘ .highly super-Chandrasekhar WDs by SOMfhe core mass exceeds the Chandrasekhar mass limit,
astrophysiciststas & Mukhopadhyay 20123 Das et al. reducing the electron pressure, and thus accelerating the

2013. collapse. They also lower the electron to baryon ratio,
Recently, some works suggested that superwhich leads to a supernova explosion. By applying the
luminous SNela could be derived from the explosiongparameterization of the Gamow-Teller (GT) strength
of strongly magnetized WDs D@s & Mukhopadhyay distribution for nuclei, Fuller et al. (1980, Fuller et al.
2012ab; Dasetal. 2013 Das & Mukhopadhyay 2013 (1982, Fuller et al. (1989 (hereafter FFN) investigated
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the EC rates and did some pioneering works in the studgf SCMWDs. We compare our results in SMFs with
of supernovae. The EC rates of iron group nuclei alsahose of FFN, AUFD andNabi & Klapdor-Kleingrothaus
have been discussed by some authors (®ganetal. (1999 (hereafter NKK) in non-SMFs. Our discussions
(1999; Aufderheide etal. (1990; Aufderheideetal. also differ from our previous studiesi( & Liu 2018b),
(1999 (hereafter AUFD);Langanke & Martinez-Pinedo which analyzed the EC by applying the method of Brink
(1998; Langanke & Martinez-Pined(®000, Liu (2013;  hypothesis in the crust of neutron stars.
Liu etal. (20173; Liu & Liu (20180). Gao et al.(2011); The present paper is organized as follows. In the next
Gao et al(2019; Liet al. (2016; Gao et al(2017) who  section, we analyze the effect of SMFs on the matter in
also investigated the electron Fermi energy and electroSCMWDs. The EC rates in and not in SMFs are discussed
fraction in a neutron star and the effects of superhighn Section 3. Some numerical results and discussions
magnetic fields on the equation of state. However, thewre given in SectioM. Finally, some conclusions are
neglected the effect of a superstrong magnetic fieldummarized in Sectiob.
(hereafter SMF) on EC.

The weak interaction reactions and neutrino energ)2 THE EFFECT OF SMFSON THE MATTER IN

loss on iron group nuclei had been discussed by SCMWDS

considering th.e guantum e_ffect .in SMFs in our Previous, 1 The Effect of SMEs on the Nuclear Energy

works (e.g.,Liu (2019; Liu & Liu (2016; Liu & Gu

(2019; Liu (2010; Liuetal. (2019; Liuetal. (20178). In SCMWDs, the atoms are completely ionized. For a
For neutron starsDai et al. (1993; Luo & Peng (1997  uniform relativistic electron Fermi gas, the Gibbs free
discussed the influence of SMFs on EC, which onlyenergy per baryon(A4, Z, P) for a Coulomb lattice is
focused on the effect of the ground state transition at

zero temperature and ignored that of the GT transition. g(A, Z,P) = E(A. 2, P) + PV =+ 57 1)
Some recent studied i & Liu 2016; Liu & Gu 2016 A n

Liu 2016 Lai & Shapiro 1991 Lai 2007) reported that a wheree, n = A/V andV are the corresponding energy
wide-range for the equation of state and electron Fermper nucleon, the baryon density in a cell and the volume
energy is needed for calculations of the structure and weadccupied by a unit cell of the Coulomb lattice, respectively
interaction in SMFs. The energy per nucleon consists of three different
gcontributions from nuclear, electronic and lattice, and is

The SMFs strongly affect the equation of state of th
material. For example, the electron degeneracy equatidVen by
of state can be cqrrepted by the magnetic field due e=en(AZ) 4 eu(A, Z,P) +a(A Z,n),  (2)
to the strong quantization of Landau levels. SMFs also
deeply affect the structure of SCMWDs. When the internalvhere
magnetic field intensity is considered to red¢h® G, the
mass limit of SCMWDs may be increased to 2.58 M
(see Das & Mukhopadhyay 2012a Das et al.(2013).
The influences of SMFs, virial theorem, gravitational and
dynamic instability, the breaking of spherical symmetry,
general relativity effect, EC and thermonuclear reaction 1 oF
of super-dense matter will introduce new and severe ee(A, Z,P) = —2/ p*\/p? +m2ctdp, (4)
challenges to the study of mass limit, stability and neuwtrin nJo

cooling of SCMWDs. (Ze)? Z?
_al(A, Z,n) = =1.81962~—— = —Chcc—7zpr- (5)
In the present paper, based on the SMFs model in a A4/

a neutron starRotekhin & Chabrier 2033Potekhin etal. Heree,, (A, Z) is the nuclear contribution to the total ener-
2013 Potekhin & Chabrier 2098 and the relativistic gy per nucleonz.(A, Z, P) is the electronic contribution
mean-field effective interactions theoralazissis etal. for a degenerate free Fermi gas andA, Z,n) is the
1997 Lalazissis et al. 2005 we will discuss the effect lattice energy per baryol,.. = 3.40665 x 10~3 anda is

of SMFs on electron Fermi energy, binding energy pethe lattice constanShapiro & Teukolsky 1983 M (A, z),
nucleus and single-particle level structure in SCMWDs epina(4, Z), m,, andm, are the nuclear mass, binding
Based on the Shell-Model Monte Carlo (SMMC) methodenergy, and neutron and proton masses, respectively.
(Dean et al. 1998Juodagalvis et al. 20)0and the random The influences of SMFs on the nuclear binding energy
phase approximation (RPA) theory, we discuss the E(ad been discussed based on the relativistic mean-field
reaction of iron group nuclei. Our calculations may beeffective interactions theory of NL3 élazissis et al. 1997
universal, very important and helpful for the studiesand DD-MEZ2 (alazissis et al. 20Q5Pefia Arteaga et al.

