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Influence of electron density, temperature and decay energy on f§ decay
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Abstract: In this paper, the 8~ decay rates in the magnetic field of a neutron star are investigated under different
conditions of electron density, temperature, and decay energy. By considering the influence of magnetic field on the
electron spectrum, we improve the Takahashi—Yokoi model and perform the calculations of 8~ decay rates for the

nickel (Ni) isotopes, which are the typical neutron-rich nuclei participating in the rapid neutron-capture process (r-
process). It is found that the S~ decay rates are increased significantly in the extremely strong magnetic field

(B> 10" G). Furthermore, we find oscillation of 8~ decay rates with the increase of magnetic field strength, imply-

ing that the magnitude of 8~ decay rates is closely related to not only the decay energy but also the environmental

electron density. In contrast, the impact of temperature on the 8~ decay rates is found to be negligible in the range of

107 K< T < 1010 K.

Keywords: beta decay, neutron star, magnetic field

DOI: 10.1088/1674-1137/ac500f

I. INTRODUCTION

As one of the densest forms of matter in the observ-
able universe, the neutron star is proven to have a strong
magnetic field by the observation of soft-gamma repeat-
ers (SGRs) and anomalous X-ray pulsars (AXPs) [1]. The
surface magnetic field strength of neutron stars generally
ranges from 10° G to 10" G [2]. For some neutron stars,
which are called magnetars, the surface magnetic field
could reach as high as 10'* - 10'> G [3]. The strong mag-
netic field can significantly affect both the composition
and the maximum mass of neutron stars [4,5]. In the crust
of a neutron star, there exist abundant nuclei ranging
from °Fe to heavy nuclei with mass number A ~ 200 [6],
and the 8~ decay in the crust plays a key role in the neur-
on star cooling process [7-9]. Interestingly, the 8~ decay
rates could be changed correspondingly as the electron
transverse momentum components are quantized into
Landau levels in the magnetic field [10]. A few theoretic-
al works have been carried out to discuss this magnetic
field effect on 8~ decay [10—13]. For example, the 8~ de-
cay of a neutron in a strong quantizing magnetic field is
studied by Fassio by making use of the wave function for
the electron [11]. The influence of the strong magnetic
field on B~ decay in the stellar surroundings is also dis-
cussed using the improved Fuller —Flower —-Newman

(FFN) technique [12,13].

Previous research has been devoted to the studies of
the magnetic field effect on the stellar g~ decay with
fixed electron density, temperature and decay energy
[10-13]. Little attention has been paid to the dependence
of B~ decay rates on these variables in the magnetic field.
The main purpose of this paper is to present a systematic
analysis of the B~ decay rates in the magnetic field under
different stellar environments. By considering the elec-
tron spectrum modified by the presence of Landau levels,
we improve the Takahashi—Yokoi model in order to cal-
culate the 8~ decay rates in the presence of strong mag-
netic field. This model was originally proposed in 1983 to
perform calculations of 8~ decay rates for highly-ionized
heavy atoms in a plasma of electrons and ions at high
temperature and high density [14]. Very recently, we
have successfully applied this model to investigate the
bound state 8~ decays of a number of nuclei [15]. The be-
havior of B~ decay rates in the magnetic field with differ-
ent temperature, electron density, and decay energy is
considered to be helpful for the understanding of late
evolution and crust composition of neutron stars.

The paper is organized as follows. In Sec. II, the for-
mulas of the electron chemical potential and the im-
proved Takahashi—Y okoi model for calculating the 8~ de-
cay rates in the magnetic field are given. In Sec. III, we
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calculate the B~ decay rates of Ni isotopes in the magnet-
ic field, and discuss the 8~ decay rates under the condi-
tions of different electron density, temperature and decay
energy. Sec. [V gives a short summary.

II. METHODOLOGY

In the stellar environment, the 8~ decay rate 4 in the
framework of Takahashi—Yokoi model is [14,16]:

A=[n2)/(fO] f  m = a,nu,u, M

where m = a, nu, and u represent allowed, non-unique
first-forbidden and unique first-forbidden transitions, re-
spectively. ft is the comparative half-life which is dir-
ectly related to the square of nuclear transition matrix ele-
ment, and the fr values are taken from the experimental
data [17]. f,, is the lepton phase volume part. For the
non-magnetic stellar environment, f,, can be described as
below [14],

W,
fn :f VW2 - 1W(Wy — W)?F(Z,W)(1 = G_)S ,u(Z, W)dW
1

m=a,nu,u,

2

where W, is the decay energy in the unit of m.c?> [17].
The term F(Z,W) is the Fermi function [18]:

FZW) = Fo(Z,W) form=a,nu 3)
’ Fi(Z,W) form=u,
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Z represents the proton number of daughter nucleus, and
a =1/137 is the fine structure constant. I" is the gamma
function. S,,(Z, W) are the spectral shape factors [14]:

form =a,nu

Sm(Z,W) = (6)

for m = u.

