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Abstract Following the theory of relativity, in the presence of amastrong magnetic
field (UMF) and utilizing a nuclear shell model, we carry out @stimation of the
neutrino energy loss (NEL) rates of nuclidés5°Cr, which occur by electron capture
in magnetars. The results show that the NEL rates greathgase when a UMF is
present, and can even exceed nine orders of magnitude tateldower density and
temperature (e.goy = 5.86,Y, = 0.47,Ty = 7.33) in the range fromi0*® G to
10'® G. However, the increase in rates was no more than six ordensagnitude at
relatively higher density and temperature (eag.= 4.86 x 10%,Y, = 0.39,Ty =
14.35).
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1 INTRODUCTION

Neutrino processes play a crucial role in magnetars and seuteon stars through electron capture
(EC) and beta decay. A great deal of energy can be releasadanieutrino escapes. Thus, works on
neutrinos and neutrino energy loss (NEL) rates have beehtapio, along with the former-frontier
issue of magnetars and some neutron stars. The magnetdaide as large a8'>-10'° G (Peng

& Tong 2007; Peng et al. 2012). How would an ultrastrong mégfield (UMF) effect NEL? How
would the UMF effect the cooling system in magnetars? Howlad/the UMF effect the chemical
potential of electron gas in magnetars? These are vergstiag problems in the study of magnetars.
Some authors (Fuller et al. 1980, 1982; Nabi 2010; Liu et@L12 Dai et al. 1993; Sofiah Ahmad
et al. 2011; Liu & Luo 2007a,b, 2008a; Liu 2010a, b) have itigaded many results related to
calculation of NEL rates and some related weak interact@es: However, they did not consider
the NEL rates in a UMF.

Previous research (Liu et al. 2007a,b; Liu & Luo 2008b,c) $tamwvn that the effect of a UMF
on EC rates and NEL rates varies greatly, and with an incrieake magnetic field strength, the EC
rates and NEL rates strongly decrease. Recent studies €P€ogg 2007; Peng et al. 2012) found
that strengthening the magnetic field would make the Ferrnfiise elongate from a spherical surface
to a Landau surface along the direction of the magnetic fiettis surface would be perpendicular
to the direction of the magnetic field and quantized. Thusskald revise the theory of relativistic
Landau levels.
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Following the theory of relativity in the presence of a UMRdancluding a nuclear shell model
(Peng & Tong 2007; Peng et al. 2012), in this paper we will gting NEL rates of nuclides —°Cr
by EC. We will also discuss the rates of change for electramdance (RCEA) in the EC reactions.

2 THE STUDY OF NEL RATESIN A UMF

In astrophysical cataclysms like the coalescence of newttars, UMFs which could be generated
can actively influence quantum processes. However, the etiadgield only significantly influences
guantum processes in the case when it is ultrastrong. A UNMBrisidered along the-axis and the
Dirac equation can be solved exactly. The positive enenggldeof an electron in a UMF are given
by (Peng & Tong 2007; Peng et al. 2012)

(e R O e IR L
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where® = 1+2(n+ 3 +0)b,n = 0,1,2,3.., b = £ = 0.02266B12, B = 10'2B3, Biy
is the magnetic field strength in units t'? G; B., = ;3 = 4.414 x 10% G; p, is the electron
momentum along the field, ardis the spin quantum number of an electron:= 1/2, whenn = 0;
o= +1/2,whenn > 1.

In an extremely strong magnetic fielé > B..), the Landau column becomes a very long and
very narrow cylinder parallel to the magnetic field, and tlezon chemical potential is found by

inverting the expression for lepton number density (Perad.€012)
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wherez = ?C; Y, = % is the electron fractioniV, is the Avogadro constant;, is the electron
mass and is the speed of light\. = % is the Compton wavelength,,o = 2 — d,0 is the electron

degeneracy number,
n - -1 -
o= [trem (22021,

en+Up+1 -1
c= 1 Sl
oo = [t (257 )

are the electron and positron distribution functions respely, & is the Boltzmann constarif; is
the electron’s temperature abg is the electron’s chemical potential.

The NEL rates due to EC for thigh nucleus(Z, A) in thermal equilibrium at temperatufe
are given by a sum over the initial parent statesd the final daughter stat¢qFuller et al. 1980,

1982)
o (2J; + D)ewr ekT
/\k—)\ec—z G(Z. AT Z)\lf7 3)

whereJ; andE; are the spin and excitation energies of the parent statpscteely, and+(Z, A, T)
is the nuclear partition function. The NEL rates by EC frone afi the initial states to all possible

1 QU -\ __ _In2 1
final states I\ AT = T fiy with the relat|or‘(ft) = T, + (ft)GT The ft values and the

and
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corresponding Gamow-Teller (GT) and Fermi transition ima&iements are related by the following
expression
1 1 1 103.79 103.596

= + — —+ ,
(fOir  (FOF  (FO5T  IMel3  [Merlf
where| Mr|? and|Mqr|? are the squares of the absolute value of Fermi and GT magiresits,
respectively.