M(A, Z)

En(AVZ): A

= %[zmer(AfZ)mnfsbind(A, Z)], (3)
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201). According to a covariant density functional, where\. = (27h%/m.kT)'/? is the thermal de Broglie

an effective Lagrangian with nucleons and mesons isvavelengths of free electrons amg = (7ic/eB)'/? is the

expressed as (e.gGambhiretal. 1990Vretenar etal. magnetic length, which yields a characteristic transverse

2005 scale of the electron wave function,. = 7/+/1 + 2nband

©6) Xn = Xe + 7t — 71, %, wherex, = UE/kT,7 = T/T,
(hereU £ is electron chemical potential without rest energy

where Ly, L,, and L;,, are the Lagrangian of the free m.c? in no SMFs T, = mec?/k = 5.93 x 10°K and

nucleon, the free meson fields and the electromagnetic fielf], (y.,7) = [;~ «*(1 + Ta/2)Y? /(exp(z — xe) + 1)dx).

generated by the proton, and the Lagrangian describing Accordlng toBImnlkov et al.(1996; Girifalco (1973,

the interactions, respectively. AccordingBjorkenetal. I, (x.,7) is

(1969, we can express the coupling of the proton orbital

motion with the externql n_wag_neti_c field, and the coupling L(xe,7) = 1 ( (0) (/1)+7T T 152)(/1)+---)a (11)

of proton and neutron intrinsic dipole magnetic moments V2rvHl

with the external magnetic field adpo and Lgy,

respectively.

L =LN+ Ly, + Lint + Lo + Lwm,

whereji = x.7 = Ug/mQCQ is the electron chemical

potential (without the rest energy) in relativistic units,

2.2 The Effect of SMFson the Electron Properties By conditions ofp < pp = 7054(A/2)B}*g cm ™
andT < Tr = hw./k = 1.3434 x 10®Bj2/7, K (here

In SCMWDs, the global structure of a WD is determinedy, = 1+ z,,z, = (10p7z/A)'/?), the magnetic field

by the equation of state, which relates the pressure andlill be strongly quantized and the electrons are strongly

mass density. The SMFs significantly modify the matterdegenerate. Therefore, based on Equati@parfd @), the

equation of state, electron energy, and the structure arfeermi energyr is determined by

composition of SCMWDs. The energy eigenstate of an o

electron must obey the relativistic Dirac equation and is B _ MeC b Z Z(l +2nb) 21N (6),  (12)

written as (e.g.Potekhin & Chabrier 2013 otekhin et al. ‘ h 2m? =0 5 1/2 7

2013 Potekhin & Chabrier 2018

wheree, = ep/mec® + 1 — /1 + 2nb, the chemical

E, =B =[c?p? + m2c* (1 + 21/B£)]1/2 potential is given by/Z = er + Ae andAé = Ae/mc?
- )4 12 er (7) According toPotekhin & Chabrie2013; Potekhin et al.
= [e"pz + mec™ (14 2vb)] 77, (2013; Potekhin & Chabrief2018, we have
wherev = n; + (1+0.)/2.0, = —1 ando, = +1 are 1/27(3)
the spin degeneracies for the ground Landau lengl= Aé — — 72 Yno 2o (L + 20) 11/2( ") . (13)
0) and excited levels, respectively; = B/Bey, By = 6 S S 1+ 2nb)1/21(3)( )
m2c®/eh = 4.414 x 103 G. The transverse motion of the
electron becomes relativistic whéw, > m.c? (i.e. B > where (n)
B.;) for extremely strong magnetic fields. The maximum I£n+1)(ﬁ) _ dL,~ , (14)
number of Landau levels, ., related to the highest value dp
of the allowed interaction energy, should be satisfied with 10 () = 39 — In(F + @
= — + 2, 15
En(Vmax,pz _ 0) _ Ue. SO, we have 1/2( ) [ Y n(ﬂC y)]/ ( )
1 ( U2 3 ®) I??/z(ﬁ) = /3 + 110/2(/1)7 (16)
Vmax = 57 >4 .
20 mee I9(7) = 3G/4 - 283+ 1251 o), (A7)
According to the discussions Wotekhin & Chabrier - . ~ .
(2013; Potekhin etal. (2013: Potekhin & Chabrier Ner¢ # = Va+2p, y = 1+ A According to

(2018 on SMFs at the crust of a neutron star, one Carﬁquatlonsﬁ) (18), we have
express the electron number densityand the pressure in ( (@ 24 9¢ )_1/2
a relativistic magnetic field as 1/2 €n) D(en €n ]
+(26,% +36,2) (6.1 + 2¢3)71/2 18)
(

L enJrl)(en +2€n)’1/2
2146, + Va2 +26,)

1 Il/Q(X?’La Tn)
B __ 1/4
e *WZOZHQ”I’)/T ©)

According to Equations1@), (13), (16), we can also

(3) (2) / ~
ZZ 1 + 2nb) /411/2()(”77”) (10) derive the results off,"; (¢,) ant_j Il/Q(en_), When the
higher order terms are negl|g|ble in Equatidi), we have

kT

Fe= m3/2a2 A\

n=0 o
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(seePotekhin & Chabrien2013; Potekhin et al.(2013;
Potekhin & Chabrie(2018 and reference therein)

7T27'

65 (1 + %)/

2
Aé

(19)

wherexp ~ 302zp7/AB12 (p7 is density in the unit of
107gcm™3).