{(WO ~W)*Lo+9L,

Ly and L, are certain combinations of electron radial
wave functions evaluated at an appropriately chosen nuc-
lear radius R [18,19]:

_ 272
LO:1+V12aZ’ )
and
Fi(Z,W) (W2=1\2+ V4 a2z2 @®
"= Fzw\ " 9 4

G_ is the Fermi—Dirac distribution function of electrons:

1
G.=—=- )

l+e

Ur is the electron chemical potential, which is associ-
ated with the number density of electrons pY, [20,21]

1 (myc\® &
Y, = ( z )f G_G.)pdp. 10
Pe= v\ n ), (G-G,)p~dp (10)

p represents the baryon density, and Y, is the mean elec-
tron fraction [22]. Na is Avogadro's number, and
p = VW2 -1 is the electron momentum. G, is Fermi-Dir-
ac distribution function of positrons:

1
G+ = W+l+Up * (1 1)

l+e

The density of electron —position pairs has been re-
moved by subtracting G, from G_ in Eq. (10).

In the magnetic field, the electron density is modified
by the presence of Landau levels [13]:

pro= s (M )Zgno f TG -G, (12)

where

Bh
6=~ =0.0227By,. (13)
m2c3

B is the magnetic field strength, and By, is the magnetic
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field strength in units of 10'2 G. g,0 =2 -6, is the spin
degeneracy of electron [23]. The electron and positron
distribution functions G¥ and G¥ become

1 1
M=, Gz (1)

- Wa=1-Up Wa+1+Up

l+e = l+e «

\PP+142n0. n=

0,1,2,... corresponds to the Landau levels, and p, is the
electron momentum along the field [23].

In the magnetic field, the electrons are not distributed
in the Fermi sphere, but in the Landau cylinder [24]. The
state density of electron dv, and that of neutrino dv, can
be written respectively as [12,25]:

where the electron energy W, =

_ oV,

dv, 2dqdQ,,  (15)

dvy = 833 1

where V is the normalized volume and A, is the reduced
Compton wavelength. ¢ and dQ, are the momentum and
the solid angle of neutrino emission, respectively. With
the inclusion of the electron spectrum modified by the ex-
istence of Landau levels, the lepton phase volume f¥ in
the magnetic field can be rewritten as [10,12]:

@ s VW-0;
me :—Zgnof (WO_Wn)zFO(Z, Wn)
2 n=0 0
x(1-G")S ,(Z,W,)dp,
m=a,nu,u, (16)

where W, is the B~ decay energy, and O, = V1+2n0,
n=0,1,2,.... nmax is the highest Landau energy level that
the emitted electron can occupy [24]:

Wl 17
Nmax = 7 ( )
The B~ decay rate AM in the magnetic field can be
written as

AM=[n2)/(fO1fY m=a,nu,u. (18)

III. NUMERICAL RESULTS AND DISCUSSION

The r-process involves long chains of neutron-cap-
ture reactions and S decays, which are responsible for the
synthesis of roughly half of the isotopes of elements
above iron in binary neutron-star mergers and other ex-
tremely neutron-rich environments [26—31]. As one of the
important isotopic chains participating in the r-process,
research on neutron-rich Ni isotopes has significant astro-

physical applications [32—35]. For instance, the measure-
ments of the f-decay feeding intensity distribution and
the Gamow —Teller transition strength distribution of
7L73Ni could provide constraints to theoretical calcula-
tions for the r-process [34]. Furthermore, the doubly ma-
gic nucleus 7®Ni is an important waiting point in the 7-
process, which plays a key role in the synthesis of heav-
ier elements [35]. We define an enhancing factor C in or-
der to describe the magnetic field effect on the 8~ decay
rates :

AM

C:/l_N’

