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A simple and efficient screening model for studying the effects of superstrong magnetic fields (such as those

of magnetars) on thermonuclear reaction rates on magnetar surfaces is proposed in this paper. The most interesting

thermonuclear reactions, including hydrogen burning by the CNO cycle and helium burning by the triple alpha reaction,

are investigated on the surface of magnetars. We find that the superstrong magnetic fields can increase the thermonuclear

reaction rates by many orders of magnitude. The enhancement may have a dramatic effect on the thermonuclear

runaways and bursts on the surfaces of magnetars.
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1. Introduction

It is universally received that the typical esti-
mated magnitudes of the surface magnetic fields for
most of the neutron stars are about 108-10°T.["
There probably exist magnetars with superstrong
magnetic field strengths exceeding the quantum criti-
cal threshold, B,s =4.414x10° T,[2_5] which is much
larger than the typical magnetic field of a neutron star.
Soft y-ray repeaters (SGRs) and anomalous x-ray pul-
sars (AXPs) are classes of candidates for magnetars. (%!
The magnetic fields of the magnetars may be so strong
that they can reach two orders of magnitude higher
than the quantum critical threshold.[”) The most re-
cent observations!®~1% provide strong evidence for the
validity of the old hypothesis that the surface mag-
netic fields of the magnetars are about 10'°-10'! T.
Moreover, the observed x-ray luminosities of the AXPs
may require a magnetic field strength B >10'2 T.[11]
And the population statistics of SGRs suggest that
magnetars may comprise a significant fraction (>10%)
of the neutron star population.['?! The giant magnetic
field of a magnetar has a significant and observable ef-
fect on quantum electrodynamic processes occurring
near the star. Hence the magnetars giving rise to
many greatly interesting properties have been exten-

nucleosynthesis, strong magnetic fields, neutron stars

sively studied.

The effects of giant magnetic fields (B >10%T)
on hydrogen and helium atoms have been extensively
studied. Various studies are devoted to the topics
such as the formation of molecules and chains (see
Refs.[13, 14] for further information) as well as nu-
clear fusion.['>16] The a-decay,['”) B-decay!'®19 and

electron capture(20:21]

processes in high magnetic fields
have also been discussed. The magnetic field effects on
thermonuclear reaction rates in the crusts of neutron
stars were investigated, and the result indicates that
the strong magnetic field (B ~10° T) has an evident
effect on thermonuclear reaction rates, especially in

the lower density environments.'6:22]

Therefore, it is
interesting to investigate the influence of superstrong
magnetic fields (B ~10'°-10'2T) on thermonuclear

reaction rates on the surface of magnetars.

2. Magnetic field effects on ther-

monuclear reaction rates

The binding energy of the magnetized condensed
matter at zero pressure can be estimated by using the
uniform electron gas model. The mean number den-
sity of electrons is ne = Z/ (47r? /3) in a Wigner—Seitz

*Project supported by the National Natural Science Foundation of China (Grant No 10778719); the Scientific Research and Fund of
Sichuan Provincial Education Department, China (Grant No 2006A079) and the Science and Technological Foundation of China

West Normal University, China.
tCorresponding author. E-mail: zqluo@tom.com

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



2318 Liu Hong-Lin et al

Vol. 17

cell with a radius r; = Z1/3r4 (rs is the mean electron
spacing), and the electron Fermi momentum pr is ob-
tained from n, = 2 (eB/hQC) pr. When the Fermi
energy pa/2m, is less than the cyclotron energy hwee,
the electrons only occupy the ground Landau level. In
these cases, the energy (in atomic units) per cell can
be written as

Eq (14, 25) = Ex (14, 25) — Ucou (74, 25) (1)

37r22j
8b2r¢

where Ex (13, 25) is the kinetic energy,

0.927 .
Ucou (74, 25) = is the Coulomb energy, z; is
i
the charge number of the species j, b = B/Bj and
By = m2e3¢/h® = 2.3505 x 10°T. For the zero-
pressure condensed matter, the r;( in units of the Bohr

radius) is given by
rio ~1.902)°07%5 = Kz1/°, (2)

where K = 1.90b~2/°.
atomic units) per cell due to non-uniformity can be

The energy correction (in

calculated by using the linear response theory to bel'4!
Err (14, 2;) = —0.0139b°r} 2. (3)

The uniform electron gas model can be improved
by taking into consideration the Coulomb energy and
Thomas—Fermi correction due to non-uniformity of
the electron gas, and then the energy per cell is cor-
rected to be