3 THE STUDY OF EC

Based on RPA theory, the EC rates
to the capture cross section is Ddanetal.
1998 Langanke & Martinez-Pinedo 1998

Langanke & Martinez-Pinedo 2000 Juodagalvis et al.
2010

1

Aif = 203

Z/ Plocc(ec,eiep) fden  (20)
if 0

wherezg = max(Q;f,1). p. = /2. — 1 is the momentum
of the incoming electron with energy.. f = [1 +
exp(e. — Up/kT)]~! and o.. are the electron Fermi-
Dirac distribution and the capture cross secti@g.is the
electron chemical potential, akdandT are the Boltzmann

constant and the electron temperature, respectivelye(Not Ra(7) =
that in this paper all of the energies and the momentums

are respectively in units ofi.c?> andm.c, wherem, is the
electron mass andis the speed of light in a vacuum.)
According to energy conservation from the electron

gy, EC Q-value is (anganke & Martinez-Pinedo 1998
Langanke & Martinez-Pinedo 20p0

p

Qi_’f:sefsyzs?fsi:5;‘f+ﬂ+Anp (22)

whereeg; is the energy of an initial proton single particle

state, and  is the energy of a neutron single particle state.

Qo= pin — pp andA,,, = M, c* — M,c* = 1.293MeV are

the chemical potential difference and the mass difference

between neutron and proton, respectivélyy, = Myc? —
M;c* = i+ Ay, with M; and M being the masses of

the parent nucleus and the daughter nucleus respectivel

e;; corresponds to the excitation energies in the daught
nucleus at the states with zero temperature.

The electron chemical potentidf. in the case without
SMFsis

8
2r)?

= VN = ot [ i (22)
where Ny, Y. and p are Avogadro constant, electron
abundance and density ingcm 3, respectively.f_, =

[1 + exp(ec — Up/kT)]"" and fye = [1 + exp(ee +
U%/kT)]~1 are the electron and positron distribution
functions, respectively.
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According to the SMMC method, the total EC
cross section is L@nganke & Martinez-Pinedo 1998
Langanke & Martinez-Pinedo 20D0

_ (2]1' + 1) exp(fﬁE’i)
Uec(en) = %: Za

G2
g2 [ délec — 2 LA Sare ©F (Z.20)

O'fi(ee)

(23)

where G4 1.25, Guwk 1.1661 x 107> GeV—2

relatedand F(Z,¢.) are the axial vector form factor at zero

momentum, the weak coupling constant and the Coulomb
wave correction, respectively. For an initial statg;r+

is the total amount of GT strength, which is calculated

by summing over a complete set of final states in the GT
transition matrix elements//cr|?;.

The SMMC method is also used to calculate the
response functio® 4 (7) of an operator at an imaginary
time 7. By utilizing a spectral distribution of initial
and final stated:) and |f) with energiesE; and Ef
respectively, R4(7) is expressed asDgan etal. 1998
Langanke & Martinez-Pinedo 200

S04y (2 + DeBeeT BB |1 Ay
.0+ De o |

(24)
Note that the total strength for the operator is given by
R(7 = 0). The strength distribution is expressed as

’

proton and neutron energies, and the neutrino ener-

S, 8 — By + Bi)(2Ji + e PEs | (£ A]3))?
> (2Ji + De P

Sar+(e)

SA (8)7 (25)

where the strength distributio®gr+(g) is related to
R4 (1) by a Laplace Transform¥' is the energy transfer
within the parent nucleus in units 8feV~1, 8 = 1/Ty
andTy is the nuclear temperature.

According to the expression of the EC rate
Equation 20) in the case without SMFs, we can derive a
formula for EC rates in SMFs from one of the initial states

eP' all possible final states. We can reference equations (20)
(23) inLiu & Liu (20183. Itis given by
In2 [ c?
B _ B __ - (B
)\ec (LJ) - 6163 0 dSSGT (m902)5 flf . (26)

The total EC cross section in SMFs is expressed as

Oec(eB ori(el)

) = Z (2J; + 1)26219(*5]32')
Bl (27)

GQ
= 602y, [ de(eB — 2 TASEL ©FP(Z,P),
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where the strength distribution will change frafgr+ ()  Table 1 Comparisons of the maximum value of our
to S&,.. (€) according to Equations2¢), (25) and the calculationsAZ (LJ) with those of minimum value for

phase space factgfﬁ in SMFs can be defined as some typical iron group nuclides in SMFs at =
5.86,Y, = 0.47,Ty = 3.40for 103G < B < 106 G.
.3
= )’ 25 On 7 = 5.86, Y, = 0.47, Ty = 3.40

B b o - 5 . 5 Nuclide B A\B. (L)) B AB. (L))
= Grea)s 2 220 9no Jpb dpepe(—€+en)?FP(Z,e3) f - 5ON;j 6.280e13  9.279e2 4.037el4  3.062e0
(28) STNi 6.280e13  9.063e2 4.037e14  8.741e0
58N 6.280e13  6.782e2 8.498e14  4.319e-2
_ B 11B ; . 59N 6.280e13  6.299e2 4.037e1l4  1.679e0
H_erg f . J;(Zf:” ,Up,T) is the electron _Fer_m| D|rac_: 60N 5.214el13 4.772e2 1.024e15 6.090e-6
distribution,e;; is the total rest mass and kinetic energies  s3p¢ 6.280e13  6.967e2 278314 7.662e0
in an SMF;F?(Z, ¢,,) is the Coulomb wave correction in IFe 6.280e13  6.443e2 8.498e14  7.070e-2
SMFs 55Fe 5.214e13  6.419e2 1.024e15 1.065e-2
L 5. i 55Co 6.28e13  1.020e3 4.037e14  7.396e0
Thepy is defined as 56Co  6.28e13  9.442e2 3.352e14  1.153el
57Co 6.28e13  7.330e2 3.857el4  5.193e-1
B ./ 2f -0, (Qif < @1/2) 29) 58Co 5.214e13  7.370e2 3.352el4  3.118e0