(19)

where A and AV are the 8~ decay rates with and without
the magnetic field, respectively. Taking the allowed S~
decay branching of nucleus 7°Ni as an example, the en-
hancing factor C of its 8~ decay rate as a function of
magnetic field is given in Fig. 1. Note that the electron
density pY, in Fig. 1 is chosen as 10° g/cm3 with baryon
density p and electron fraction Y, both being in the range
of the outer crust of the neutron star. Based on the
Baym—Pethick—Sutherland model [36], the estimated ba-
ryon density p in the outer crust ranges from about 10°
g/em’ to 10! g/em’, and electron fraction Y, is calcu-
lated to be ranging from 0.46 to 0.31 [6,37]. The temper-
ature T =10% K in Fig. 1 is a typical value used in the
stellar environment [16,20]. For a relatively weak mag-
netic field (B < 10" G), the Landau level spacing factor
© is much smaller than the decay energy QOp

5t [0 P T=10° K

pY=10° g/lcm®

. 70
“Ni —= “Cu*

(0, g.s.) (17,242.6 keV)

Q,=3219.9 keV l
0 -1. .......lo. .......11. .......12. .......113 s aisn .
10 10 10 10 10 10
B..(G)
Fig. 1. (color online) Enhancing factor C of g~ decay rates

from the ground state of °Ni into the excited state of 7°Cu,
with decay energy Q- =3219.9 keV. Vertical dashed line la-
bels the minimum magnetic field strength at which only the
n=0 Landau level is included in the calculation. Blue and
green dashed lines represent the highest Landau energy level
nmax for emitted electron and the Landau level spacing factor
0, respectively.
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(Qp- = Wy -mec?), and the created electron can be emitted
into any of a large number of Landau levels with ener-
gies less than the electron energy [10]. Due to the fact
that Landau levels are so dense, the state density of elec-
trons in the magnetic field approaches that without the
magnetic field. Thus, the enhancing factor C is approxim-
ately equal to 1, implying that the effect of the weak mag-
netic field on the 8~ decay rates is negligible. With the
magnetic field strength in the range 10> G< B< 10 G,
there are fewer Landau levels contributing to the lepton
phase volume f¥ as the Landau level spacing is quite
large, resulting in a decreased B~ decay rate with the in-
crease of magnetic field strength. It is emphasized that
the degree of degeneracy of Landau levels is directly pro-
portional to the magnetic field strength B [25], and the re-
duction of the 8~ decay rate is a result of complicated in-
teractions between the number of Landau levels and its

0.3 :
—T7=10"K | |
—406 3 _ =108 '
pY=10"glcm T=10°K | ji
... T=10°K |
F’_\0.2- —--T=1010K !
] m 70Ni 70Cu* !
s: (0',g.s.) (1°,242.6 keV) |
0.1} Q =3219.9 keV /
’ y
) \~\‘~ /'
0.0 . . . :
10"  10° 10' 10* 10° 10°
B1.(G)
(a)
0.3
—pY,=10°
7=108 K Ple
- —pY,=10°
02t —--pY=107
"o —--pY,=108
= it: glem®
< unit: g/cm

(©)

Fig. 2.

degree of degeneracy in the environment with a given
temperature and electron density. Under the different
conditions of temperature, electron density and decay en-
ergy, oscillation of the 8~ decay rate could occur due to
this complicated relationship (see Fig. 2(d) and Fig. 3).
When the magnetic field strength is larger than
1.35x 10" G (labeled by the vertical dashed line in Fig.
1), the created electron can only be emitted into the Land-
au energy level with n =0. The degree of degeneracy of
the Oth Landau level increases with the increase of B.
Thus, there are more unoccupied quantum states in the
0th Landau level for emitted electrons and the 5~ decay
rate increases correspondingly with B> 1.35x 10" G.

In Fig. 2, we plot the variations of the 3~ decay rates
AM and the corresponding enhancing factor C of 7°Ni un-
der the conditions of different temperatures 7" and elec-
tron densities pY,, respectively. It is known that the 8~

5
— 7=10" K
4_/))/&.:1()6 g/lem? - -T=108K
- - -T=10°K
al —- T=10"°K
2+
1
0 -1 I0 I1 I2 I3 4
10 10 10 10 10 10
B.2(G)
—pY,=10%| |
- -p)’e=106 !
—-pYe=107 !
L -pye=108]
unit: glcm3 .I'
o 1 1 1
10" 10° 10" 10
B.12(G)

(d)

(color online) (a) B~ decay rates AM from the ground state of 7°Ni into the excited state of 7°Cu in the magnetic field with dif-

ferent temperatures T (p¥, = 10° g/cm3). (b) Corresponding enhancing factor C as a function of magnetic field with different temperat-
ures 7. (c) B~ decay rates AM from the ground state of °Ni into the excited state of °Cu in the magnetic field with different electron

density pY, (T = 10® K). (d) Corresponding enhancing factor C as a function of magnetic field with different electron density p¥,.
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Fig. 3. (color online) Enhancing factor C of 3~ decay rates

for Ni isotopes with different decay energies as a function of
magnetic field.