Eq (14, 25) =Fx (14, 25) — Ucou (73, 25)
— ETF (’I‘i, Zj) . (4)

In expression (4), we have neglected the correc-
tion of relativistic effect and Coulomb exchange inter-
action to the uniform electron gas model. According
to Refs.[14, 16], near the zero-pressure density, both
of them are negligible relatively to the correction to
the non-uniformity of the electron gas. For the two
interacting nuclei, the energy required to bring two
nuclei with nuclear charge numbers z; and z; so close
together that they coincide with each other essentially
differs from the bare Coulomb energy by an amount
that, in the Wigner—Seitz approximation, is

Use = Es (13, 212) — Es (14, 21) — Es (r3,22), (D)

where 210 = 21 + 29. If the electron distribution is

rigid, the contribution to Eg from the bulk electron

energy cancels out in expression (5), and the screen-
ing potential is simply

Use = Ucoul (i, 212) — Ucoul (14, 21) — Ucoul (74, 22) -

(6)
When the electron density is assumed to be uniform,
the screening potential is independent of the magnetic
field. However, the electrons are not rigid, and they
respond to the ionic potential. Their compressibility
depends on the magnetic field, and this leads in turn
to a field dependence of the screening potential. Note
that expression (4) for the energy contains contribu-
tions not only from the Coulomb interaction, but also
from the compressibility energy of the electron in the
non-uniform state.

From expressions (3) and (4), the change of the
screening potential due to the compressibility of the
electrons for the zero-pressure magnetized condensed
matter can be obtained as

§Erp = —0.01390° K* (2%5 Y 5) )

The screening potential is the sum of a screening po-
tential with a uniform distribution and a corrected
screening potential with a non-uniformity distribu-
tion. Then the screening potential in a superstrong
magnetic field is given by

Us - Usc + 5ETF (8)

The total rate of the charge particle induced ther-
monuclear reaction is the sum of the resonant and the
non-resonant reaction (also called direct capture) con-
tributions to the nuclear reaction mechanism. Ow-
ing the thermonuclear reaction rate that is governed
by the non-resonant reaction in a lower temperature
range such as on the surface of magnetars, only the
magnetic field effect on the non-resonant reaction rate
is considered here in the present paper. We now define
a screening enhancement factor (SEF) for considering
the effect of magnetic field on the thermonuclear re-
action rate. According to Refs.[16, 22], the SEF can
be expressed as

f=exp [mn(E) (Us — Us) E_l] , (9)

where n(E) = 21 20¢%\/11/2h2 E~1/? is the Sommerfeld
parameter; E is the centre-of-mass bombardment en-
ergy; Us1 and Ugy represent the screening potentials
with and without magnetic field case, respectively.
Then the thermonuclear reaction rate, due to the ef-
fect of magnetic field, should be corrected to be

Na(ov)™ = f- Na(ov)™, (10)
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where Ny{(ov)™ and Ny{ov)"™ represent the ther-
monuclear reaction rates for the magnetized and un-
magnetized cases, respectively.

3. Numerical analysis and discus-
sion

In the model of x-ray burst source, the most sig-
nificant thermonuclear reactions are hydrogen burn-
ing by the p-p chain (occurring at p ~ 10°g-cm™3
and T ~ 10"K) and the CNO cycle (occurring at
p~10°g:cm™3 and T ~ a few 107 K) and helium burn-
ing (occurring at p ~ 105g:cm™2 and T' ~108 K),[23]
where p represents the density and 7' denotes the stel-
lar temperature.

The screening model is obtained by assuming that
the electrons populate mostly at the ground Landau
levels, then this model can be applied only to the
region!'4

p<pp="704x10°Y, ' BY?g. cm?, (11)
and

T<Ts=134x10B (1+22) °K,  (12)

where Bj, is the magnetic field strength in units of
1012G, zp = 1.009 x 1072 (Yp)"/? and Y, = Z/A that
is the number of electron per baryon. A simple calcu-
lation shows that these conditions are well satisfied in
a magnetic field strength range of 10°-10'2 T. Then
this model can be safely applied to discussing the su-
perstrong magnetic field effects on thermonuclear re-
action rates on the surface of magnetars. Moreover,
according to the previous studies,*16 the Thomas-
Fermi model can be used only for magnetic fields in
a region b < Z3. Then this model can be applied
only to these reactions in CNO cycle and helium burn-
ing, but it cannot be applied to these reactions in p-p
chain. The fusion reaction of p+p has been inves-
tigated in the previous studies,!'®16 and the result
shows that the strong magnetic field could increase
the thermonuclear reaction rate by roughly one order
of magnitude as compared with that in the unmag-
netized case. Moreover, the d+d reaction can be sig-
nificantly affected by a strong magnetic field as it is
already much faster than the p+p one. And the in-
crement can be as high as two orders of magnitude.
Then we can conclude that the effect of superstrong
magnetic field on hydrogen burning by the p-p chain
can be important on the surface of magnetars.