Po = ! .
0 (otherwise),

Table 2 Comparisons of the maximum value of our
where® = m?2c¢*(1 4+ 2vB/B.,) = mZc* (1 + 2vb). calculations\Z (LJ) with those of minimum value for
The rate of change of electronic abundance (RCEA) isome typical iron group nuclides in SMFs at =
an important parameter in SCMWD evolution. Itis given14.5,Y, = 0.45, Ty = 3.80 for 103G < B < 106 G.

by p7 = 14.5,Y, = 0.45, Th = 3.80
Yee(k) aye X \ee (30) Nuclide B 2B, (L)) B 2B _(LJ)

e dt Ap R 57Co 1.322e14  1.850e3 1.485e15 1.289e0
. . . 58Co 1.322e14  1.869e3 1.024e15 7.851e0
whereX,. is the mass fraction of thieth nucleus andi,, is 59Co 132214 1.222e3 2595e15 2.210e-3
the mass number of thHgh nucleus. 60Co 1.322e14  1.134e3 1.789e15  2.280e-1
55Mn 1.322e14  1.370e3 2.154e15 8.339e-5
56Mn 1.322e14  1.483e3 2.154el15 1.777e-3
4 RESULTSAND DISCUSSIONS 55Fe 1.322¢14  1.627e3 2.154e15  1.909e-1
56Fe 1.322e14  1.264e3 2.595e15 2.918e-6
Figures 1-5 feature the EC rates of some iron group 57Fe 1.322e14  1.291e3 2.595e15 1.322e-5
nuclei as a function of the magnetic field at some 99Ni 1322e14  1.210e3 2.595e15  4.869-3
6INj 1.322e14  1.686e3 2.595e15 1.336el

typical astrophysical surroundings. One can find that when
10'°G < B < 10 G and at relatively low density and

temperature (e.gpr < 5,7y < 1) the magnetic field . .
has a minor effect on the EC. However, the EC rates ar-erable 3 Comparisons of the maximum value of our

. B . -
influenced greatly at relatively high density (e.g7, > calculatlopsAeC_(LJ) with those_ of minimum value for
5.86). For example, the EC rates for some iron groupSome typical iiron group nuclides in SMFs at =

) ' 106,Y, = 0.43,Ty = 4.93for 1013 G < B < 107 G.

nuclei (e.g.,>?>~5'Fe, ®>~%9°Co and®®~%3Ni) increase no

53Cr 1.322e14  1.256e3 2.154el15 6.325e-6

more than by one order of magnitudegat= 5.86, Ty = Nudide T2 1067}?23 :(g?)?’v T93: 4.93 T
— _ 14 max i
0.399 andpr = 4.99, Ty = 0.877 whenB < 10 G, but "Mn 1024615 1.059e4 1385616 507363
increase greatly by more than three orders of magnitude at  56mn 1.024e15 1.104e4 1.668e16  5.205e-2
relatively high temperature and density whgn< 104 G 7'M 1.024e15  7.64le3  1.668el6  1.248e5
for®-60Co atpy — 15.44, Ty = 3.84). (We note in 58Mn  8.498el4  4.836e3 1.668e16  1.805e-4
(e.g. pr = 19.24, L9 = 5.04). : 9Fe  1.024el5 6.426e3  1.668el6 2.985e-6
this papefTy, p; and B;5 are the temperature, density and 61N 1.024e15 6.236e3 1.668e16  1.165e-1
magnetic field in units 010° K, 107 gcm™* and10'2 G, ONi 1.024e15 4.428e3 166816 7.589-6
. 63Ni 1.024e15  4.275e3 1.668e16  3.910e-4
respectively.)

Maeda et al. (2009 discussed Subaru and Keck

observations of the peculiar SNla 2006GZ at late phases. As the SMF increases, some change and difference
Their results affirm that SNela (e.g., SN la 2006GZ)from the curves are presented due to strong quantum
exhibiting exceptionally large peak luminosity have beereffects. The higher the magnetic field, the larger the
discovered. Their luminosity requires more thad/,  influence becomes. The lower the electron energy in
of °°Ni, which can be derived from the EC reaction of SMFs is, the lower the Landau levels that will be

iron group nuclei which are ejected during the explosionpccupied by electrons. However, the lower the magnetic
suggesting that they might have originated from superfields and the higher the density, the higher the electron
Chandrasekhar mass WDs. chemical potential becomes. At relatively high density, as
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Fig.1 The EC rates for?~6! Fe as a function of the magnetic fieldat = 3.34, Ty = 0.399; p7

p7 =5.86,Ty = 1.19 andp; = 15.44, Ty = 3.84.
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Fig.2 The EC rates for>=%° Co as a function of the magnetic field @t = 3.34, Ty = 0.399; p; = 4.99, Ty = 0.877;

p7 =5.86,Ty = 1.19 andp; = 15.44, Ty = 3.84.