The Fermi matrix element and the GT matrix element are giespectively as follows (Fuller
et al. 1980)

M = 52 T vymg| Sl =TT+ 1) = THTE -1), 9

m?’ﬂlf
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(4)

|Mar|* =

whereT" is the nuclear isospin arifl, = TZZ = (Z — N)/2is its projection for the parent or the
daughter nucleusy,;m;) is the initial parent state) m | is the final daughter state, and the Fermi
matrix element is averaged over the initial and summed dwefibal nuclear sping:_ 5, 7 is the
negative component of the isovector, and the spatial scglaratorl” ~ commutes with the total
isospinT’2. & is the Pauli spin operator and ,, 7y on is a spatial vector and an isovector.

The phase space factor in a UMF can be found in Liu & Luo (20972008b) and is defined as

2= Zen, @)

F(Z,en)
dp, 8
1+ exp(f27gd— Up 1) P ®

whereQ; s = Qoo + E; — Ey is the EC threshold energfdoo = Myc* — Mac?, with M, and
M4 being the masses of the parent nucleus and the daughteusuelspectivelyZ; and E; are
the excitation energies of thth state and'th state of the nucleus respectively;is the sum of rest
mass and kinetic energy:(Z, =,,) is the Coulomb wave correction which is the ratio of the squar
of the electron wave function distorted by the Coulomb secatt potential to the square of the wave
function of the free electron. We assume that a UMF will haveffiect onF'(Z, <,,), which is only
valid under the condition that the electron wave functioreslacally approximated by plane wave
functions (Dai et al. 1993). The condition requires thatfleemi wavelength\p ~ PiF (Pr is the

Fermi momentum without a magnetic field) be smaller than #tkus/2o (wherep = %) of the
cylinder which corresponds to the lowest Landau level (B&Rethick 1975).
Theg, is defined as

/02, — ©1/2 i —01/2),
0 = Qlf (Q < ) 9)

0 (otherwise).

0, = qno/ (Qif +en)®

n

where® = 1+ 2(n+ 3 + o)b.

On the other hand, what really matters for stellar evoluigaine electron abundandg, which
is related to the RCEA in each nucleus. Therefore the RCEAt@ & on thekth nucleus is very
important in a UMF. It is given by

dYe Xk

Yeo(k) = -5 = =N (10)

where)$€ is the EC rates in a UMEY}, is the mass fraction of theth nucleus andi,, is the mass
number of thekth nucleus.
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Fig.1 The NEL rates as a function of the electron chemical potebliaat the density, electron
abundance and temperaturegef = 5.86, Y. = 0.47 andTy = 7.33 (a); pr = 1.45 x 10*,Y, =
0.43 andTy = 9.43 (b), respectively. The UMF strengthi6'CG < B < 10'® G.

- 56Cr
_57Cr

10157 L _..58Cr |
: Sy
- "GOCI'

. 59(:r

L L L L L L L L L L L L L
100 200 300 400 500 600 700 800 900 0 500 1000 1500 ) 2000 2500 3000
Ue (mecz) Ug (mc)

Fig.2 The NEL rates as a function of the electron chemical potebfiaat the density, electron
abundance and temperature@f = 3.46 x 10°, Y. = 0.40 andTy = 11.54 (a); pr = 4.86 x
108,Y. = 0.39 andTy = 14.35 (b), respectively. The UMF strength19'3G < B < 10'® G.

3 THE EFFECT ON THE NEL RATESIN A UMF AND DISCUSSION

Figure 1 shows the NEL rates &—%Cr as a function of electron chemical potential at different
stellar conditions of; = 5.86,Y, = 0.47 andTy = 7.33 andp; = 1.45 x 10*, Y. = 0.43 and
Ty = 9.43 in magnetars/; is the density in units 010" g cm=3 and Ty is the temperature in
units of 10 K). We find that the NEL rates in a UMF have different effectsidfierent densities
and temperatures. The NEL rates greatly increase for thedielas and even exceed nine orders of
magnitude in the case of lower density and temperaturedeog.= 5.86, Y. = 0.47 andTy = 5).
The lower the density and temperature are, the larger theeimfle on NEL is by/r. The electron
energy and electron chemical potential are so low at lowesitheand temperature that the UMF can
strongly affect the NEL rates. On the other hand, one canhsgeniith increasing density there are
different effects on NEL for different nuclides. This is dieethe fact that the nuclides have different
(@Q—values and different transition orbits in the EC reactions