decay rate is directly related to the number of quantum
states that the emitted electron can occupy. With the in-
crease of temperature 7, the thermal electron Fermi—Dir-
ac distribution GM has more electrons at higher energy
and the drop-off in the distribution becomes less sharp.
Therefore, the emitted electrons are hindered by the Pauli
blocking effect due to the thermal electrons at higher en-
ergies (E > 0.511 MeV), leading to a decrease of 8~ de-
cay rates at high temperatures in Fig. 2(a). The effect of
temperature T is considered to be irrelevant to the mag-
netic field strength in our calculations, thus the curves in
Fig. 2(b) are almost coincident. The effects of electron
density on the 8~ decay rates and the enhancing factor are
shown in Fig. 2(c) and Fig. 2(d), respectively. It can be
seen that the B~ decay rate in Fig. 2(c) decreases with the
increase of electron density (pY, =10°,10°107,10%
g/cm3). This is because the electron chemical potential is
increased with the increase of environmental electron
density, and the integrand of the decay rate is cut off at
the chemical potential [13]. The corresponding changes
of the enhancing factor C at different densities are shown
in Fig. 2(d). An interesting feature in Fig. 2(d) is the os-
cillation of C with environmental electron density
oY, =108 g/cm3. This is not surprising as the 8~ decay
rate is relevant to both the state density of electrons at
each Landau level and the number of Landau levels in-
volved. With the magnetic field strength in the range 10'3
G< B < 10" G, the increase of states at each Landau level
competes with the decrease of Landau levels participat-
ing in the decay (see blue and green dashed lines in Fig.
1), resulting in the oscillation of enhancing factor.

In Fig. 3, we plot the dependence of enhancing factor
C on decay energy Qp- for the isotopic chain of Ni. Let us

take 9"Ni as an example. It is clearly seen from Fig. 3 that
the enhancing factor C of ®’Ni first decreases and then in-
creases rapidly with the magnetic field strength. The en-
hancing factor of /Ni with the decay energy Qp = 3576
keV reaches its minimum at B = 10" G. Similar behavi-
or of the enhancing factor exists also for the two decay
channels of ®>Ni. In contrast, an oscillation feature of the
enhancing factor C occurs for ®*Ni, which has the smal-
lest decay energy Qs =252 keV. The reason for this os-
cillation feature is quite similar to the above discussions
and we do not repeat here. Note that the present calcula-
tions are performed by considering the changes of elec-
tron spectrum with the appearance of Landau levels in the
outer crust of neutron stars. Several improvements might
be considered in future. (1) The outer crust of a neutron
star consists of nuclei in a Coulomb lattice and electron
gas, and the involved densit?f is smaller than neutron drip
density py ~4.3x10'" g/cm’ [37]. On the contrary, in the
inner crust the nuclei are so closely packed that they are
almost touching, and the density could reach as high as
104 g/em’ [6,37]. The nuclear medium effect is con-
sidered to be non-negligible if one extend the calculation
of B~ decay rates in the inner crust [38]. (2) The electron
screening effect in the outer crust of a neutron star is ig-
nored here, which might have impact on the 8~ decay
threshold energy and the chemical potential [39]. Note
that the electron screening effect could be investigated by
using approaches such as the linear-response theory mod-
el [40]. (3) The Landau levels are obtained by solving the
Schrédinger equation in a constant uniform magnetic
field in the non-relativistic limit, which might be further
improved by solving the corresponding Dirac equation
[41].

IV. SUMMARY

Within the improved Takahashi—Yokoi model, a sys-
temic analysis has been performed to explore the 8~ de-
cay rates in different stellar environments. It is found that
both the electron density and decay energy are important
in determining the 8~ decay rates, whereas the effect of
temperature in the range of 10’7 K< T < 10'° K is negli-
gible in present analysis. When the magnetic field
strength is larger than 10" G, the 8~ decay rates of Ni
isotopes are found to increase significantly owing to the
intriguing properties of Landau levels. In contrast, the 8~
decay rates decrease with the increasing of environment-
al electron densities (pY, = 10%,10°,107,108 g/cm’). An
oscillation phenomenon of the enhancing factor is found
to occur under specific electron densities and decay ener-
gies for the Ni isotopes. It is thus concluded that the in-
fluence of different stellar environments on the 8~ decay
rates is non-trivial, especially in strong magnetic field
(B> 10" G).
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