Table 4 Comparisons of the maximum value of our strong magnetic fieldB > B.), the Landau column

calculations\Z (LJ) with those of minimum value for

some typical iron group nuclides in SMFs at

4010,Y, = 0.41, Ty = 7.33 for 103G < B < 1018 G.
p7 = 4010, Y, = 0.41, Ty = 7.33

Nuclide ~ B ML) B AB. (L)

57Mn 3.511el16 2.983e5 4751el7 4.227e-2
58Mn 3.511e16  1.998e5 4.751el7 2.654e-1
59Mn 3.511e16  1.492e5 4.751el7  7.095e-4
60Mn 3.511e16  1.496e5 4.751el7 8.283e-3
59Fe 3.511e16 2.418e5 4.751el7 1.713e-2
60Fe 3.511e16 1.522e5 4.751e17  1.759e-4
61Fe 3.511e16  1.503e5 4.751e17 1.373e-3
56¢cr 3.511e16 2.101e5 4.751el7 6.943e-5
57Cr 3.511el6 2.776e5 4.751e17  3.896e-4

the magnetic fields increasé/r decreases greatly due

to increase of electron Fermi energy. In an extremel

becomes a very long and very narrow cylinder along
the magnetic field. According to Equation&2j—(17),
when the magnetic field is constant, the electron chemical
potential and electron energy will be strongly dependenton
density. We select the magnetic field strength range to be
10 < Bys < 10°G (e.g.,B12 = 103,10%5,10%, 10%9).
According to Equations7) and @), we can ascertain
that the electron chemical potential may be in the range
63.72m.c? < UB,. < 116.6m.c? for our model.

For example, whenUB, = 80m.c?, the magnetic
field strength By, is 14.122593 x 10%,7.0612965 x
104,4.7075313 x 10* for vmax = 1,2,3, respectively.
WhenUB = 100m.c?, the magnetic field strengtB;,

max
i522.067793 x 10%,11.0338965 x 104, 7.355931 x 10* for

yl/max = 1,2, 3, respectively.
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Fig.4 The EC rates fo?>~52 Mn as a function of the magnetic field at = 3.34, Ty = 0.399; py = 4.99, Ty = 0.877;
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Based on the relativistic mean-field effective equations Pefia Arteaga et al. 20L1From Figure6, we
interactions NL3 [alazissisetal. 1997 and DD- find that the EC rates are influenced greatly wiign> 1
ME2 (Lalazissis etal. 2005 following the works of andp; > 5.86. For some iron group nuclei (e.g5~%°
Pefa Arteaga et a{2011), the influence of SMFs on the Co and®®~53Ni), the EC rates increase by three orders of
binding energy of nuclei is discussed. As the magnetienagnitude when3 < 10'“ G, then decrease and finally
field increases, a mean parabolic increasing trend appeaatso increase as the SMFs increases. Such jumps show an
in terms of the binding energy per particle. For examplepbvious indication that the underlying shell structure may
for °6Fe, "®Ni and °5Co, the binding energy increases be changed in a fundamental way. Due to SMFs, these
by 0.311MeV, 0.632MeV and 0.445MeV, respectivelyjumps in nuclear properties can be traced to the single-
when 10’7 G ~ 10'® G. The nuclear state will be more particle behavior. Due to these two levels having opposite
stable due to increase of nuclear binding energy. This iangular momentum along the symmetry axis in SMFs, the
equivalent to significantly raising the threshold energy ofnucleus becomes spin-polarized. Because of the increase
the EC reaction. Therefore, the EC may be weakened. in SMFs, the particle in a nucleus may move from a level

The magnetic fields strongly effect electron phasegOIng upwards and go to a level heading downward with

space. Only axial symmetry is preserved, but the spherice'zrlmreaSIng spin.

symmetry is broken for the Dirac and Klein-Gordon
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Fig.5 The EC rates fot>~%°Cr as a function of the electron chemical potential= 3.34, Ty = 0.399; p; = 4.99, Ty =
0.877; pr = 5.86, Ty = 1.19 andp- = 15.44, Ty = 3.84.

The EC and beta decay strongly determine the corerders of magnitude wheB < 10'*G andTy > 1. The
entropy and electron-to-baryonratio, and also influenee thRCEA is very sensitive to SMFs in the EC process and
SCMWDs evolution. EC quickly reduces the number ofwhen 10 G < B < 10'6G, there are some changes
electrons available for pressure support. In core-coflapsby leaps and bounds then get to the maximum value
supernovae and SCMWDs, the EC rates play a pivotadlue to quantum effects in SMFs. The main reason may
role. Tables1-4 present our results at different typical arise from the fact that the EC rates are increased greatly
astrophysical environments. We find the maximum valualue to the influence of density and SMFs. The electron

of the EC rates will get td.020 x 10°s~! at B = 6.28 x
1013 G for°°Co,1.869x10%s~ ' atB = 1.322x10'4 G for
58C0,1.104 x 10*s~ ! at B = 1.024 x 10'° G for *Mn
and2.983 x 10°s~! at B = 3.511 x 106 G for 5"Mn

chemical potential is strongly determined by the density
and magnetic field according to Equatiom3 and (1)—
(19.