Under the conditionp; = 3.46 x 105,Y, = 0.40 andTy = 11.54 andp; = 4.86 x 10%,Y, =
0.39 andTy = 14.35, the NEL rates of these nuclides as a function of electromated potential
Uy are found in panels (a) and (b) of Figure 2. Comparing theltefom the two panels, one can
see that a relativity lower density has a relatively lardirat on the NEL rates for the nuclides. The
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Fig.3 The NEL rates as a function of the magnetic field strergtit the density, electron abundance
and temperature gi; = 5.86,Y. = 0.47 andTy = 7.33 (a); pr = 1.45 x 10*, Y, = 0.43 and
Ty = 9.43 (b), respectively.
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Fig.4 The NEL rates as a function of the magnetic field strergtit the density, electron abundance
and temperature gf; = 3.46 x 10°, Y, = 0.40 andTy = 11.54 (a); pr = 4.86 x 10%,Y. = 0.39
andTy = 14.35 (b), respectively.

NEL rates increase, but by no more than six orders of magaiaig; = 4.86 x 10%,Y, = 0.39
andTy, = 14.35. Furthermore, we can see thHat has different effects on NEL rates at different
densities and temperatures. The higher the density, thiesritee influence on NEL rate, because at
relativity higher density, according to the theory of reléy in UMFs, the electron energy and the
electron chemical potential are so high that the influencBh rate would be weakened in the EC
reactions.

Figures 3 and 4 show the NEL rates as a function of the maginaticstrength’3. One can find
that the NEL rates are influenced greatly at relatively lotgetperature and density. The NEL rates
(e.g.?6=%°Cr) may be increased more than nine orders of magnitude icabe of a magnetic field
from 1013 G to 10'® G. However, the increase of the NEL rates in most nuclides isiare than six
orders of magnitude for the case of relatively higher dgraitd temperature (e.gy = 4.86 x 108,

Y. = 0.39 andTy = 14.35). This is because at higher temperature and density, te&@heenergy
and chemical potential are also higher. This cripples tflaénce of the UMF on the EC reaction,
so the increase in the NEL rates will evidently decrease.

Comparing the results in these figures, we find that the Gitian in the EC process may not
be dominant at lower temperature. This process is domirmgtédte low-energy transition. Therefore,
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Fig.5 The RCEA as a function of the magnetic field strenftlat the density, electron abundance
and temperature gf; = 5.86, Y. = 0.47 andTy = 7.33 (a); pr = 4010, Y. = 0.41 andTy = 9.43
(b), respectively.

the effect produced by this kind of density is very obvioussby MF due to relativistic electron
energy. We find that the distribution of the electron gas Witih temperature and high density must
satisfy the Fermi-Dirac distribution. The GT transitioropability of a nuclide is distributed in the
form of the centrosymmetric Gaussian function about the &bmnance point. The energies of the
electrons taking part in the GT resonance transitions irhiglk-energy range are not symmetric in
a UMF. The variance of the Gaussian distribution increasesiicludes more electrons that take
partin the EC reactions. Therefore, increasing tempegatwiously accelerates the progress of the
electron capture process. However, weakening of the EGioeadoy the UMF would inevitably
lead to great decreases in the NEL rates.

As is well known, variation in electron abundance is one efitltal parameters in modeling su-
pernovae. The RCEA in EC reactions is caused by each nudleaslectronic abundance strongly
influences the changes of electron degenerate pressurenandye The RCEA plays a key role at
late stages of stellar evolution, especially in the proogéssipernova explosion.

Figure 5 shows the RCEA of these nuclides as a function of etigfield. We find that the
UMF has a great effect on the RCEA due to the EC for these reglithe RCEA greatly reduces,
even by an amount exceeding ten orders of magnitude due to\te

By analyzing the effect of a UMF on NEL rates for the differantlides, we find that the UMF
has different effects on NEL rates for different nuclidesdiese of the difference in the nuclide’s
threshold energy and transition orbits in the EC reactidre figher the magnetic fields are, the
larger the NEL rates become for the case of relatively lovesrsity and temperature.

4 CONCLUDING REMARKS

We have carried out an estimation on the NEL rates of nucftide®’ Cr due to EC in a UMF. It
is concluded that a UMF has a significant effect on the NELsrafethese iron group nuclei. The
NEL rates greatly increase and even exceed nine orders afitadg (e.g>~5°Cr) by a UMF at
relatively lower density and temperature (e.gpat= 5.86, Yo = 0.47 andTy = 7.33). However,
the increase in the NEL rates for most nuclides is no more shaarders of magnitude in the case
of relatively higher density and temperature (@:g= 4.86 x 108, Y, = 0.39 andTy = 14.35).

As is well known, due to the escape process of a great numineudfinos from the EC reaction,
the NEL gives one of the key contributions to the cooling ingmetar evolution. The NEL is also
very helpful in facilitating the collapse and explosion adwgpernova. The results we have obtained
may have a significant influence on further research relatatlitlear astrophysics and neutrino
astrophysics, especially for work on the cooling systemsenitron stars and magnetars.
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