Figure 1 represents the SEF as a function of mag-
netic field strength for « + « reaction at p/u, =
105mol-cm~2 and T=10%K. The magnetic field can in-
crease the reaction rates by a factor of 1.25, 1.54, 1.76,
2.93, 4.14 and 14.94 at B=10, 5x10°, 10'°, 5x100,
10" and 5x 10! T respectively. In other words, the gi-
ant magnetic field of magnetars can increase the rates
by about one order of magnitude as compared with
those in the unmagnetized case. Similarly, the super-
strong magnetic field must increase the o ®Be reac-
tion rate by two orders of magnitude. This may fur-
ther affect the reaction rate of oy '?>C which in turn
affects the nuclear reaction pathway and the energy
generation rate on the surface of magnetar. The ef-
fects of superstrong magnetic field on the helium burn-
ing by the triple alpha reaction can be significant on
the surface of magnetars.
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Fig.1. The SEF as a function of magnetic field strength
for o + « reaction at p/ue = 10°mol-cm=3 and T=10%K.

Figure 2 shows the SEF as a function of mag-
netic field strength for the reaction of N(p,7)*O
at p/ie = 10°mol-cm™3 and different temperatures
T=3x107, 5x107 and 8x107 K. The “N(p,7)'°0 re-
action rate would increase by factors of 12.7, 127.2,
598.1, 1.9%10°, 9.4x10% and 1.9x10'3 at T=3x10" K,
and by factors of 3.3, 9.5, 19.5, 286.2, 1.7x10% and
1.5x10% at T=5x107K, and by factors of 1.8, 3.0,
4.3,16.4,40.0 and 1.1x102 at T=8x10"K and B=107,
5x107, 1019, 5x10'9, 10" and 5x10'! T, respectively.
The effects of superstrong magnetic fields on ther-
monuclear reaction rates can be remarkable for the
hydrogen burning by the CNO cycle, which could in-
crease the reaction rates by many orders of magnitude,
especially in a lower temperature region as compared
with these in the unmagnetized case. This may in-
fluence some important magnetar evolution processes
and observed phenomena. For example, 4N(p,7)!*0O
is the key reaction in the CNO cycle, which deter-
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mines the cycle efficiency of the CN cycle and the hy-
drogen burning timescales of the CNO cycle as well as
the neutrino flux reproduced by the CNO cycle in the
surface of magnetars. However, the bottleneck role
may disappear if the rates increase by several orders
of magnitude. This could change the nuclear reac-
tion pathway, and in turn affect the nucleosynthesis
of some heavier nuclei as well as the element abun-
dance on the surface of magnetars. As is well known,
the thermonuclear ignition of the accreted material
on the surface of magnetars leads to a thermonuclear
explosion which is observed as an x-ray burst. There-
fore the magnetic fields could potentially influence the

features of x-ray bursts.
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Fig.2. The SEF as a function of magnetic field strength
for reaction of 14N(p, ¥)'°0 at p/ue = 10°mol-cm—3 and
different temperatures.

4. Summaries

This work proposes a simple and efficient screen-
ing model for studying the effects of superstrong mag-
netic fields on thermonuclear reaction rates. By calcu-
lating the SEF of the most interesting reactions on the
surface of magnetars, we find that the effects of super-
strong magnetic fields on thermonuclear reaction rates
can be remarkable, which increases the rates by many
orders of magnitude. In principle, we may obtain
all screened rates on the surface of magnetars, which
are multiples of corresponding SEF under their corre-
sponding conditions. However, the effects of magnetic
fields on all reactions are different due to the fact that
the SEF is related to the number of nuclear charges
that take part in the reaction. These discrepancies
may influence the nuclear reaction pathway, which in
turn influences the nucleosynthesis of some heavier nu-
clei and then further influences the energy generation
rate and element abundance on the surface of mag-
netar. This will modify our understanding of both
the thermal evolution and the thermal spectrum of
magnetars. Certainly, quantitative predictions are ex-
pected to be made when the results of large scale stel-
It is
concluded that the present study has a significant in-

lar nuclear network calculations are available.

fluence on further study of the magnetars, especially
on the x-ray observations and the evolution of magne-
tars.
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