The convective instability of a magnetic WD’s

atpr = 5.86,Y. = 047, Ty = 3.40; pr = 14.5, Y. =  structure is caused by the heat released from thermonuclear
0.45,Ty = 3.80; p7 106,Y. = 043,79 = 493 reactions such as EC and beta decay under the influence
and p7 4010,Ye 0.41,Ty 7.33, respectively. of the SMF environment and neutrino cooling. As a WD
On the other hand, the rates firstly increase and reacRith a strong, irregular magnetic field cools, convective
the maximum value, then may decrease more than thregstabilities may develop in different regions of the star
orders magnitude as the SMF increases (e.g%fbii at  at various times, giving rise in some cases to gamma-ray
pr = 5.86,Y, = 0.47, Ty = 3.40). events.

The single-particle structure of nuclei for protons  The gamma-ray heating rates and neutrino energy loss
and neutrons will be strongly influenced by the SMFs.py EC and beta decay play key roles in magnetic WD
The nucleon paramagnetism will also be affected byevolution. The neutrinos and antineutrinos are transparen
the interaction between the magnetic field and theothe WD’s matter and will cool the core of the WD, while
neutron (proton) magnetic dipole moment. The couplinghe gamma rays due to release of the EC will heat the
of the orbital motion of protons with the magnetic stars. The evolutionary changes with the central density
field causes proton orbital magnetism. The interactiomind the temperature of the magnetic core of the WD are
between the nucleus and SMF will remove all degeneraciegetermined by the competition among the contraction,
in the single-particle spectrum. The SMF breaks thecooling and heating processes. When the gamma ray is
formerly degenerate levels with opposing signs of angulafelatively fast enough to contract, the temperature besome
momentum projection. For example, figures 3 and 5 ohigh enough to ignite Ne-O burning, which would result in
Pena Arteaga et a(201]) give a detailed discussion for formation of an Fe core. When cooling by neutrino energy
Fe. As the magnetic fields increase, the neutron anbss is fast, the contraction leads to the collapse of the O-
proton pairing gaps will be reduced by the single-particleNe-Mg core and an EC supernova. Thus the competitions
energy splitting, and finally they will disappear. between the heating rates by gamma ray and cooling rates

Figures6 displays the RCEA as a function of SMFs. by neutrino energy loss will strongly determine the fate of
Due to SMFs, the RCEA can decrease by more than thretbe instability of WDs.
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Fig. 7 The comparison of calculated B{'.) strength distribution against experimeAtford et al. 1993 El-Kateb et al.
1994 Rapaport et al. 198Villiams et al. 199% for some typical iron group nuclei as a function of exciatenergy in
the corresponding daughter nuclei at temperature 0.8 MeV

Tables5-8 display a comparison of our results for perturbation to the magnetic forceGdrstang 1977 the
AZ (LY)in SMFs with those of FFN)XC,(FFN)), AUFD  magnetic influence on Zeeman splitting of atomic energy
(\2. (AUFD)) and Nabi. For the case without SMFs, onelevels is not considered in SMFs.
finds that our results are in good agreement with AUFD's  \We also neglect the effect of SMFs on the GT
at relatively lower temperature and lower density (e.gproperties because the GT transition matrix elements may
pr = 5.86,Ty = 3.40,Y. = 0.47). The rates of FFN  pe independent of the magnetic fields (see the discussions
are about one order of magnitude bigger than ours. OuUfom Fassio-Canut¢1969; Canuto & Venturg1977 and
results are also generally lower than those of Nabi ateferences therein). Figure features our results on the
relatively high temperature and higher density (e.g., folGT strength on iron group nuclei based on theshell
99.00Mn, 99-61Fe, "Cr atp; = 4010,Ty = 7.33,Y. = model. Some experimental data about GT distributions
0.41), but our results are larger than those of Nabi’s byare also present irlford et al. (1993; El-Kateb et al.
two orders magnitude for relatively lower temperature anq1994; Rapaport et al(1984 andWilliams et al. (1995.
lower density surroundings (e.g., fofFep; = 5.86, 7y =  These experimental data are obtained from intermediate-
3.40,Y. = 0.47). For the case with SMFs, due to SMF, energy charge exchange (n, p) or (p, n) cross sections.
our rates increase and even are larger by more than foys order to account for the finite experimental resolution,
orders of magnitude than those of FFN, AUFD and Nabiour results for even-even nuclei (e.§éFe; 58:60-62Nj)
(e.9.,p7 = 5.86,Yc = 0.47, Ty = 3.40; pr = 14.5,Ye =  are smeared with Gaussians with standard deviation of
0.45, Ty = 3.80). 1.77 MeV from Figure7. One can see that according to

In this paper, the lattice energy may not be directlythe SMMC approach, the renormalized B(&Tstrengths
affected by SMFs. When we discuss the EC rates, wéor *°Fe, 58:69:62Ni are 2.682, 4.542, 3.510 and 2.410
ignore the influence of SMFs on the lattice energy. OnMeV, respectively. From the experimental information,
the other hand, due to the Coulomb forces acting as the B(GT,) strengths are 2.601, 4.203, 3.200 and 2.600
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Table 5 Comparisons of our calculationg’ (LJ) in SMFs for some typical iron group nuclides with those of F=N
(A2 (FFN)) (Fuller et al. 1980 Fuller etal. 1982 AUFD’s (\).(AUFD)) (Aufderheide et al. 1990AUFD), Nabi's
(A%, (Nabi)) (NKK) and LJI's (\2.(LJ)), which are for the case without SMFs@t= 5.86,Y, = 0.47, Ty = 3.40.

AE (L)
Nuclide A0 (FFN) AJ.(AUFD) X0 (Nabi) MO (LJ) " Bi2 =10 Biz =107 Bz = 10° Big = 107
56Ni 1.30e-2 1.60e-2 4.83e-3 1.250e-2  1.479e2 1.663e2 946e 2.733el
57Ni 9.93e-3 1.94e-2 4.76e-2 1.573e-2  1.478e2 1.628e2 11195e 8.383el
58Nj 3.72e-4 6.36e-4 7.31e-5 5.878e-4  1.099e2 6.049e1 4347e 2.662e-1
59N 4.31e-3 4.37e-3 1.32e-3 4.146e-3  1.242e2 8.072el M152e 1.524el
60N 9.17e-6 1.49e-6 1.70e-7 1.287e-6  8.943el 2.098el 6:690e 3.243e-5
53Fe 3.91e-2 2.04e-2 5.08e-2 1.889e-2 1.162e2 6.429e1 1.068e 6.736el
54Fe 2.95e-4 3.1le-4 3.07e-6 2.868e-4  1.160e2 4.631el 1065e 5.756e-2
55Fe 1.57e-3 1.61e-3 1.47e-3 1.357e-3  1.203e2 4.630el 72350e 4.807e-1
55Co 1.36e-1 1.41e-1 3.99e-2 1.336e-1  1.674e2 1.844e2 @W627e 6.737el
56Co 6.91e-2 7.40e-2 1.14e-2 7.026e-2  1.639e2 1.626e2 1.647e 1.166e2
57Co 3.50e-3 1.89e-3 4.56e-4 7.026e-2  1.367e2 8.459%¢1 61015e 4.212e0
58Co 9.93e-3 1.94e-2 2.23e-4 1.680e-2  1.381e2 8.094e1 £227e 3.030el

Table 6 Comparisons of our calculations af (LJ) in SMFs for some typical iron group nuclides with those of F=N
(A2 (FFN)); AUFD’s (A\2.(AUFD)), Nabi's (\2.(Nabi)) and LJI's Q2.(LJ)), which are for the case without SMFs at

pr = 14.5,Y, = 0.45, Ty = 3.80.

AE (L)
Nuclide )\QC(FFN) )\SC(AUFD) )\QC(Nabi) )\QC(LJ) Bi2 =10 Bio = 107 Bio = 103 Bia = 10%
57Co 1.04e-2 1.29e-2 2.40e-3 1.0123e-2  1.466el 1.553e3 eéD361 4.437e0
58Co 1.55e-2 3.07e-2 1.55e-3 2.5604e-2  1.487el 1.551e3 0851 3.137el
59Co 5.44e-4 6.57e-4 2.09e-4 4.3564e-4  9.685e0 1.015e3 &D01 5.302e-3
60Co 1.15e-2 1.27e-2 1.74e-5 1.0012e-2  8.984e0 9.412e2 @107 5.986e-1
55Mn 2.03e-5 2.25e-5 9.62e-6 2.1135e-5 1.086el 1.138e3 &945 2.007e-4
56Mn 4.29e-5 2.56e-4 2.42e-4 2.0552e-4  1.175el 1.231e3 §384  4.299%-4
55Fe 1.21e-2 6.20e-3 6.42e-3 5.7883e-3  1.290el 1.351e3 31206 5.504e-1
56Fe 2.81e-5 1.31e-6 7.14e-7 1.2452e-6  1.002el 1.049e3 el$43  6.894e-6
57Fe 4.83e-5 1.84e-5 1.05e-5 1.6534e-5 1.023el 1.071e3 63882 3.172e-5
60Nj 1.3%e-4 2.74e-5 3.23e-6 2.3372e-5 9.589e0 1.005e3 88943 1.063e-4
6ING L. 1.20e-3 3.54e-4 1.0028e-3  1.336el 1.400e3 2:089e 1.069e-2
53Cr 1.63e-5 2.46e-6 8.85e-6 2.3225e-6  9.951e0 1.042e3 @B90 1.498e-5

Table 7 Comparisons of our calculations af (LJ) in SMFs for some typical iron group nuclides with those of F=N
(A% (FFN)); AUFD’s (A2, (AUFD)), Nabi's (\2.(Nabi)) and LJI's Q2.(LJ)), which are for the case without SMFs at

p7 =106, Y, = 0.43, Ty = 4.93.

ML)
Nuclide AQ.(FFN) X0.(AUFD) A0 (Nabi) A0.(LJ) ~Bia =10 Biz =10° Bz =10° Big = 107
55Mn 9.10e-3 8.73e-3 5.89%e-3 7.8895e-3  1.013e2 1.138e3 @4059 5.686e-3
56Mn 9.29e-3 2.90e-2 2.77e-2 2.6762e-2  1.096e2 1.231e3 @4104 5.788e-2
5TMn 2.36e-5 4.03e-4 2.94e-4 3.8320e-4  8.300el 9.323e2 @641 1.577e-5
58Mn 3.16e-4 2.94e-3 3.23e-4 2.8113e-4 5.56lel 6.246€2 3813  1.95%-4
59Fe 1.49e-4 1.83e-4 5.70e-4 2.4663e-5 6.729el 7.558e2 2426 3.307e-6
6ING 5.07e-1 3.46e-2 3.3748e-1  5.935el 6.687e2 6236e 1.319%-1
G3Ni L 3.87e-3 2.47e-3 2.5660e-3  4.262el 4.787e2 4275e 4.367e-4

Table 8 Comparisons of our calculations af (LJ) in SMFs for some typical iron group nuclides with those of FFN
(A% (FFN)); AUFD’s (\2.(AUFD)), Nabi's (\%.(Nabi)) and LJ's 02.(LJ)), which are for the case without SMFs at

pr = 4010, Y, = 0.41, Ty = 7.33.

E (L)
Nuclide )\SC(FFN) )\SC(AUFD) )\QC(Nabi) )\QC(LJ) Bio = 107 Bio = 103 Bio = 10% Bio = 10°
5TMn 4.29e2 8.36e2 3.41e2 7.6335e2  9.323e2 8.300el 8.109e4 036€4.
58Mn 7.90e2 1.05e3 7.45e2 1.0326e3  6.246e2 5.561el 5.433e4 672eR
55Mn L. 1.41e2 2.84e2 1.0132e2  4.679e2 4.166el 4.070e4 972é1
OMn ... 2.55e2 7.19e2 1.1876e2 4.667e2 4.163el 4.080e4 100eD
59Fe 7.43e2 7.20e2 2.70e2 6.1023e2  7.558e2 6.729¢el 6.574e4 549e2.
60Fe 1.441el 6.37el 3.02el 2.6867el  4.667e2 4.235el 4.090e4 .071e8
6lpe ... 1.63e2 2.41e2 1.4785e2  2.865e2 3.072el1 3.002e4 76463
S6cr Ll 3.33el 2.95e1 2.8845el  6.568e2 5.847el 5.713e4 241etl
57cr 6.09el 8.49%e1 3.9436el  7.206e2 7.727el 7.549e4 07161
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MeV for the same nuclei, respectively. In addition, emission of a magnetar such as magnetic WDs could
our SMMC results for some odd-A nuclei (e.3g°Co, originate from magnetic field decay or heating from
55Mn), from the (n, p) direction are also consistent with magnetospheric current and/or from the EC reaction in the
the experimental dataA(ford et al. 1993 El-Kateb etal. crust.

1994 Williams et al. 1995. £ CONCLUS ONS
Based on the independent particle model, FFN

parameterized the GT contribution in the process ofn this paper, focusing on the electronic structure and the
discussions of the EC rates. FFN investigated the Qproperties of matter, we discuss the EC process in detail in
value of the EC rates based on a semi-empirical atomigCMWDs. When we ignore the effect of SMFs on EC, one
mass formula $eeger & Howard 19795 Therefore, their  finds that our results are in good agreement with AUFD'’s at
results differed from ours. By using a simple calculationrelatively lower temperature and lower density (exg.=
on the nuclear excitation level transitions, AUFD expanded; 86, T, = 3.40,Y, = 0.47). The rates of FFN are bigger
FFN's works and analyzed the nuclear excitation levelpy about one order magnitude than ours. Nabi's results are
Their method may be a little rough. Only the low angulargenerally larger than ours at relatively higher densitg.(e.
momentum states around the GT transitions are considerggy 59:60Mn, 60.61Fe 56Cr atp, = 4010, Ty = 7.33,Y, =
and the nuclear excitation energy distribution is analyze@ 41), but are smaller by two orders magnitude than ours
according to the pn-QRPA theory by Nabi. In this paperfor relatively lower density (e.g. foF'Fe p; = 5.86, Ty =
we compute an average of the GT intensity distribution3 40, Y, = 0.47). When we take the effect of SMFs on EC
by applying the method of SMMC. Our calculations arejnto account, our rates are higher by about four orders of
in good agreement with experiments. However, our resultghagnitude than those of FFN, AUFD and Nabi.
for some odd-A nuclides may be biased generally small. SCMWDs represent an important object in current
Based on the above discussions, the change of E@strophysical research, which may be helpful and sig-
rate affects the rate of thermonuclear reaction, and thsificant to explain many astronomical phenomena. We
evolution and stability of SCMWDs. The change of EC attempt to study the EC thermonuclear reaction in a strong
rate also affects the change of electron abundance, amdagnetic field of SCMWDs in order to understand the
the change of electron degenerate pressure and entropature of SCMWDs. However, uncertainties in the internal
The EC rates also influence the burning and cooling in thequation of state for SCMWDs, the physical mechanisms
process WDs evolution, and finally determine the fate oPbf the strong magnetic field formed and all kinds of
WDs. For the mass variation of the SCMWDs, we believecomplex influences of thermonuclear reaction, the thermal
that it may be related to accretion of the SCMWDs, stellaevolution, magnetic evolution and cooling mechanism of
wind, convection and other factors, therefore, we did noSCMWDs are very challenging and complex problems.
consider the effect of the change of EC rate on the mass dihe rationality and scientific nature and feasibility for a
SCMWDs. variety of SCMWD theoretical models and mechanisms
On the other hand, during the evolution of SCMWDs,need to be continuously_explored in our future works. For
the hydrostatic equilibrium of the material will affect the €Xample, what observations from the SCMWDs can help

density distribution of the SCMWDs and the equation Ofjudg_e the rationality and science of the results obtqined
state of the material. Density changes will strongly affect?y different methods? How can the relevant observational
the electronic Fermi energy. The higher the density, thé:harapterlstlt?s and data from the radio band t_’e closely
larger the Fermi level becomes. However, the increase diombined with the theory and be constantly improved
SMFs reduces the chemical potential of electronic gasel® Make its analysis reasonable? These will be very
and eventually will weaken EC thermonuclear reaction. Atc’hallenglng and interesting issues for us to continue to
the same time, the increase of temperature accelerates thgPlore and study.
speed of electron movement, and leads to electronic kinetiacknowledgements This work was supported in part
energy increasing greatly. To some extent, this will weakety the National Natural Science Foundation of China
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